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Abstract

Measurements of the reduced post-induction oxygen consumption rate in a model system comprising cumene initiated oxidation
performed in the presence of the hindered amine stabilizer (HAS) Chimassorb 2020 offers the possibility of determining the state of
the stabilizer type related to polymers.

The rate of the post-induction oxidation depends linearly on the reciprocal square root of the concentration of the antioxidant
over a sufficiently wide range thereby allowing reliable determinations to be made. The presence of the basic, sterically hindered
phenolic stabilizer (Irganox 1010) usually used for polymer stabilization has no influence on the post-induction phase of cumene

oxidation and conversely the HAS tested did not change the induction time and the rate constant induced by Irganox 1010.
The rate constant for the addition of cumyl Rc radicals to Chimassorb 2020 was determined to be kð333 KÞ ¼ ð1:5G 0:2Þ�

107 M�1 s�1.

Thus the model reaction of initiated oxidation of cumene may be considered as a promising method for the simultaneous
determination of phenolic and HAS-functionalities of stabilizers in polymers and their potential interactions.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The intrinsic resistance of polyolefin materials to
themooxidative ageing is extremely low and, therefore
the use of stabilizers is necessary to ensure high polymer
performance. In general, a mixture of stabilizers is used
for the most effective stabilization of polyolefinsdthat is
a package of stabilizers, containing basic, secondary and
combined light stabilizers (HAS) are commonly em-
ployed [1].

Sterically hindered phenols and secondary aromatic
amines are usually related to the basic stabilizers. They
manifest a high stabilizing effect and nowadays are of
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importance as stabilizers for polyolefins [2]. The basic
antioxidants are scavengers of peroxy macroradicals and
therefore hinder the formation of hydroperoxide reaction
sequences and the scission of primary bonds [3e5].

The secondary stabilizers are stabilizers of secondary
action, which act by destroying hydroperoxides with no
concomitant formation of radicals forming molecular,
inert products. Phosphities, sulfides, thioethers andothers
are used as secondary stabilizers for polyolefins [6,7].

In addition to these two types of stabilizers, hindered
amine stabilizers (HAS) based on 2,2,6,6-tetramethylpi-
peridine derivatives have been recently proposed as
light, and partially heat, stabilizers with significant long-
term stabilization effects [8e13].

It is an established fact that the efficiency of
stabilizers in polyolefins governs the useful life-time of
polyolefin materials [14]. The efficiency of the stabilizer
is one useful source of information for assessing the
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consumption of stabilizers by different processes during
their production, storage, weathering exposure and
exposure under special application conditions. It will
therefore be important for questions of effective com-
pounding be it for special long-term applications or
recycling. Hence, these facts highlight the importance of
the availability of methods for the analysis of stabilizer
content and activity control during the ageing of
polymers, e.g. (a) in what way is the initial content of
stabilizer reduced and therefore what is the real residual
content of stabilizers related to the definite time of the
ageing? (b) is there some post-action of stabilizers due to
functional changes in the molecular structure of the
stabilizer? (c) What is the correlation between the
changes and rheology of polymer materials?

It should be noted that the spectral methods (FTIR,
NMR, UV) commonly used for studying of stabilizers
[15,16] are often suitable only for the analysis of the
initial state of the stabilizer in polymeric materials since
they often suffer from problems by interference with
other spectral signals of the already exposed polymer
materials. In addition, these methods require expensive
equipment and may not be routinely performed. It is
important, therefore, to have methods available with
different prerequisites for quantitative studies.

Kinetic approaches to these problems are notewor-
thy, in particular, investigation of the use of model
oxidative reactions. One of these reactionsdradical
initiated oxidation of cumene has been employed for
the analysis of antioxidants in complex organic compo-
sitions for some time [17,18]. The validity of this model
reaction for analysis of the effects of phenolic stabilizers
has been shown previously [17,19,20], however, this
work was not developed further and only recently has
become the focus of further work [21,22].

