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A kinetic model of methyl linoleate peroxidation inhibited by α-tocopherol was constructed. Good accord was obtained 

with experimental data at 40°C. Model was numerically analyzed by the value method based on Hamiltonian systematization of 

kinetic equations. The extremal complex behavior of reaction induction period in relation to α-tocopherol initial concentration is 

related to the increase in the ratios of [tocopheroxyl radical]/[peroxyl radical] and the {tocopherol mediated peroxidation 

rate}/{rate of termination by combination of tocopheroxyl and peroxyl radicals}. The prooxidant influence of autoinitiation 

reaction with α-tocopherol and hydroperoxide are important too. 

Fig. 4, table 1, references 26. 

Introduction 

α-Tocopherol (Fig.1) is recognized as the most important antioxidant with respect to protection against 
oxidative damage of polyunsaturated fatty acids in foods and biological systems [1–4]. 

The mechanism of the antioxidant action of α-tocopherol relies on scavenging of chain-carrying lipid 
peroxyl radicals (LOO*) that would otherwise cause oxidative damage in biological membranes and other lipid-
containing structures. α-Tocopherol (TH) acts as a chain-breaking antioxidant by donating its phenolic hydrogen 
to the chain-propagating LOO• radical yielding a hydroperoxide and a less reactive α-tocopheroxyl radical (T•)  

•• +→+ TLOOHTHLOO  

T• reacts with another LOO• or T• forming non-radical products (NRP) 

NRPLOOT →+ ••
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NRPTT →+ ••
 

The complex dependence of the induction period and lipid peroxidation rate during the induction period on 
the initial concentration of α-tocopherol is connected with prooxidative effects. 

 
 
 
 
 
 
 
 
 
 

Fig.1. Structure of α-tocopherol (5,7,8-trimethyl tocol) (TH). 

 
This complexity leads to the observed inconsistency in the reported relative activities of the different 

tocopherols in various in vitro experiments [3–7]. The aims of this paper are: first — construct the model with 
great predictive ability and second — numerically analyzed it to describe extremal complex effect of induction 
period dependence of α-tocopherol. 

Kinetic Model and Methods 

The value method [8] was used for numerical modeling and analysis of methyl linoleate peroxidation 
reaction in the presence of α-tocopherol. The experiment was a study on the inhibition of methyl linoleate 
oxidation by α-tocopherol (12-68 mM) in the presence of initial methyl linoleate hydroperoxides at 40°C [3]. 

The mechanism of chain–breaking antioxidant activity of α-tocopherol in lipid peroxidation reactions is 
thoroughly studied [1–7]. It allowed constructing a kinetic model of peroxidation reaction of the model lipid, 
methyl linoleate, inhibited by α-tocopherol (Table). When constructing the kinetic model, particular interest was 
paid to the existing data on the elementary reactions and on the autooxidation routes of α-tocopherol in the 
reaction products [3, 4]. 

Besides the traditional reactions usually describing the chain process of methyl linoleate peroxidation, 
reactions of hydroperoxyl radical and hydrogen peroxide formation and their further reactions are included in 
the kinetic model. Similarly, together with the reactions describing the chain-breaking antioxidant activity of α-
tocopherol, reactions responsible for the prooxidant properties of α-tocopherol (i.e. chain propagation reaction 
with the participation of α-tocopheroxyl radicals, steps of autoinitiating chain-branching via the reactions of TH 
with peroxide compounds and the decomposition of quinolide peroxides being formed) are included in the 
kinetic scheme. The possibilities of chain termination reactions with the participation of various free radicals are 
also taken into consideration (table).  

The rate constants of the reactions are calculated for the temperatures at 400C using Arrhenius equation 
based on handbooks and other literature [9–24]. 

The kinetic significance of the individual reaction is determined by value magnitude ( )tG j , which is a 

response relation to the reaction target parameter at instant of time on the small disturbance of the step rate at 
the initial instant of time to 
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where )(trj  is the rate of j step 

The value contribution of an individual step takes also into consideration the magnitude of the reaction’s 
rate: 

 ( ) ( ) ( )trtGth jjj =    (2) 

The value magnitudes of the individual steps of the reaction mechanism are determined by Hamiltonian 
systematization of kinetic equations. The calculation was made by VALKIN computing software [8]. In the 
given computing software, the systems of differential equations were integrated using of calculation subprogram 
ROW-4A [25]. 

