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Polypropylene stabilization by hindered phenols — Kinetic aspects

Emmanuel Richaud’, Bruno Fayolle, Jacques Verdu
Arts et Meniers ParisTech, ONRS, PINMM. 157 N&H@ﬂ 73013 Faris, France

ARTICLE INFO ABSTRACT

Article hustery: This article deals with polypropylene stabilization by hindered 2,0-di-tert-butylphenols, Two aspects are
Received 28 Sepember 2010 mainly considered: the influence of stabilizer structure, of its concentration and temperature on
Received in revised form induction penod curation through 3 liter ature compilabon completed by results obtained on PP samples
mﬂﬁ&b« 23, stabilized by Irganox 1010 in conditions in which physical Joss was negligible. Results show that the

induction period duration is almost propectional to the phenol concentration and that the proportion-
ality ratio 1s almost independent of the stabilizer structure in the investigated phenol family. A unique set
of kinetic parameters can be therefore used to model the kinetic behaviour of all the family members.
The kinetic approach can be more or less complex depending on the number of secondary processes
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Phenolic antioxidant taken into account. The results of simulations indicate that a two steps process allows generation of

Kinetic mode liing a kinetic behaviour in good agreement with experimental trends regarding effects of both stabilizer
concentration and temperature on induction time.

© 2010 Elsevier Lid. All nghts reserved.

1. Introduction The increased complexity of mechanistic schemes involving

The framework of this study is the development of a reliable
lifetime prediction methods for polymer ageing by a non-empirical
way, which requires the resolution of a system of differential
equations derved from a mechanistic scheme. However, schemes
for radical chain oxidation reach complexity bevel for which there is
no analytical solution. Numernical methods are indeed the way in
such cases but except in rare attempts [1.2], they were not used in
this filed before the beginning of 2000's. Nevertheless, their effi-
ciency was demonstrated in the case of unstabilised hydrocarbon
polymers such as polyethylene [3.4], polypropylene [5.6] or unsat-
urated elastomers [7 9] It remains now to incorporate stabilization
effects in the model but there are at least two reasons to envisage
the failure of this attempt:

- The well-known important rale of transport phenomena in
stabilizer performance [10,11]
- The high complexity of stabilization mechanisms.

The difficulties linked to stabilizers physical loss can be solved
by incorporating transport or loss terms in differential equatons for
stabélizers consumption [12,13] and literature values taken from
literature for diffusion or volatility [14.15]

* Corresponding author
E-mal address: emmanuel richaud@pars.ensam it (E Richaod ).

stabilizer reactions is not a problem from a numerical point of view.
Indeed, schemes with 135 20 eguations have been successfully
solved for unstabilised unsaturated elastomers [7 9] Hence, the
main difficulty is not the ignorance of stabilization mechanisms but
rather the wide vanety of mechanisms reported in the lterature
and the lack of consensus on their relative importance.

We have schematically the following alternative:

@ If all the proposed mechanisms are of comparable importance,
the complexity of stabilization mechanism cannot be easily
reduced in the kinetic analysis. The probabelity, for two distinct
stabilizing mechanisms, to have 2 common set of kinetic
parameters values, is low and each polymer-stabilizer couple is
a particular case which requires 3 separate study.

@ If a relatively wide stabilizer family displays common kinetic
features, then it becomes possible to envisage a reduction of the
complexity of mechanistic schemes and the elaboration of
a unique kinetic model valid for all the members of the
considered stabilizer family.

This work aimed to determine if 2.06-di-tert-butylphenals
constitute 2 homogeneous family from a kinetic point of view,
which needs first to find a set of criteria defining a stabilizer family
which could be:

@ Induction time duration: This is the most interesting quantity
because it is under the direct influence of stabilizer action and it



is not very sensitive to experimental parameters such as sample
thickness, sensitivity of characterization method [FTIR, oxygen
ab=orption, chemiluminescence, etc... 1 A given kinetic model
of stabilization must simulate at least the existence of an
induction period and the changes of this Latter with stabilizer
conCentration.

& Stabilizer depletion kinetics: the stabilizer is consumed during
induction period. The model must therefore simulate stabilizer
depletion curves.

