
ABSTRACT: Autoxidation of β-carotene was studied experi-
mentally using n-decane as a solvent under various reaction
conditions of temperature and dissolved oxygen concentration.
A novel kinetic model was proposed on the basis of an autocat-
alytic free-radical chain reaction mechanism. A secondary initi-
ation reaction by decomposition of hydroperoxide and reac-
tions concerned with a β-carotene-derived C-centered radical
in propagation and termination processes were taken into con-
sideration in the model. There were four unknown kinetic con-
stants, and the constants were estimated by fitting the model
with the experimental data. The fitted results are in good agree-
ment with the experimental data in all stages of the kinetics of
autoxidation and over a wide range of oxygen concentrations.
The model described not only the appearance of the induction
stage but also the effect of the oxygen concentration on the au-
toxidation rate. In addition, the model predicted the behavior of
autoxidation in another solvent at low temperature that had
been reported by other researchers.
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β-Carotene, found in most plants, is widely used as a pigment
and a provitamin (1). Recently, β-carotene has been reported
to serve as an active oxygen quencher and as an antioxidant
to prevent free-radical formation (2,3). Because the accumu-
lation of active oxygen species and free radicals in vivo is
suggested to be a contributory factor in human diseases such
as cancer (4), much attention has been given to the utilization
of β-carotene as a food additive. β-carotene is very suscepti-
ble to oxidation in the air owing to its highly unsaturated
chemical structure (5). Such oxidation before incorporation
into the human body leads to a loss of its biological activity.
Therefore, preventing the oxidation of β-carotene during pro-
cessing and long-term storage is key to its utilization in food
systems. Understanding the kinetics of β-carotene oxidation
is basic for its use in foods.

Although a large number of studies have been made on the
kinetics of β-carotene oxidation, many researchers have used a
simple first-order kinetic model to describe the reaction behav-

ior (6–10). This is because most of the oxidation experiments
have been performed under special conditions such as high re-
action temperatures, short reaction times, and the presence of
initiators. The oxidation of β-carotene is generally considered
to be an autocatalytic free-radical chain reaction that involves
induction, propagation, and termination stages (11). Thus, the
consumption curve of β-carotene is mostly sigmoidal. Kasaik-
ina et al. (12,13) studied the kinetics of β-carotene oxidation in
organic solutions and constructed a simplified free-radical re-
action model. Their model can describe the propagation and
termination stages of the oxidation but cannot describe the in-
duction stage. Ozhogina et al. (14) modified the model in order
to describe the induction stage. In their model, the rate of initi-
ation was assumed to increase proportionally to the amount of
β-carotene consumed. The model can describe the induction
stage, but cannot describe the effect of the oxygen concentra-
tion on the oxidation rate, which is considered to be an impor-
tant factor in the oxidation process. 

In this study, a novel kinetic model, which can describe not
only all stages of the kinetics of autoxidation quantitatively
but also the effect of oxygen concentration on the kinetics,
was constructed by modification of the models proposed by
Kasaikina et al. (12,13) and Ozhogina et al. (14). The autoxi-
dation experiments were carried out using n-decane as a sol-
vent under various conditions of reaction temperature and dis-
solved oxygen concentration. The validity of the kinetic
model was demonstrated by simulating the concentration of
one of the primary oxidation products, β-carotene hydroper-
oxide. Furthermore, the universality of the model was also
explored by simulating the previous experimental results ob-
tained in n-hexane.

CONSTRUCTION OF KINETIC MODEL

The autoxidation of β-carotene is generally considered to be
an autocatalytic free-radical chain reaction that involves chain
initiation (I), propagation (P), and termination (T), similar to
the autoxidation of hydrocarbon (15). Kasaikina et al. (12,13)
constructed a simplified model on the basis of the free-radical
reaction as follows:

[1]AH O A O H      +  → +• •2 2
1kI
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[2]

[3]

[4]

Here, AH is β-carotene, A• and AO2• are β-carotene-derived
C-centered and peroxyl radicals, and AOOH is hydroperox-
ide. By assuming the pseudo-steady-state for the formation
rates of respective radicals in the system, the consumption
rate of β-carotene is

[5]

[6]

where wi and a in Equation 5 are given as follows:

[7]

[8]

where CAH and CO2
are the concentrations of the residual β-

carotene and the dissolved oxygen (DO) in the solution, re-
spectively.