Table 

The kinetic model of peroxidation reaction of the model lipid, methyl linoleate, inhibited by αααα-tocopherol 
at 40oC 

N The Chain Reaction’s Steps Rate Constants Reference 

1 •• +→+ HOOLOLH 2   102.24 -10×  
[9, 15] 

2 •• →+ LOOOL 2  
8108.75×  

[11] 

3 LOOHLLHLOO +→+ ••
  76.3  

[14, 21] 

4 •• +→+ LLOHLHLO  
710.261 ×  

[11, 16] 

5 22OHLLH HOO +→+ ••
 228 

[12] 

6 22OHLOOLOOHHOO +→+ ••
 

2106.71×  
[11] 

7 •• +→+ LOOLOHLOOHLO  
8103.79×  

[11] 

8 •• +→+ HOOLOOHOHLOO 22  2101.14×  
[18] 

9 ( ) •• +→ HOOH-LLOO  -2105.49×  
[21] 

10 ( ) 2OLOHOH-LLOOLOO ++→+ ••
 7102.01×  

[14, 21] 

11 OHLOLOOH •• +→   101.23 -8×  
[22] 

12 ( ) OHOHLLOOH 2+−→  -8103.69×  
[26] 

13 LOHTLOTH +→+ ••
  01 9  

* 
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14 LOOHTLOO TH +→+ ••
 

6101.85×  
[11] 

15 22OHTHOOTH +→+ ••
  105.55 6×  

[12] 

16 •• +→+ LTHLHT  
-2103.97×  

[19] 

17 •• +→+ LOOTHLOOHT  610.  
[11] 

18 •• +→+ HOOTHOHT 22   610.  
** 

19 •• +→+ HOOTMQOT 2  
210161 −×.  

[13] 

20 TMQTHTT +→+ ••
 3101.28×  

[10] 

21 2OTHHOOT +→+ ••
  01750 8×.  

[20] 

22 NRPTMQL →+•
  109.30 5×  

[10] 

23 NRPTMQLOO →+•
  01358 2×.  

[24] 

24 OHTLOTHLOOH 2++→+ ••   106.60 -6×  
[10, 11] 

25 OHOHTTHHOOH 2++→+ ••   106.60 -6×  
* 

26 OHLLHOH 2+→+ ••
  1010

 
*** 

27 OOLToLOOT −−→+ ••
 

8101.23×  
[20] 

28 OOLTpLOOT −−→+ ••
  100.27 8×  

[20] 

29 •• −+→−− TEoLOOOLTo  
-8105.54 ×  

[20] 

30 OOLTEoLOOTEo −−→+− ••
 

8101.50×  
[20] 

31 •• +−→−− LOO-TEoOOLTEo  
-10106.34×  

[20] 

32 •• +−→+− LTEQoLHO-TEo  7101.26×  
**** 

33 •• +−→+− TTEQoTHO-TEo  910  
**** 

34 •• +→− O-TQLOOOL-Tp  
-10106.34×  

[20] 

35 OOHToHOOT −−→+ ••
 

8102.70×  
[20] 

36 OOHTpHOOT −−→+ ••
 8100.60×  

[20] 

  
1 The values of rate constants of the reaction are given in the units of М, s. 
2 Some of reaction steps haven’t show because of their too low rates’ constants and low significance for reaction mechanism. 
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*The rate constant of this reaction is accepted as close to the rate constant of diffusion–controlled reaction with 
participation of polyatomic molecules. 
**The rate constant is accepted as equal to the similar step 17. 
*** The rate constant of this reaction is accepted as close to the rate constant of diffusion–controlled reaction 
with participation of small molecules 
****It’s commonly assumed that this step’s rate constant is equal to the rate constant of hydrogen atom 
abstraction from the molecules of methyl linoleate and α-tocopherol by alkoxyl radicals. 
*TMQ — tocopherol methylenquinone. 

  
  
 
 
 
  
 

o-T-OOL   p-T-OOL   o-TE-OOL 

Results and Discussions 

Numerical description of the experimental kinetic data 
One of the main criteria of the correctness of a constructed reaction kinetic model is its ability to 

adequately describe experimental results. The experimental data used in the work describes the kinetics of 
methyl linoleate peroxidation at 40°C under a wide range of initial concentrations of the reaction species, α-
tocopherol and hydroperoxide [3]. 

As is shown in fig. (2,3) the calculated data obtained according to the kinetic model (table) describes, with 
good precision, the experimental data. It can also be observed from data shown in fig. (3) that the kinetic model 
precisely describes the complex character of the dependence of the induction period on the initial concentrations 
of α-tocopherol. 