3 Temperature effect: using physically reasonable activation
energies for the elementary reactions, the model must simulate
the global temperature effect on the induction period and
stabilizer consumption rate even if the global behaviour does
not chey Arrhenius L.

Using these hypotheses, it is now possible bo chedk mechanistic
schemes invalving stabilizer, starting from the simplest ome and
adding complexity step by step. For this purpose, 2.6-di-tert-
butylphenols constitute the most common stabilizer family. There
is a wide consensus on the nature on the primary stabilization
event consisting in scavenging peroxy radicals:

POOF -+ AH—POOH + A" kg

The simplest approach here consists in asmuming that the
resulting radical A” is unable to propagate oxidation, which is true,
amd is stable | 18,17 ], which s questionable.

It has been soon established that phenoxy radicals isomerise
into cyclohexadienyl radicals able to participate to a wide variety of
reactions among which are dimerisation or polymerization. reac-
tions with phenoxy radicals, with coygen. or scavenging another
peroxy radical |18 21].

The relative importance of these processes depends on the
nature, the polarity amd the steric hindrance of para-sobstituent
groups. Among these secondary processes, many have no influence
on stabilization. In contrast, scavenging of peroxy radicals could
significantly contribute to the stabilization effect and cannot be
ignored. What is their real importance? The answer to this question
will be the aim of the second step of our approsch

2. Experimental

21, Moterials

The stabilizer used was Irganox 1010 | denoted by AO1 in Fig- 1
amd AH in the kinetic analysis] supplied by Ciba 5C. Samples were
prepared by a two-step procedure adapted from previous work
|22.23):

T A& commercal PP sample (of which the characteristics are
detailed elsewhere [24]] was purified by dissclution | pohmer
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weight ~2 g) into reflluxing 1,2-dicholorobenzene (200 mi)
After 2 min at refluxing temperature [c.a 180 “C), solution was
hot filtered to eliminate impurities. Methanol was dripped to
selectively precipitate PR The PP pellets were washed with
ethanol and dried.

Z Antioxidant was incorporated into PP by pouring a solution of
Irganax 1010 in THF on the purified PP beads under M, flow to
quickly evaporate the solvent (maq being the mass of added
antioxidant) The stabilized PP was pressed under 135 MFa at
120 “C during 20 = Thickness of obtained films was of the crder
of 70 jpm. amd can be considered as bow enough to neglect
oxidation thickness gradients due to the kinetic control by
oxygen diffusion.

Irganox 1010 weight ratios were converted into antioxidant
group oncentration (denoted by [AH]] in amorphous phase by the
Formula:

1 myy /My

- fazy being the antioxidant functionality, ie. the number of
phencl groups per malecule.

- m¢ being the crystallinity ratio of films on the order of 023,

- My and mpp being the respective masses of antioxidant and FF.

- My being the molar mass of antioxidant.

- dep being the density of PP (093 kg 17").

- Xap being the antioxidant weight ratio ranging from 0 to 0.5%,
which means that melting transition divides the stabilizer
concentration in amorphous phase by 2.

some comparizons will be done with published data for PP
stabilized with warious other hindered phenols [sse Results
section ).

22 Exposure conditions

Samples were exposed in air under atmospheric pressure at S,
100 amd 1300°C.

2.3. Somples charocterization

FTIR spectrophotometry was performed using a Micolet Imgpact
410 specirophotometer driven by Ominic 2.1 software. 32 scans were
averaged to obtain 2 4 om ! resolution. The IR carbanyl absorbances
were converted 1o concentrations using Beer Lamibert’s lawr with
a maolar absorptivity of 300 | mol "em ! at the peak maxinum
{171zem "L
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Fig. 1. Dxidation kinetics at 130 (a) et 00 ~C (b) for pere PP [ oL PF + DLOYE [m), PP+ 1% (@ | PP + 025 (& | and PP + 0% Irganox MO0 (e L



3. Results

Kinetic curves at 130 “C and 100 “C are presented in Fig- 1.
Results obtained at 80 “C were presented elsewhere [23). 1t is well
known that kinetics of thermal oxidation of hydrocarbon at
miderate temperature are characterized by an induction period
after which one observes hydroperoxides. alcohols and carbonyl
build-up, oxygen uptake and mass variation, chemiluminescence

3

emission and exothermal heat flow. Induction period durations are
of the same order of magnitude whatever the measured quantity
[28.27|. Starting from this observation, we have gathered data of
warious mixtures PP + phenolic antioxidant (see Table 1) all
belonging to the 2,6-di-tert-butylphenol family |22 36| for sample
of comparable thickmess.