In spite of the great importance of HAS stabilizers
there is to date a lack of simple quantitative methods for
the monitoring of the state of the stabilizers in polymeric
materials. In the present paper the results of an
investigation of a commercial phenolic Irganox 1010
and HAS-Chimassorb 2020 stabilizers by the aid of the
model cumene initiated reaction are shown, and the
possibility of their simultaneous determination is
considered.

2. Theoretical considerations

Without any inhibiting additives the model reaction
of the initiated oxidation of cumene proceeds under
steady state conditions, the kinetic chains are fairly long
(e.g. at the rate of initiation Wi ¼ 6:8 � 10�8 mol=l s
and temperature 60 (C the length of chains is about
100), hydroperoxide does not contribute additionally
to the initiation of oxidation and air oxygen pressure
is sufficient to not limit the process [PO2

¼ 0:2 bar
(10�3 mol O2 l

�1)].
For this reaction a scheme may be represented in the
following form (Scheme 1):1

with RH: cumene, Rc: cumylalkyl radical, RO2
c :

cumylperoxy radical, ROOH: cumylhydroperoxide.
According to this scheme the kinetics of oxygen

absorption is, as shown in Fig. 1(1). For the scheme the
reaction rate is described as:

WO2
¼ W

1=2
i k3k

�1=2
6 ½RH� ð1Þ

with WO2
drate of uninhibited oxidation, Widinitiation

rate, k3 and k6dthe rate constants, [RH]dconcentra-
tion of cumene.

In the presence of a phenolic inhibitor (InH), even in
low concentrations such as w10�4e10�6 mol/l) Scheme
1 and consequently Fig. 1(1) and the expression (1) are
changed to Fig. 2 and to the expression (2) of the
inhibited oxidation rate:

Winh O2
¼ Wið0Þk3½RH�ffnk7½InH�g�1 ð2Þ

where Winh O2
drate of inhibited oxidation, Wi(0)dstart

initiation rate; ndnumberof functional groups inonemol-
ecule of a stabilizer; fdinhibition coefficient, representing

Scheme 1

Fig. 1. Kinetic dependences of oxygen consumption for cumene

initiated oxidation. Initiator is 2,2#-azobisisobutyronitrile (AIBN),

Wi ¼ 6:8 � 10�8 mol=l s, 60 (C. (1) Uninhibited oxidation, ½InH� ¼ 0,

(2) [sterically hindered phenol example (Irganox 1330)] = 1.5 �
10�5 mol/l [25], (3) [sterically hindered amine example (Climassorb

944)] = 7.2 � 10�4 mol/l [19].

1 Using the currently accepted rate constant numbering for

elementary oxidation reactions [3,23].
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Fig. 2. Schematic diagram of measuring equipment for oxygen consumption at constant pressure.
the number of ROc
2 peroxy radicals deactivated by each

antioxidant functional group of onemolecule of stabilizer
or how many oxidation chains are terminated by one
antioxidant group of one molecule of stabilizer; [InH]d
concentration of a stabilizer; k7drate constant of the
reaction InHCROc

2/ROOHCInc (see Scheme 2) 2

with InHdphenolic inhibitor (stabilizer); Incd
radical of the stabilizer.

The inhibited oxidation proceeds with an induction
period [see Fig. 1(2)]. The length of the induction period
depends on the concentration of the inhibitor and the

Scheme 2

2 Using the currently accepted rate constant numbering for

elementary reactions of an inhibited oxidation of hydrocarbons [3,23].
rate of initiation and is calculated according to the
expression:

t ¼ f ½InH�ðWiÞ�1 ð3Þ

with tdinduction period which is usually evaluated
from kinetic curves of the oxidation [21].

In accordance with Scheme 2 the following important
relationship along with (3) was derived in [18,24] for the
total chemical deactivating interaction of one functional
inhibitor group with ROc

2 peroxy radicals

DðO2Þ=½RH� ¼ �k3 Inð1� t=tÞ=k7 ð4Þ

with tdreaction time; D(O2)dvolume of consumed or
absorbed oxygen.

The induction period t is evaluated from the kinetic
curve [Fig. 1(2)]. The inhibitor content [InH], in
equivalents per litre, can be calculated by using Wi

from the experimental conditions [25,26] and a first
assumed provisional value of f for expression (3).