 
Fig. 2. Kinetic curves of hydroperoxide accumulation during the peroxidation of methyl linoleate at 40ºC. Initial concentrations [LH]0 = 3 

M, 2
0 10[LOOH] −=  M. 1 – calculation, 2 – experiment [3]. 
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The kinetic model of the peroxidation reaction of methyl linoleate inhibited by α-tocopherol was analyzed 
by the numerical value method in order to reveal the roles; i.e. kinetic significances of individual steps and 
chemical species of the reaction. The dynamics of value contributions change of most essential steps of the 
kinetic model of methyl linoleate peroxidation inhibited by α-tocopherol are presented in fig. 4. The value 
analysis allowed revealing the following peculiarities of the course of the reaction. 
The participation of α-tocopherol, shown by the reactions (13)-(36), is subdivided into two reaction categories: 
(I) steps for which the value contributions were positive (set the right of the central axis in fig. 4) were 
responsible for the antioxidant properties of α-tocopherol, and (II) steps the value contributions of which were 
negative and (set to the left of the central axis in fig. 4) were responsible for the prooxidant properties of α-
tocopherol. 

 
Fig. 3. Dependence of the induction period of the peroxidation reaction of methyl linoleate on the initial concentration of α-tocopherol 

[ТH]0 at 400С. Initial concentrations [LH]0 = 3 M, 
2

0 102[LOOH] −×=  M. Induction period is measured as TH 99.99% consumption. 

1 – calculation, 2 – experiment [3]. 

 
The reactions of α-tocopherol with peroxyl radicals (step 14), of α-tocopheroxyl radicals with the peroxyl 

radicals (steps 27, 28), of α-tocopheroxyl radicals with each other (step 20), and of peroxyl radicals with 
tocopherylmethylenquinone (step 23) were revealed to play the most essential role in the manifestation of 
antioxidant properties of α-tocopherol. 

The chain transfer steps, (16) and (17), i.e. the abstraction reaction of hydrogen atom by α-tocopheroxyl 
radical from the molecules of methyl linoleate and hydroperoxide, have the most essential prooxidant activity. It 
should be mentioned that the total rate of these steps is commensurable in magnitude with the rate of the chain 
propagation step (3) with the participation of peroxyl radicals as lipid peroxidation reaction in the presence of α-
tocopherol proceeds in tocopherol mediated peroxidation (TMP) regime [1, 3, 4]. The inhibiting activity of α-
tocopherol is conditioned by the essentially high concentration in the reaction medium of tocopheroxyl radical 
compared with that of lipoperoxyl (on average by three orders of magnitude). This increases the possibility of 
the cross reactions of chain termination with the participation of T•. 

An essential contribution in the manifestation of the prooxidant properties of α-tocopherol is made by the 
reactions of free radicals as the result of homolytic decomposition of quinolide peroxides (o–TOOL, p–TOOL, 
o–TE–OOL) in the steps 29, 31 and 34. Moreover, their contribution at high [TH]0 is commensurable with the 
contribution of the autoinitiation, chain-branching steps, as a result of homolytic decomposition of 
hydroperoxide. 

The value analysis allowed revealing one of the main reasons for the complex, non-linear dependence of 
the length of the induction period (τ) and that of reaction rate on the initial concentrations of α-tocopherol, 
presented in fig. 3. Value contribution of the of the autoinitiation reaction involving the molecules of α-
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tocopherol and hydroperoxide (step 23) essentially increases with increasing [TH]0, eventually increasing the 
essentially of the contribution of reaction (11) of the homolytic decomposing of hydroperoxide. This allows the 
conclusion that reaction (24) essentially influences the type of dependence of τ and the reaction rates of lipid 
peroxidation on the initial concentration of α-tocopherol. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. The dynamics of the relative value contributions of the individual steps of the peroxidation reaction of methyl linoleate inhibited by 

α-tocopherol at its’ various initial concentrations. a – [ТH]0 = 
-43×10 М, b – [ТH]0 = 

3103 −× М. Is shown steps with 

610−>jh . ( ) 1−
−= jj

*
hlgh and ( ) 1−

= jj

**
hlgh , where 

21
36

1

2

−

=










= ∑

j
jjj hhh .    

        
             – 10% ,          –50% ,                –90% [TH] consumption. 

 
It appears that non-linear and in some cases extreme dependence of τ on [TH]o [2, 5, 6] is the result of the 

manifestation of prooxidant properties of α-tocopherol at the expense of simultaneous autoinitiation reaction 
course with the participation of the molecules of TH and LOOH and the TMP reactions (16) and (17). The 
changes of rates’ constants significances of steps (16), (17) and (24) 3,4 time are greatly affect of induction 
period dependence of initial concentration of α-tocopherol, and that’s means too of a great value of these steps.  