The induction pericd durativns hawve been plotted against
concentration of phenolic group (given by Eg (1)) for the eight
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temperatures at which data were available for distinct stabilizers
(see Fig. 2) The observed scatter is not surpnsing for such
a compilation since results differ by the sensitivity of measure-
ment technique. mode of sample preparation, structure and
composition of polypropylene (crystallinity, catalyst used for
polymerization...).

We have then calculated the “Stabilizer Efficiency factor™
(denoted by SE) defined by:

SE = tind — lisdo
I]UGX

where:

(2)
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- tind and tingp are respectively the induction periods values for
stabilized polymer and unstabilised one.

- [AH], is the initial stabilizer concentration of a sample of which
induction pertod value is Lns.

The average values and the corresponding standard deviations are
reported in Table 2. These results call for the following comments:

1 Available standard deviation values are significantly lower
than SE average values. Considering the diversity of the possible
sources of dispersion ( initial stabilizer purity, loss during sample
preparation. effect of PP impurities or pre-oxidation), it seems
that SE is a common characteristic of all the antioxidants under
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Table 2
SE parameter for PP films {or model hydrocarbon | stabilized AD1

. ADE ot varioes bemperaberes. * conresponds bo squalens oxdabon.

T[-C] tiain (B A0 Az Am ADd ADS ADS &D7 ADE
o0 FTTH] EEEY T

150(°] ooz 102 = 1.8 94 = 1.2 118 +28 072

150 oo 93z 10 98 = 2] 48
130 5 [0 + 28] 107 758 = 107

120 135 33 £ L1]=10" (24 + 03)=00° a8 = 10 a8 = 107

100 100 31 + 27]= 108 (60 = 25)=108 a8 = 10 17 = 108

B 500 [0 + 4= 10 [24 2 0.3)=00" 18 = 10*

] 2400 [%.0 + 10]= 10" (30 = 0.7)= 00"

r 000 [12 = 02)= 10

study and then presumably of all the 2 6-di-tert-butylphenol
family at keast in the concentration range under consideration.
ie., [AHle = 107" mal 177

@ When SE = fT] curves are available, they display cleardy
a maximum in the 120 130 “C interval as illustrated in Fig. 3
by plotting the average induction period duration for
PP + Ol maol 1" phenal.

@ If differences of 5E walues exist from one antoxidant fo
amother, they remain on the same onder than uncertainties. For
instance SE (AD1) appears to be lower than SE[ADZ) at 60. B0
amd 120 “C, but the rewerse s true at 100 C anad 150 “C

@ The stabilizers under studhy differ in molar mass and molecular
architecture and consequently in their rate of physical loss. The
existence of a quasi-linear imduction time  phenclic group
concentration dependence indicates that physical phenomena
play a secondary role otheraise this inearity would result from
a wery surprising coincidence | 18]

i Some theories predict the existence of a critical antioxidant
concentration below which the antioxidant is practically inef-
ficient [37 33] The above results confirm rather that there is no
critical conceniration.

4. Discussion
4.1 Kinctic modeifing
411 First step in kimetic modellimg: Model M,
The first step in kinetic modelling consists in adding a single

stabilization event to the unstabilised polymer mechanistic scheme
which giwves:

(luy POOH—2P - PC=04+5 ky,

(1) POOH + POOH—F + POO° + PC = 045 kyp

15 wr

I i et im )
A B

] T T T T
0} (MY Q24 (3 BHZE 0003 3 000y
UT K
Hir- 1. Aarhesius plot of imenital mducson peried durations for usstabiled | =),
or stabiferd with 0001 mal |-" phesobic ssbmidant PP (@ | Lines cormespond o
kinetic modelling for pere PP | | or stabilired oo wing by - 407 Imol "5 " &t
200 -C and varigus activation energy values | - 30 i mol !, 183 g mad !,
- o130k mad T

@) L0 —PODF kg

(3} POOF L PH—POD" < PH k3

4 P+ P —inactive product kg

(5 POOF 4+ ¥ —inactive product  ky

(6} POOF + POOF —inactive product  ka

(51 PO + AH—PODH + stable products ks,

- Imitiation and termination processes are balanced reactions
This mode af writing has been justified in previous publications
[4041]

- It iz clear that P react quickly with Oy However, termination
reactions inwolving P [i.e- reactions (4) and | 3]} were shown to
play a major role under atmospheric presure |5].