According to Scheme 2 given for phenolic stabilizers
with one inhibiting group at 60 (C values of f ¼ 1 to
f ¼ 2 are expected due to the possible efficiency of
reaction [9]. The recombination reaction [9] will depend
strongly on the structure of the antioxidant [3,24].
Therefore, for unknown phenolic stabilizers it is reason-
able to assume provisionally f ¼ 1:5 as long as further
knowledge about the stabilizer is lacking.

For graphic evaluation of the kinetic data a semi-
logarithmic transformation of data of oxygen absorp-
tion due to relationship (4) is convenient. The inhibition
rate constant k7 is given by the slope of this plot.

Let us consider a scheme of reactions for initiated
cumene oxidation in the presence of the hindered amine
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stabilizers (HAS) based on 2,2,6,6-tetramethylpiperidine
derivatives. According to the literature information avail-
able [27] and based upon the authors’ experimental data
[Fig. 1(3)] [22] may be simplified as follows (Scheme 3):

with R1eNHdhindered amine stabilizer.

3. Experimental procedures

The model oxidation of cumene was performed under
the most acceptable conditions used for phenolic stabi-
lizers [17,18,21,24,28e30]: initiation rate Wi ¼ 3:4e6:8�
10�8 mol=l s, temperature ð60G 0:02Þ (C and pressure
PO2

¼ 0:2 bar (air)with2,2#-azobisisobutyronitrile (AIBN)
as the initiator. The volume of the reaction mixture was
10 cm3 (25 (C). For the given initiation rate 10 mg of
AIBN had to be added [25].

Stabilizers were (all from Ciba Specialty Chemicals,
Basel, Switzerland): tetrakis[methylene(3,5-di-tert-butyl-
4 hydroxyhydrocinnamate)]methaned(Irganox 1010):

Sterically hindered amine stabilizer based on 2,2,6,6-
tetramethylpiperidined(Chimassorb 2020):

The rate of oxidation was evaluated from the amount of
oxygen consumed, which was measured volumetrically
as described in [18] with the simple equipment shown in
Fig. 2.

Scheme 3
4. Results and discussion

In Fig. 3 the kinetic oxygen absorption dependences
for cumene initiated oxidation in the presence of the
Chimassorb 2020 are presented. It is clearly seen that the
reaction rate is substantially reduced. The inhibited
oxidation proceeded without an initial induction period,
which is in good agreement with Scheme 3, and with the
steady rate which linearly depends on the second root of
the (Chimassorb 2020) concentration (over the concen-
tration range 1:7 � 10�4e6:7 � 10�4 mol=l) i.e. Winh O2

w
½Chimassorb 2020�1=2.

Fig. 4 shows the dependence between the rate of
oxidation and concentration of Chimassorb 2020. This
implies that the reaction ROc

2CR1eNOc does not take
place, at least in the conditions of the experiment, and
the nitroxyl radical eNOc of Chimassorb 2020 mainly
interacts with cumylalkyl radicals Rc and thereby the
reaction R1eNOcCRc competes with the reaction
RcCO2/ROc

2. Indeed, according to the literature data
[31] the rates of these reactions are comparable.

It is well known that even well-purified hydrocarbons
originally contain some concentration w10�6e
10�4 mol/l of hydroperoxides [3,23,32]. For the easily
oxidized cumene we assumed the value 10�4 mol/l of
cumylhydroperoxide contained in cumene before the
experiment. In addition, as a simple calculation shows,
the concentration of cumylhydroperoxide for the experi-
ments at steady state condition (60 (C, PO2

¼ 0:2 bar
(air) (reaction [3] of the schemes) for the time of reaction
( for 2e3 h maximum) reaches the values 5 � 10�4e
10�3 mol=l in total, which is stoichiometrically compa-
rable with concentrations of SHA added to reveal the
inhibiting function.

