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Abstract

The kinetic analyses for thermal products of alpha-, gamma- and delta-tocopherols during heating as functions
of temperature and time were studied. Alpha-, gamma- and delta-tocopherols dissolved in glycerol were heated
at 100~200°C for 5~60 min. The thermal products were separated by hexane extraction and analyzed by HPLC
using a reversed phase p-Bondapak Cis-column with two kinds of elution solvents in a gradient mode. The for-
mation kinetics of thermal products of tocopherols followed a first-order kinetic model. The formation rate of
thermal products of tocopherols was dependent on heating temperatures and heating times. The activation energy
and enthalpy for the thermal products of y-and d-tocopherols were higher than those for a-tocopherol as in the
case of the oxidative degradation kinetics of tocopherol. The magnitude order of the activation energy was y->9->

o-tocopherol.
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INTRODUCTION

Tocopherols, as antioxidants, not only quench singlet
oxygen (physical quenching) but also react with singlet
oxygen (chemical quenching). The proportion of phys-
ical quenching vs. chemical quenching is dependent on
structure and solvent system. Physical quenching is the
major mechanism for tocopherols (1,2). The studies of
tocopherols have been mainly focused on their effect as
antioxident (3-10).

Many studies have been conducted to investigate the
kinetic parameters and kinetics for degradation of food
components during heating (11-13) or storage (14,15).
Jensen (14) showed that the rate of a-tocopherol degra-
dation in seaweed meal was accelerated by increasing
the storage temperature or the moisture content. Rim et
al. (15) studied the kinetic parameters for the texture
changes in sweet potatoes during heat treatment.

In previous studies (16-18), the separation and for-
mation pattern of thermal degradation products of toco-
pherols during heating were elucidated. Major thermal
degradation products of alpha-tocopherol were identified
by LC-MS, and the structures of thermal products were
proposed. The degradation products were combined with
an oxidized product (tocopherylquinone) to make ther-
mal products through dimerization (19).

The objectives of the present study were to investigate
the kinetics, and to evaluate the kinetic parameters for
formation of thermal products of a-, y- and 6-tocopherols
during heating.
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MATERIALS AND METHODS

Materials

Tocopherols were obtained from Sigma Chemical Co.
(St. Louis, MO, USA). Glycerol was purchased from
Junsei Chemical Co. (Tokyo, Japan) and membrane filter
from Acrodisc Gelman (Gelman LC13, 0.45 pM, Ann
Arbor, MI, USA) was used. All other chemicals were
the same as in the previous studies (16-18), unless other-
wise specified.

Extraction of thermal degradation products

To study the formation kinetics of degradation prod-
ucts of a-, y- and d-tocopherols during heating, all ex-
perimental systems were prepared as described by Chung
et al. (16-18). A mixture of 50 mg a-tocopherol and 10
mL glycerol in a crucible were placed in a temperature
controlled muffle furnace (Thermolyne 6000, Dubuque,
IA, USA) and heated at 100, 150 and 200°C for 5, 15,
30 and 60 min. After cooling the mixture for 30 min
at room temperature, the thermal degradation products
of a-tocopherol were extracted from glycerol with
hexane. The hexane layer containing the thermal prod-
ucts of tocopherols was filtered through a membrane fil-
ter (Gelman LC13, 0.45 uM, Ann Arbor, MI, USA) to
prepare them for analysis of the components. The same
method was applied for 2 mg of y-tocopherol and 4 mg
of d-tocopherol.

Separation of thermal degradation products
The extracted thermal degradation products of toco-
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pherols were separated by HPLC under the same ana-
lytical conditions as described in the previous studies
(16-18). The HPLC system consisted of a Waters 501
and 510 HPLC pumps, and a Waters 745B Data Module
integrator (Millipore, Milford, MA, USA). The peaks of
thermal degradation products of tocopherols were ob-
served at 295 nm using a Waters 484 UV detector.
Hexane-extracted thermal products were separated by
HPLC using a reversed phase p-Bondapak Cis-column
with two kinds of elution solvents in a gradient mode.
The injection volume was 3 pL.

Kinetic data analysis

The formation kinetic analysis of thermal degradation
products of a-, y- and d-tocopherols was analyzed with
the same methods as in the oxidative degradation ki-
netics of tocopherols (20). The regression coefficients
were 0.70~0.78 for zero-order kinetics and 0.87~0.98
for first-order kinetics in the preliminary study. Thus,
the formation kinetics of thermal degradation products
of tocopherols was modeled as first-order (Table 1) as
follows:

S
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where, v and [P] are the initial velocity and product
concentration, respectively, [C]=thermal products con-
tent during heating, [Cp] =thermal products content at
the beginning of heating (z=0), r=heating time, k;=rate
constant of the first-order kinetics.

Table 1. Reaction rate constants and correlation coefficients
for thermal degradation products of tocopherolsl)

Temperature Rate constant 2

Tocopherols C) (M-lmin»l ) R
100 0.0480 0.815
a-tocopherol 150 0.0645 0.953
200 0.0839 0.812
100 0.0081 0.618
y-tocopherol 150 0.0308 0.929
200 0.0799 0.932
100 0.0182 0.781
d-tocopherol 150 0.0426 0.979
200 0.0654 0.935

YValues obtained from linear regression data of In plot of ther-
mal degradation products content of tocopherols.

The activation energy (E,) and frequency factor (In
A) were determined from the Arrhenius model (21):

InA=Ink+ E/RT (6)

where R is the gas constant and 7 is absolute temperature
(K).