- The Arrhenius parameters of the rate constants (except ks
which will eventually be estimated in this work) have been
previoushy determdimed [3.8]. They are listed in Table 3.

The following system of differential equations can be derived:

dP
S = 21a[POOH] 4 Ky POOHT -y P10y + k[POC"|IPH

~ 2y [P kg P PO )
dIPOO

—gr— = kuPOOH® 4 kz[P|102] - ka[POD"| PH|
~ s [P [POO7| - 2kg[POO" P —ksy [POOF|IAH] (5]

d POOH
S K1alPOOH) — kyy[POOH? + ks POO")[PH)

+ ks [POOY|[AH] &)
w0, - 810,
M = —alPl10g] + kg POD R 4 g, = 2 )
@ = —Y1uk/POOH] - Tlhk1b|F1:":'H.] -k;[POO°[[FH] (8]
WAH IAH
DAL — k1 PO AH) + D™ (9)

where:

- fp and yyu are the number of PH units consumed per
respectively unimolecular and bimolecular POOH decomposi-
tion event [3].
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Takile 3
Eaie constant valees [t 30 -C| and acthaton energy valses.
k(s kg (lmol s 1) h'l mal Ts1) ky{lmal s} kg (Imal 5%} ks (1mal ' 5" ks (Imol "5}
13= 10" s = 1 1w’ a3« 1l 30 = 10 40 = 10F 12 = 1
Elu (k] mal '} Elh (k) mol '} h [k mad 1) Ey [k mal ") Ey [kf mal ") Ex [kf mal ") Es (if mol ')
135 108 o 0 0 &0

- D, anal Dy, are the respective diffusion coefficients of axygen
and stabilizer in the polymer. For the sample thickness under
sty {200 ym or kower L oxidation gradients can be neglected
and the diffusion term relative to oxygen can be suppressed in
Eqs. (7] and (3]

The system is solved using a commercial solver ODEZ3s by
Matlab® using the following boundaries conditions [42] at ¢ = o:

- [0z| = Sp, = Ppy,. 50, being the mlul:ulll.]l of -u-:lr_l.an in F':P
amarphous phase, taken egual to 1.4 =
assumed to be temperature :ind-rprnd-rnr_

- [Flo = [POOF g = O

- [PH]g = 24 moid 1"

- [POOH]| = | POOH o depending on pohymer pre-oxidation state
[see later)

In the thermal owidation at moderate temperatures, typically
T < 120 °C for PP the existence of an induction period indicates
avery kvevinitiation rate, typically less tham 10" mol 1" 5~ at the
beginning of exposure. Among the various possible explanations of
such walues [42] it is comvenient to consider a wirtual POOH
concentration [|POOH)g = 0) kinetically equivalent to all the
initially present radical sources. It is also often convenient to take
[roOH], = 10 % mol 17! event though one can envisage a bwo
decades variation corresponding to data scatter.

The above kinetic model with these boundary conditions will be
called 8y Kinetic curves for carbonyl build-up are generated from
thee following equation:

difC =10
AIPE= 91— (1 —xc)* (eukna [PODH + ycosks PODH ) (10)

Yoou and Foon being the carbomy yields of respectively und- and
bimolecular POOH decomposition taken equal to 1 from previous
study [43]. (1 — x¢) term is inchuded to take inte account the fact
that oxidation possibly ocours only in amorphous phase.

Simulations of carbomyl build-up curves are presented in Fig- 4.
The stabiliring effect of phencls s an increasing functicn of their
reactiwity, this latter being expressed by the rate constant kg, The
dependence of induction period with ks and [AH g in model My is
shown in Fig. 3a. For the highest initial hydroperoxide concentra-
tion (10 mal 1"}, the stabilizer is almost inefficient because it is
almost totally consumed by radicals generated by the decomposi-
tion of initially present hydropemxides of which the concentration
is on the same order or higher than the phenol concentration.
Taking [POOH] equal to 1077 mol 17, convenient induction time
durations are obtained using ks; = 30 £+ 20 | mol !