Nitroxyl radicals are typical oxygen-centred p-radi-
cals with a high oxidation potential ( for example the
potentials of half-wave of oxidation in acetonitrile is
C0.21 to C0.51 V, in water is C0.791 to C1.09 V) and

Fig. 3. Kinetic dependences of oxygen consumption for cumene initiated

oxidation in the presence of hindered amine stabilizer (Chimassorb

2020). Reaction mixture volume = 20 ml, Wi ¼ 3:4 � 10�8 mol=l s

(AIBN); (1) ½InH� ¼ 0, (2) 1:7 � 10�4, (3) 3:3 � 10�4, (4) 6:7 � 10�4,

(5) 1:3 � 10�3 mol=l.
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they are not able to be oxidized (by strong oxidizing
agent at specific conditions only) [33]. Therefore, they
do not add dioxygen and are not even sensitive towards
peroxy radicals, at least in the condition of the experi-
ments. Really the stable nitroxyl radicals are widely
presented in the literature as active Rc radical acceptors
to be used as a stabilizer for polymers, active inhibitors
of radical polymerization and thermooxidative degra-
dation or spin scavengersefree radical traps for a study
of radical reactions, etc. [33e38]. In addition, the
nitroxyl radicals readily interact with hydroperoxides
to form nitrone and molecular products which are inert
in the conditions of the cumene model oxidation to
allow to make correct determination [8,10e12,27].

Thus, the experimental data obtained confirm the
proposed Scheme 3 and specify it as Scheme 4.

The steady state condition for cumene oxidation is
established very fast: in general, an interval of an
unsteady stage of oxidation is 0.01e100 s [38]. It is
calculated according to an expression t ¼ ð2k6WiÞ�1=2

and for the initiated cumene oxidation at 60 (C and
PO2

¼ 0:2 bar (air), it equals 40 s.
At steady state conditions the rates of forming and

losing of radicals of oxidation chain become equald
dRc=dT ¼ 0 and dROc

2=dT ¼ 0. Using the method of

Scheme 4

Fig. 4. Oxidation rate for cumene vs concentration of hindered amine

stabilizer Chimassorb 2020. WiðAIBNÞ ¼ 3:4 � 10�8 mol=l s, 60 (C.
stationary concentrations [23,32] for Scheme 4 we
obtain:

dRc=dT ¼ Wi � k2½Rc�½O2�Ck3½ROc
2�½RH�

� k5½Rc�½R1eNOc� ¼ 0

dROc
2=dT ¼ k2½Rc�½O2� � k3½ROc

2�½RH� � k6½ROc
2�
2 ¼ 0

Adding together these two equations we obtain the
following expressions:

Wi �W5 ¼ k6½ROc
2�
2
and ½ROc

2� ¼ ½ðWi �W5Þ=k6�1=2;

where k5½Rc�½R1eNOc� ¼ W5. Thus for the rate of
oxidation we have:

W1ðO2Þ ¼ k3½ROc
2�½RH� ¼ ðWi �W5Þ1=2k3k

�1=2
6 ½RH�

¼ W
1=2
i1 k3k

�1=2
6 ½RH� ð5Þ

where

Wi1 ¼ Wi �W5 ð6Þ

Wi1drate of initiation in the presence of Chimassorb
2020, Widinitiation rate in the absence of Chimassorb
2020 and W5drate of reaction between cumyl Rc

radicals and Chimassorb 2020(eNOc) [stage [5] of
Scheme 4] equal to:

W5 ¼ k5½Rc�½Chimassorb 2020ðeNOcÞ� ð7Þ

From Eq. (7) the rate constant k5 for addition of
cumyl radicals (Rc) to the nitroxyl radicals (eNOc)
generated from Chimassorb 2020 can be calculated.

In steady state conditions of oxidation in the presence
of Chimassorb 2020 for fairly long chains the following
equations are valid [23,32]:

k2½Rc�½O2� ¼ k3½ROc
2�½RH� ¼ W1ðO2Þ ð8Þ

FromEqs. (5)e(8), using the knownmagnitudes of the
constants for cumene oxidation [23,39,40]: k3ð333 KÞ ¼
1:75, k6ð333 KÞ ¼ 1:84 � 105, k2 ¼ 109 1=mol s; ½RH� ¼ 6:9,
½O2� ¼ 10�3 mol=l, one can obtain the following expres-
sions for calculations of k5:

½Rc� ¼ W1ðO2Þ=k2½O2� ¼ W1ðO2Þ=10
6 and

k5 ¼ 106ðWi �Wi1Þ=½Chimassorb 2020ðeNOcÞ�W1ðO2Þ

ð9Þ

The k5 value calculated from Eq. (9) for
½Chimassorb 2020ðeNOcÞ�%7 � 10�4 mol=l is k5ð333 KÞ ¼
ð1:5G 0:2Þ � 107 1=mol s.