In summary, the kinetic model presented in table adequately describes the experimental results including 
simultaneous manifestation of the anti- and pro- oxidant properties of α-tocopherol in the process of lipid 
peroxidation. 
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αααα––––ՏՈԿՈՖԵՐՈԼՈՎ ԱՐԳԵԼԱԿՎԱԾ ՄԵԹԻԼԼԻՆՈԼԵԱՏԻ ՊԵՐՕՔՍԻԴԱՑՄԱՆ ՌԵԱԿՑԻԱՅԻ ՏՈԿՈՖԵՐՈԼՈՎ ԱՐԳԵԼԱԿՎԱԾ ՄԵԹԻԼԼԻՆՈԼԵԱՏԻ ՊԵՐՕՔՍԻԴԱՑՄԱՆ ՌԵԱԿՑԻԱՅԻ ՏՈԿՈՖԵՐՈԼՈՎ ԱՐԳԵԼԱԿՎԱԾ ՄԵԹԻԼԼԻՆՈԼԵԱՏԻ ՊԵՐՕՔՍԻԴԱՑՄԱՆ ՌԵԱԿՑԻԱՅԻ ՏՈԿՈՖԵՐՈԼՈՎ ԱՐԳԵԼԱԿՎԱԾ ՄԵԹԻԼԼԻՆՈԼԵԱՏԻ ՊԵՐՕՔՍԻԴԱՑՄԱՆ ՌԵԱԿՑԻԱՅԻ 

ԹՎԱՅԻՆ ՄՈԴԵԼԱՎՈՐՈՒՄԹՎԱՅԻՆ ՄՈԴԵԼԱՎՈՐՈՒՄԹՎԱՅԻՆ ՄՈԴԵԼԱՎՈՐՈՒՄԹՎԱՅԻՆ ՄՈԴԵԼԱՎՈՐՈՒՄ    

ԼԼԼԼ. . . . ԱԱԱԱ. . . . ԹԱՎԱԴՅԱՆԹԱՎԱԴՅԱՆԹԱՎԱԴՅԱՆԹԱՎԱԴՅԱՆ, , , , ԱԱԱԱ. . . . ԱԱԱԱ. . . . ԽԱՉՈՅԱՆԽԱՉՈՅԱՆԽԱՉՈՅԱՆԽԱՉՈՅԱՆ, , , , ԳԳԳԳ. . . . ԱԱԱԱ. . . . ՄԱՐՏՈՅԱՆՄԱՐՏՈՅԱՆՄԱՐՏՈՅԱՆՄԱՐՏՈՅԱՆ    ևևևև    ԱԱԱԱ. . . . ՔԱՄԱԼՔԱՄԱԼՔԱՄԱԼՔԱՄԱԼ––––ԷԼԴԻՆԷԼԴԻՆԷԼԴԻՆԷԼԴԻՆ 

Կառուցված է α–տոկոֆերոլով արգելակված մեթիլլինոլեատի պերօքսիդացման ռեակցիայի 

կինետիկական մոդել: Մոդելը ադեկվատ նկարագրում է 40°C ստացված փորձնական 

արդյունքները: Ինդուկցիոն ժամանակահատվածի բարդ, ոչգծային կախվածությունը α–

տոկոֆերոլի սկզբնական կոնցենտրացիայից բացատրված է [տոկոֆերօքսիլ ռադիկալ]/[պերօքսիլ 

ռադիկալ] կոնցենտրացիաների և համապատասխանաբար {տոկոֆերոլի խթանմամբ 

պերօքսիդացման արագություն}/{տոկոֆերօքսիլ և պերօքսիլ ռադիկալների ռեկոմբինացիայի 

արագություն} հարաբերությունների աճով, ինչպես նաև  α-տոկոֆերոլի հիդրոպեչօքսիդի 

մոլեկուլների մասնակցությամբ ընթացող ինքնահարուցման ռեակցիայով: 
 

ЧИСЛЕННОЕ МОДЕЛИРОВАНИЕ РЕАКЦИИ ПЕРЕКИСНОГО ОКИСЛЕНИЯ 
МЕТИЛЛИНОЛЕАТА, ИНГИБИРОВАННОЙ 

αααα-ТОКОФЕРОЛОМ 

Л. А ТАВАДЯН, А. А. ХАЧОЯН, Г. А. МАРТОЯН и А. КАМАЛ-ЭЛДИН 

Построена кинетическая модель реакции перекисного окисления метиллинолеата, ингибированной 
α-токоферолом. Модель адекватно описывает экспериментальные кинетические данные, полученные 
при 40°

С. Нелинейная, сложная зависимость периода индукции реакции от начальной концентрации α-
токоферола объяснена увеличением соотношения концентраций [токофероксильный ради-
кал]/[пероксильный радикал] и соответственно ростом соотношения скоростей {скорость перекисного 
окисления с участием α-токоферола}/{ скорость рекомбинации токофероксильных и перокисльных 
радикалов}, так же, как и прооксидантным влиянием реакции автоинициирования с участием молекул α-
токоферола и гидропероксида. 
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