The characteristics of M, model can be summarized as folkows:

T It is able to generate kinetic curves with the same shape as
experimental ones.

& However, the curves induction bme duration versus imitzal
stabilizer concentration display a negative concavity (Fig. 3h).
which is not observed in experimental ones.

Meglecting this curvature. it could be concluded that the model
My is able to describe the experimental results Howeser the

existence of secondary processes involving phenoxy radicals and
their by-products cannot be ignored. We were thus interested in
estimating the influence of these processes on the stabilizing efect
and to refine eventually the M, model to obtain better predictions

of induction times at every stabilizer concentrations.

412 Kmetic model My infleence of POO° termination
by cpclohexedienoml radicels

Phenoxy radicals A" can rearrange imto cyclohexadienomyl
radicals B which participate to a wide variety of reactions among
which combinations with peroxy radicals appear especially
impartant because they contribute to stabilization. The simplified
scheme could be:

(51) POOF + AH—POOD + A7 kg
(5o} A" —B kpe
(52) POOF +B°—POO B kg

(B) B —other reactions kg

Taking imto account all these processes requires new differential
eguations relative to A and B in the scheme:

AT < kiy [POOY IAH — KisglA] (1)
51 = k| — ko POO B - ey B (12)

Mevertheless, model M, is not too far to give a good prediction,
amd addition of twao functions [A°] and [B°)] and three parameters
k. ko amd ke would lead bo a situation where the inverse problem
wiould hawe an infinite number of solutions. We need thus to
determine  independently some parameters (kpo and ke for
instance ) or to simplify the scheme

A relatively reascnable way of simplification consists in adding
twa hyrpotheses:
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O The A isomerisation into B is almost instantaneous so that
the stationary concentration of A is very low and A" can be
ignored in the kinetic analysis.

@ The termination B + POO predominates overall the other
reactions involving B'. Indeed, this hypothesis tends to over-
estimate the stabilizing power of phenols under study. In model
M,, each phenol scavenges POO" radical meanwhile in model
M;, each phenol would scavenge two POO radicals. The reality
is probably in between.

Mz would thus involve two (balanced) reactions:
(S1) POO° - AH—-POOH - B kg

(S2) POO’ -B —POO B kg

Reaction (52) is a termination probably slower than termination
(3) because radicals B' are resonance stabilized but is considerably
faster than H abstraction by POO" {reaction S1}):

k,') kn»kﬂ (l3)

The model M; has been operated with vanous ksy and ksz values
(Fig. 6). It calis for the following comments:

mmlegimnunbedumdkﬁnmlwd

- forksz < 10" I mol ' s, reaction (52) has practically no effect
on stabilization.

- for kg > 10° L mwol ' 577, the stabilization effect of (52) reaches
anwmv“wm:mammmhkn

It seems reasonable to suppose that ks > 10° | mot !

Hence(sz)physaslgmﬁcxnmbnlmngmkptmdedthaa is
not consumed by competitive processes and that its reaction
products do not interfere with the oxidation chain process (see
below).

@ The model M; improves the lincarity of tey  [AH|o curves
(Fig. 7). A negative concavity remains but it is bess marked than
in Model M,

S.00 -

5 4w, k=10 mal s

3 / e ku=10"Imol's’
300 4

) ke = 10° Imol's

2004

- ke =101 mol s
1.00 - ke =1lmal's'
IE+D0  IEs00  IEs0d  [E<06  |E+08  1E=10

kg (Tmsel” 57

msmgummmamthn.mm

413 Kinctic model Ms: influence of coupling or polymerization of
cyclohexadienonyl radicals

Cyclohexadienonyl radicals B can react by coupling, dispro-
portionation or polymerization reactions [44,43] which have an
termination (52 ). These processes can be tentatively represented by
a single (virtual) bimolecular process [46]:

(83) B - B’ —inactive products  ks3
A first estimation can be made as follows: the induction time is
cabculated from two runs of the kinetic model:

- the first one with kg, = 0

- the second one with ks = 10° Imol ' s " and ke = 0.