Now it is possible to consider the scheme of cumene
initiated oxidation in the simultaneous presence of the
phenolic and amine stabilizers.

Kinetic curves of oxygen absorption and their semi-
logarithmic transformation for radical initiated cumene
oxidation in the simultaneous presence of the phenolic
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Irganox 1010 and the hindered piperidine Chimassorb
2020 are presented in Figs. 5 and 6.

Table 1 shows results of the kinetic curves (Fig. 5)
and its semilogarithmic plot (Fig. 6) treatment and

Fig. 5. Kinetic curves of oxygen consumption for cumene initiated

oxidation in the simultaneous presence of the phenolic Irganox 1010 and

the amine Chimassorb 2020.Wi ¼ 3:4 � 10�8 mol=l s (AIBN), 60 (C. (1)
[Irganox 1010]= 8.0 � 10�6 mol/l; (2) [Irganox 1010]= 8.0 � 10�6C
[Chimassorb 2020] = 3.3 � 10�4 mol/l; (3) [Irganox 1010] = 8.0 �
10�6C [Chimassorb 2020]= 6.7 � 10�4 mol/l.

Fig. 6. Semilogarithmic transformation of the kinetic curves of oxygen

consumption for cumene initiated oxidation in the simultaneous

presence of the phenolic Irganox 1010 and the amine Chimassorb 2020.

Wi ¼ 3:4 � 10�8 mol=l s (AIBN), 60(C. (1) [Irganox 1010] = 8.0 �
10�6 mol/l; (2) [Irganox 1010]= 8.0 � 10�6C [Chimassorb 2020]=

3.3 � 10�4 mol/l; (3) [Irganox 1010] = 8.0 � 10�6 C [Chimassorb

2020]= 6.7 � 10�4 mol/l.
corresponding calculations by Eqs. (3), (4), (7)
and (9).

It is observed from the data plot that the presence of
Chimassorb 2020 does not interfere with the induction
period and rate constant values k7 of Irganox 1010 and
conversely, the presence of phenolic inhibitor and its
conversion products have a minor influence on the
inhibiting action of the amine HAS-inhibitor which is
manifested after the phenolic inhibitor is consumed. The
general scheme of the oxidation in the simultaneous
presence of HAS and phenolic antioxidant may be
summed up as Scheme 5.

The expressions (2) and (5) fit this mechanism of the
inhibition realized in sequence within an induction and
for post-induction period, respectively.

Thus, the dependences established, along with data
obtained previously [22,41] show a remarkable oppor-
tunity to determine simultaneously the effective concen-
tration of the active functional groups of hindered
piperidine and phenolic stabilizers by means of the one
model reaction of cumene oxidation.

Scheme 5
Table 1

The kinetic parameters of model reaction of cumene initiated oxidation in the absence, separate and simultaneous presence of inhibitors (Irganox

1010) and (Chimassorb 2020) WiðAIBNÞ ¼ 3:4 � 10�8 mol=l s, 60 (C

Inhibitor//[InH] � 105, mol/l Induction

time (t),

min

Rate of

inhibited

oxidation

W1ðO2Þ, mm3/min

Post-induction oxidation

rate, mm3/min

Inhibition rate

constant, M�1 s�1

WO2
W1ðO2Þ k7 � 10�4 k1 � 10�7

0 0 e 146 e e e

Chimassorb 2020//33 0 100 e e e 1.7

Chimassorb 2020//67 0 77 e e e 1.5

Irganox 1010//0.8 32 e 144 e 1.7 e

Irganox 1010C

Chimassorb 2020//0.8C 33

36 e e 104 1.75 1.6

Irganox 1010C
Chimassorb 2020//0.8C 33

38 e e 80 1.65 1.4



853E.B. Zeynalov, N.S. Allen / Polymer Degradation and Stability 85 (2004) 847e853
Acknowledgements

Financial support by the Royal Society is gratefully
acknowledged.