The enthalpy of activation (4H) was obtained by plot-
ting In (k/T) vs. 1/T, and the entropy of activation (4S5)
was obtained from the expression of rate constants based
on the transition state theory:

In(k/T) = In(k,/h) + AS/R — AH/RT (7)

where k;, is Boltzmann's constant and /4 is Planck's
constant.

RESULTS AND DISCUSSION

Formation kinetics of thermal degradation products

Oxidized tocopherol and corresponding tocopherylqui-
none, and their degraded fragments formed various kinds
of thermal degradation products during heating (19). The
kinetic analysis for thermal degradation products of a-,
y- and d-tocopherols as functions of temperature and
time was performed. The parameters were as follows:
times of 5, 15, 30 and 60 min; temperatures of 100,
150 and 200°C. At 200°C, however, the content for ther-
mal degradation products of tocopherols increased until
30 min and thereafter sharply decreased. The thermal
degradation products of tocopherols were not easily ex-
tracted from glycerol with hexane, because those could
be burned to form unextractable substances (18). For all
the experimental conditions except heating for 60 min
at 200°C, the formation rate constant of the thermal prod-
ucts of tocopherols was described by the first-order ki-
netics, i.e., In [C]=[Co]—kat. The formation rate of
thermal products depended on temperatures. The activa-
tion energies were obtained from the values calculated
from the slope of an Arrhenius plot by using the ex-
perimental data.

Widicus et al. (22) reported that the storage stability
of a-tocopherol in a model food system containing no
fat could be modeled by first-order kinetics. On the other
hand, Widicus and Kirk (23) reported the storage stabil-
ity of a-tocopherol in a model food system containing
methyl linoleate was expressed by zero-order kinetics.
The zero-order reaction occurred if the reaction of prod-
uct was so small in the time period studied that the con-
tent of product did not change significantly (24).

The formation rate constants of the degradation prod-
ucts of a-tocopherol, were estimated from the linear re-
gression data as 0.0480, 0.0645 and 0.0839 M 'min” at
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Fig. 1. Arrhenius plot of thermal degradation products of
o-tocopherol.

100, 150 and 200°C, respectively (Table 1). The ex-
perimental activation energy for the degradation products
of a-tocopherol was 1.94 kcal/mole (Table 2). A plot
of In k vs. absolute temperature (1000 1/7) (Fig. 1) was
used to fit a kinetic model. Widicus et al. (22) reported
that the degradation of a-tocopherol was described by
the first order rate kinetics model and experimental acti-
vation energies ranged from 8.85~13.05 kcal/mole.
The formation rate constants of the thermal products
of y-tocopherol ranged from 0.0081 to 0.0799 M 'min”'
(Table 1). The experimental activation energy for the
formation of thermal products of y-tocopherol was 7.99
kcal/mole (Table 2). Fig. 2 also shows the plot of In
k vs. absolute temperature (1000 1/7). The formation rate
constants of thermal degradation products of d-tocoph-
erol ranged from 0.0182 to 0.0654 M 'min"' (Table 1).
From the plot of In k£ vs. absolute temperature (1000
1/T) (Fig. 3), the activation energy for the thermal degra-
dation products of &-tocopherol was 4.51 kcal/mole
(Table 2). Labuza and Tannenbaum (24) studied the ki-
netics of various reactions and reported experimental ac-
tivation energies of 10~25 kcal/mole for lipid oxidation,
10~15 kcal/mole for enzyme reactions, 15 kcal/mole

Table 2. Activation energies and thermodynamic properties
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Fig. 2. Arrhenius plot of thermal degradation products of y-to-
copherol.
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Fig. 3. Arrhenius plot of thermal degradation products of 3-to-
copherol.

for hydrolysis. Chung (20) reported the activation en-
ergies for the oxidative degradation of o-, y- and é-toco-
pherols ranged from 2.51 ~6.05 kcal/mole. Higher tem-
peratures and longer heating times increased the for-

for thermal degradation products of tocopherols

Activation energy

Intercept 2 Enthalpy of activation  Entropy of activation 2
Tocopherols (kcal/mole)” n 41 R (keal/mole)” (keal/mole - K)? R
a-tocopherol 1.94 0.42 0.998 1.12 -32.40 0.998
y-tocopherol 7.99 5.98 0.999 7.17 -45.12 0.998
d-tocopherol 4.51 2.11 0.986 3.67 -37.40 0.977

DValues obtained from slope, intercept and linear regression of Arrhenius plot.
?Values obtained from slope, intercept and linear regression of transition state theory equations.
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mation of thermal degradation products from tocopherols
(Figs. 1~3).

Kinetic parameters

Table 1 and Table 2 are the kinetic analysis results
for the thermal degradation products of a-, y- and &-to-
copherols. The formation rate of thermal products was
dependent on the heating temperatures and heating times.
The rate constants become larger as the temperature gets
higher. As heating temperature and heating time in-
creased, the formation of thermal products of tocopherols
increased accordingly.

The Arrhenius model and transition state theory were
used to investigate the influence of temperature on the
formation reaction rates. The activation energy (E,) and
frequency factor (In 4) were determined from the
Arrhenius equation, and enthalpy (4H) and entropy (4S)
were obtained from transition state theory. The activation
energy and enthalpy for the thermal products of y-and
d-tocopherols were higher than those for a-tocopherol
as in the case of the oxidative degradation kinetics of
tocopherol (20).

In conclusion, the thermal degradation products of to-
copherols obeyed a first-order kinetics. The formation
rate of thermal products was dependent on the heating
temperatures and heating times. The activation energy
and enthalpy for the thermal degradation products of -
and o-tocopherols were higher than those for a-tocopher-
ol as in the case of the oxidative degradation kinetics
of tocopherol. The magnitude order of the activation en-
ergy was y->0->0-tocopherol.
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