If the resulting induction time values are ting for the first run
(Le, from model M, ) and £, for the second one (i.e., from model
M), it s sure that whatever the kg value:

tind) < tind < bind2 (14)

If tiptz and ting are on the same order of magnitude, incorpo-
rating the 53 reaction into the mechanism would be an useless
complication, except maybe at high stabilizer concentrations.
414 Kinctic model My remitiation from by  products

Termination S2 by coupling gives a peroxide which is certainly
unstable at high temperature. Its decomposition generates two
alkyl radicals able to initiste new oxidation chains:

S1) POO" = AH—POOH - B' kg

- OOME = 10 el |

OO, = 10 mel |

e - (rooety, = 1o mol I

’éi—f—' - _IPOOg = 10l

OO0 00O  000F 0006 0006 OBl0 Dol
AR ot 1)

durations model M; with
2P i el

Fig. 7. Samulations of indection
usng ks -~ 20 Imol 15! d



(S2) POO" +B"—POO B kg
(S3;) B + B —inactive products ke

(S4) POO B—2P ksq

Peraxides are generally more thermally stable than corre-
sponding hydroperoxides. A value of the decomposition rate
constant ke, was reported [43]: {kgyly ~ 10" 1 mol ! 57! and
Egy ~ 125 130 kj mol ' so that it ranges between 10" and
107 Imol ' s at 80 'C. Some data presented in Fig. 2, were
tentatively simulated with vanous sets of kinetic parameters
(Table 4). Indeed, kss increase can be compensated by ks increase.
Incoeporation of reaction ($4) in the model would be useful only to
adjust ks value if this latter was considered too low compared with
data obtained for model compounds.

4.13. 7o conclude about simulation runs

Our investigation is not exhaustive but it suggests that the
stabilizing effect could be relatively well represented by a combi-
nation of two reactions:

(S} AH - POO —~POOH + B kg

(52) B +POO°—PO0 B kg

All the other reactions have only secondary effects on polymer
stability. Their role could be taken into account by slight modifi-
cations of kg and ks values. The same conclusion was drawn when
trying to model the stabilization by quinone methide generated as
phenols by-products [47.48] Let us note that the direct reaction
between O, and phenol surely occurs |32] but it was shown to be
negligible under atmaspheric pressure for PP.

it will be assumed that reaction {S2) is fully efficient ie. that
ks2 = 10° I mol ' s " We have chosen arbitrarily ks; = 10°1Imol "5 %
We will now try to calculate the kg, parameter from an inverse
approach [6]

4.2, identification of kinetic paremeters

k51 was calculated from fitting lifetime values from all above
presented data by comparing:

- Experimental induction periods wvalues from chem-
tluminescence with simulated values for POOH build-up
curves. It can be recalled that POOH decomposition is consid-
ered as the source of chemiluminescence [49.50]

- Experimental times to embritthement with simulated time to
reach AMw = 200 kg mol ', which is the criterion for ductile
brittle transition in PP 31}

- Experimental and simulated induction periods for oxygen
absorption or carbonyl build-up.

Table 4

Simulations of experimental value of induction pesiod of PP , 0.005 mol I 7 phencl
at 80 *C with various sets of kinetic parameters. | AH oy and [POOH g in mol | ¥, ke ke
Mluillllﬂ ll '.kuill! ldl--h

{rooi)y |Astl kst ko s ksq )
T 0005 20 T ) 0 3426
10? 0003 40 w o 10? 4m
10’ 0003 40 w* o o' 240
102 0003 43 10° 0 101 3418
10’ 0003 a0 10 o 10’ 29508
w0? 0003 7 w0t [} 1w’ EX T

The initial hydroperaxide concentration [POOHp being a key
quantity in our modelling approach, the determination of its value
calls for the following comments. In unstabilised polymers, it can
be in principle determined from induction time values using the
kinetic moded through an inverse approach [32]. For relatively clean
samples, ¢, was shown to be not very sensitive to |POOH], vari-
ations [42]. A value of [POOH o = 10**% mol 1" gives generally good
results. It seemed to us interesting to choose a value of 10 mol |
here with a possible risk of slight underestimation of the polymer
stability. This value is close to the sensitivity limit of common
titration methods. We don't excdude cases where [POOH |, would be
measurable but. according to our experience, it is out of reach in
relatively “dean”™ samples. Anyhow, it can be recalled that in the
model, [PODH], is 2 “composite value™ aimed to take into account
all the possible sources of radicals: hydroperoxides, dialkylper-
axides. oxygen polymer complexes, and more generally all the
impurities or structural dregularities able to decompose into
radicals in a very short time scale compared to induction pemod
duration. There are thus at least two reasons to consider [POOH|, as
the unique adjustable parameter of the model.