References

[1] Gensler R, Plummer CJG, Kausch HH, Kramer E, Pauquet JR,

Zweifel H. Thermo-oxidative degradation of isotactic polypro-

pylene at high temperatures: phenolic antioxidants versus HAS.

Polym Degrad Stab 2000;67(2):195e208.

[2] Allen NS, editor. Degradation and stabilisation of polyolefins.

London: Elsevier Applied Science Publishers; 1983.

[3] Scott G. Atmospheric oxidation and antioxidants. London:

Elsevier; 1993.

[4] Pospisil J. Chemical and photochemical behaviour of phenolic

antioxidants in polymer stabilizationda state of the art report.

Part I. Polym Degrad Stab 1993;40(2):217e32.

[5] Pospisil J. Chemical and photochemical behaviour of phenolic

antioxidants in polymer stabilizationda state of the art report.

Part II. Polym Degrad Stab 1993;39(1):103e15.
[6] Zweifel H. Stabilization beyond the year 2000. Macromol Symp

1997;115:181e201.

[7] Ahmad S, Pawelke B, Zulfigar S, Habicher WD. New stabilizers

for polymers on the basis of IPDI protected 2,2-thiobis(4-methyl-

6-tert-butylphenol) and hindered amines. Polym Degrad Stab

2001;72(1):47e51.

[8] Gugumus F. Mechanisms of thermooxidative stabilisation with

HAS. Polym Degrad Stab 1994;44(3):299e322.

[9] Gugumus F. Aspects of the impact of stabilizer mass on per-

formance in polymers. 2. Effect of increasing molecular mass in

polymeric HALS in PP. Polym Degrad Stab 2000;67(2):299e311.
[10] Yongcheng Y. Thermal oxidation of polypropylene containing

hindered piperidine compounds. Polym Degrad Stab 1992;37(1):

11e7.

[11] Gijsman P. The mechanism of action of hindered amine stabilizers

(HAS) as long-term heat stabilizers. Polym Degrad Stab 1994;

43(2):171e6.

[12] Gijsman P, Gitton M. Hindered amine stabilisers as long-term

heat stabilisers for polypropylene. Polym Degrad Stab 1999;66(3):

365e71.

[13] End MJ, Davis LH, Vulic I. Proceedings of the 2nd World

CongressdPolypropylene in Textiles. Queensgate Huddersfield,

UK; 2000. p. 295e313.

[14] Zweifel H. Stabilization of polymeric materials. Berlin: Springer;

2000.

[15] Crecely RW, Charles ED. Analytical methods for additives in

plastics. In: Pritchard G, editor. Plastic additives. London:

Chapman & Hall; 1998. p. 26e31.

[16] Thilen M, Shishio R. Proceedings of the 2nd World Congressd

Polypropylene in Textiles. Queensgate Huddersfield, UK; 2000.

p. 87e97.

[17] Tsepalov VF, Kharitonova AA, Zeinalov EB, Gladyshev GP.

Investigation of antioxidants in complex compositions. Azerb

Khim Zhurn 1981;4:113e6.

[18] Zeynalov EB, Vasnetsova OA. Kinetic screening of inhibitors of

radical reactions. Baku: Elm; 1993.

[19] Kharitonova AA, Shilenko EI, Tsepalov VF, Gladyshev GP,

deJonge C, Mies VG. Kinetic analysis of stabilizers in a polymer
during thermal oxidative degradation. Kinet Catal 1982;23(3):

627e9.

[20] Kozlova ZG, Tsepalov VF, Gladyshev GP. Analysis of the

stabilizer antioxidant in rubber by means of a model chain

reaction. Kinet Catal 1984;25(1):188e9.
[21] Zeinalov EB, Schroeder HF, Bahr H. Proceedings of the Sixth

International Plastics Additivies and Modifiers Conferenced

Addcon World 2000; paper 3.

[22] Schroeder HF, Zeynalov EB, Bahr H, Rybak Th. Proceedings of

the Seventh International Plastics Additivies and Modifiers

ConferencedAddcon World 2001; paper 20.

[23] Emanuel NM, Denisov ET, Maizus ZK. Liquid phase oxidation

of hydrocarbons. New York: Plenum Press; 1967.

[24] Tsepalov VF, Kharitonova AA, Gladyshev GP, Emanuel NM.

Determination of the rate constants and inhibition coefficients of

phenol antioxidants with the aid of model chain reactions. Kinet

Catal 1977;18(5):1034e41.

[25] Van Hook JP, Tobolsky AV. The thermal decomposition of 2,2#-
azo-bis-isobutyronitrile. J Am Chem Soc 1958;80(4):779e82.

[26] Dixon KW. In: Brandrup J, Immergut EH, Grulke EA, editors.

Polymer handbook, II. 4th ed. New York: John Wiley; 1999.

[27] Gugumus F. Current trends in mode of action of hindered amine

light stabilizers. Polym Degrad Stab 1993;40(2):167e215.
[28] Tsepalov VF, Kharitonova AA, Gladyshev GP, Emanuel NM.

Determination of rate constants and inhibition coefficients of

inhibitors using a model chain reaction. Kinet Catal 1977;18(6):

1142e51.
[29] Zeinalov EB, Kossmehl G, Kimwomi RRK. Synthesis and

reactivity of antioxidants based on vernolic acid and 3-(3,5-di-

tert-butyl-4-hydroxyphenyl)propionic acid. Die Angewandte

Makromol Chem 1998;260:77e81.

[30] Kimwomi RRK, Koßmehl G, Zeinalov EB, Gitu PM, Bhatt BP.

Polymeric antioxidants from vernonia oil. Macromol Chem Phys

2001;202(13):2790e6.

[31] Pliss EM, Aleksandrov AL. Relative rate constants of an

interaction of alkyl radicals of methacrylates and acrylates with

oxygen and stable nitroxyl radicals. Izvest Acad Nauk SSSR 1977;

4:753e6.
[32] Emanuel NM, Zaikov GE, Maizus ZK. Oxidation of organic

compounds. Oxford, NY: Pergamon Press; 1984.

[33] Rozantsev EG. Organic chemistry of free radicals. Moskva:

Khimiya; 1979.

[34] Shlyapnikov YA, Kiryushkin SG, Mar’in AP. Antioxidative

stabilization of polymers. London: Taylor and Francis Ltd; 1996.

[35] Denisov Ye.T. Oxidation and destruction of carbochain polymers.

Leningrad: Khimiya; 1990.

[36] Shilov Yu.B, Denisov Ye.T. Mechanism of the iminoxyl radical

retarding action on oxidation of polypropylene and polyethylene.

Vysokomol Soed A 1974;16(10):2313e6.
[37] Buchachenko AL, Emanuel NM. Chemical physics of ageing and

stabilization of polymers. Moskva: Nauka; 1982.

[38] Denisov YeT. Rate constants of homolytical liquid-phase

reactions. Moskva: Nauka; 1971.

[39] Gaponova IS, Fedotova TV, Tsepalov VF, Shuvalov VF, Lebedev

YaS. Study of the recombination of cumyl peroxy radicals in

liquid and supercooled solutions. Kinet Catal 1971;12(5):1012e8.
[40] Maillard B, Ingold KU, Scaiano JC. Rate constants for the

reactions of free radicals with oxygen in solution. J Am Chem Soc

1983;105(15):5095e9.

[41] Schroeder HF, Zeynalov EB, Bahr H, Rybak Th. Analysing the

content of antioxidants in PP materials. Polym Polym Compos

2002;10(1):73e82.


	Simultaneous determination of the content and activity of sterically hindered phenolic and amine stabilizers by means of ...
	Introduction
	Theoretical considerations
	Experimental procedures
	Results and discussion
	Acknowledgements
	References