The crystallinity ratio xc was arbitrarily taken equal to 0 in
molten state and 0.3 in solid one considering that small vanations
of x; induce only small variations of the kinetic parameters
(see later).

Determined ks; values are presented in Fig. 8. They call for the
following comments:

0 At 400 K and below ks values display a limited scatter (less
than one decade). The apparent activation energy could be on
the order of 80 = 20 kj mol .

2 In the melting temperature interval (400 K < T < 430 K] kg,
value displays relatively high scatter (2 3 decades) and appears
almast temperature independent.

& In liguid state at T > 430 K, the number of available data is too
low to appreciate the trends of variation

The scatter can be discussed as follows:

@ Stabilizer consumption during samples processing &5 not
taken into account. The antioxidant concentration at the
beginning of exposure is probably lower than its nominal value.
2 Scatter increases when approaching to the melting tempera-
ture region, in agreement with the observation of some already
observed discontinuities [38.39]. A possible explanation would
be that the crystallinity ratio increase caused by annealing at
temperatures just below T, provokes an underestimation of
“true” stabilizer concentration compared to theoretical one
(EqQ.{1)). The fact that t, is proportional to ke, |AH], (Figs. 3 and
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7) imiplies that |AH) underestimation is compensated by k:
owerestimation in this temperature range.

b At elevated temiperatures, ke could be underestimated in case
of stabilizer loss by evaporation [12] The linearity of induction
period-stabilirer concentration is a pertinent criterion o
determine if volatile loss can be neglected |13], which is surely
thie case for high molar mass stabilizers (for example 401 ). Data
at 180 “C were available for only one stabilizer weight ratio.
which prevented wus from applying this simple reasoning.
Howewer. it is clear that a great part of stabilizers was lost during
processing or exposure given their bw molar mass (ca
<300 g mol 'L A maore rigorous weay for calculating stabilization
kinetic parameters bases on the simultaneous simulation of
both PC=0 and POOH build up curves together with residual
stabilizer concentration curve [13] which i unfortunately
generally not present in the compiled papers.

@ Last, the peroxy cyclohexanedienone thermal decomposition.
neglected here (see above ) could accelerate ageing at elevated
temperatures. In other words, kg could be underestimated at
temperatures ca 1280 200 “C

Despite these uncertainties, the results presented in Fig. B can be
considered as an original method for estimating key and iis acti-
wation energy. Two linear regressions were made:

- Afirstone including all available data: it gives a pre-exponential
factor higher than 10" | mol ' 57 with an activation energy
close to B0 k| mol .

- A second one excluding some questionable data (in molten
state) has a pre-exponential Gactor of 10" | maol ™" =" with an
activation energy of about 23 kj mol L.

Concemning the pre-exponential factor, one can observe that its
walue is high compared to the diffusion rate constant of particle
encounter in the liguid state [ 107 |mod ' 5~ ), which seems difficult
to justifi. There are two distinct explanations:

- In our case. many adjustments would be possible due to the
existing data scatter. The uncertainty in A factors is hence high.

- Maore fundamentally, one cannot totally excdude the possibility
of a non Arrhenius behawiour in the whale temperature range,
as theorized by Waite [33] and Emanue] amd Buchachenko |34]
for the case of diffusion controlled reaction. Such a behaviour is
expected for a reaction between a macroradical and a moleoule
in relatively low concentration.

However, ket us mention that pre-exponential Esctors for many fast
reactions are many decades higher than the 107 Imod™ 57 limit | see
[35] 1 Assuming in the frame of this work the ke is 2 gemuine constant,
Exy ranges undoubtedly between 60 and 23 k)mol . This value will be
tentatively justified in the following so as to validate the model.

5. Physical sense of kinetic parameters
2.1 Stabilizer yield kyks

Identically to other substrates |46,58,37] the condition
ks = = ky iz verified. However, kg value is lower than in numerous
articles |38 @0] no doubt depending on hypothesis made for
kinetic model. Let us consider the ratio expressing stabilization
efficiency:

Fsy _ kg [POOFJ[AHL, kg [AHL,

f  kaPOOPH, — kslPH (13)

-]

This ratio remains lower than unity but of the same order. The
fact that a significant stabilization is observed while ry, is not
strictly higher than ry could be explained by the paositive role of
[52). Furthermore, relatively low valhwes for ke in PP are expected
compared o PE ones [a ==t is available in |43]) since secondary
peroxy radicals are more reactive than tertiary ones for a given
substrate |&1].

52 Rwole conshant for POO° 4+ A

For the termination reaction between A° and a secondary (PE
type) POO° radical a rate constant close to 107 1 mol ™! 571 was
reporied [43] with zem activation energy. Here. PP walue is 2 3
decades lower in good agreement with precedent considerations.
Let us recall that the ke value is mot decisive and its precise
determination by our approach is not easy given the kow model
sensitivity to k.

32 Dependence of emperature and (51) acivation cmengy

Fig. 3 illustrates the temperature effect on the kinetic of oxida-
tion of a stabilized PP amd shows that:

- if Esq is lower than 30 ki mol ™", model overestimates induction
periods durations at low temperatures.

- if Esy is higher than 130 k] mol | model underestimates the
lifetime at moderate temperature.

Korcek [81) proposed a correlation between Bond Dissociation
Energy (BDE) amd activation emergy:

E = 0.55 < BDE(A - H) - 1439 (1&)

E and EDE being expressed in k| mol ",

Lsing EDE values ranging from 320 to 300 kj mal ™" [43,62 03],
Exy would be close to 43 k) mol '. which is not acceptable given the
results presented in Fige 3. Given that the linear correlation
between log,; k and BDE differs for the reaction between POOC and
phenol hydroxyl group. and between POO° with hydrocarbons [6z],
a good agreement between Eq. | 18] and our experimental resulis is
illusory

We hawe then used the Intersecting Parabolas Method exten-
sively studied by Denisow |66 The activation energy can be esti-
mated from:

. — g2
LLL P

when:

- E, is the activation energy (k] mol ')

- 2&% is the bond force constant of the broken bond

- rp characterizes the displacement of abstracted atom

- bry = 144 k] mal L Let us precise that the caboulation is not
very sensitive to this parameter

- @ is the ratio bjbe by being the stremgth of the formed bond.
Here, & = 1.014.

- AM, is the reaction enthalpy (k] mol ') of the reaction
POO° + AH — POOH + A" reaction.

Since:

- for a tertiary hydroperoxide: BOE[POO-H) = 33808 k] mol "
- for a phenol: EDE[Ar OH) is close to 330 k] mol "



then: AH. = -30kjmol '

AH, betng in amy case between — 10 and —30 kj mol . Activation
energy ranges between 02 and 89 k) mol . In other words. values
calculated from exploitation of our compilation are justified by this
theoretical assessment.

6. Conclusions

This paper was dedicated to the PP stabilization by various
hindered phenol derivatives. The phenols “quasi-universal char-
acter” was shown. It means that independently of their structural
complexity. the driving force of phenals chemical efficency is the
reaction:

~AH—POO + A" ks

Its activation energy for (S1) reaction is close to 70 + 10 kjmol '
was calculated and discussed.

The polymer pre-oxidation (due to severe processing or use of
recycled materials) was shown to drastically decrease the stabilizer
efficiency.

The influence of further secondary reactions was then discussed.
There is whether stabilization process: the termination of peroxy
radicals by B' ones, or many non stabilizing processes involving B
and phenoxy (A°) radicals. 1t appeared that all these processes can
be included in a single step provided that its rate constant value ks
is adjusted in order to take into account all the competitive
processes:

POO" - A" —PO0 A ks2

The influence of destabilizing steps, for example: POO A — 297
was shown to be negligible especially in the low temperature range.
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