At the beginning of the autoxidation the induction stage,
in which the reaction rate is extremely small, is generally ob-
served. The period of the induction stage is known to be
closely associated with the storage life of β-carotene (16).
However, the model of Kasaikina et al. (12,13) cannot repre-
sent the induction stage because the consumption rate of β-
carotene, Equation 5, has a maximum at the beginning of the
reaction. 

Ozhogina et al. (14) modified the model in order to de-
scribe the induction stage of the autocatalytic reaction. In
their model, the rate of initiation, wi, was assumed to increase
proportionally to the amount of β-carotene consumed as fol-
lows:

[9]

Here, b is the kinetic parameter representing the activities of
oxidized β-carotene in initiation.

The autoxidation rate of β-carotene is known to increase
with oxygen concentration, and the magnitude of the increase
becomes smaller with increasing oxygen concentration. How-
ever, the model of Ozhagina et al. (14) cannot describe the ef-
fect of the oxygen concentration on the oxidation rate.

The hydroperoxide generated by the autoxidation is con-
sidered to decompose to free radicals (17). The radicals are

certain to take part in the initiation reaction (16,18). Thus, the
rate of initiation increases proportionally to the amount of hy-
droperoxide generated by the oxidation. These phenomena
contribute to the appearance of the induction stage in the au-
toxidation.

We have considered a secondary initiation reaction by the
decomposition of the hydroperoxide as follows:

[10]

The autoxidation of β-carotene proceeds by the mechanism
of the reactions as shown in Equations 1–4 and 10. This is a
first modification of the model proposed by Kasaikina et al.
(12,13).

It has been reported that the secondary oxidation prod-
ucts such as epoxide or alcohol are generated by the further
reaction of the hydroperoxide (19). These secondary prod-
ucts are detected in much smaller amounts than β-carotene
(5), and, their effect on the oxidation behavior of β-carotene
is considered to be extremely small. The reactions of the
secondary products formation were not taken into account
in our model.

In assuming the pseudo-steady-state for the formation
rates of the respective radicals in the system similar to the
model proposed by Kasaikina et al. (12,13), the consumption
rate of β-carotene is

[11]

[12]

where wi and a in Equation 11 are given as follows:

[13]

[14]

where CAOOH is the concentration of hydroperoxide.
Furthermore, the β-carotene-derived C-centered radical is

considered to be much more stable than the hydrocarbon-de-
rived one. The propagation reaction concerned with the radi-
cal should be reversible (20) rather than irreversible as pro-
posed by Kasaikina et al. (12,13). The reaction concerned
with the radical should also be taken into consideration in the
termination process (20). These reactions contribute to the
change in autoxidation rate with the oxygen concentration.
The reversible reaction of Equation 2 is given as

[15]

Here, the minus symbol of k−P1 represents a kinetic constant
of the reversible reaction. The termination reaction with the
radical is also expressed as

AO A O2 2
1• •− → +    

k P

a k kP T  ( ) /= −
2 1

1 22

w k C Ci I  = 1 AH O2

initial conditions : AH AH   ;    ( )t C C= =0 0

− = + +dC

d t
w a C w k C Ci i I

AH
AH AOOH O2

    (   ) /
2

1 2

AOOH O AO O H      +  → +• •2 2 2
2kI

w k C C bC Ci I    ( )   = + −1 0AH O AH AH2

w k C Ci I  = 1 AH O2

initial conditions : AH AH   ;     ( )t C C= =0 0

− = +dC

dt
w a C wi i

AH
AH    /1 2
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1kP
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AO AO nonradical stable product2 2
1• •+  →    

kT

a k kP T  ( ) /= −
2 1

1 22



[16]

The autoxidation of β-carotene proceeds by the mecha-
nism of the reactions shown in Equations 15 and 16 and the
equations of the first modification. This is our Novel Model.

In assuming the pseudo-steady-state for the formation
rates of the respective radicals in the system, the consump-
tion rate of β-carotene is

[17]

[18]

where wi, a, and k′ in Equation 17 are given as follows:

[19]

[20]

[21]

where CAOOH is the concentration of hydroperoxide.

EXPERIMENTAL PROCEDURES

β-Carotene and n-decane were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). All chemicals were
of reagent grade and used without further purification. The
schematic diagram of the experimental apparatus is shown in
Scheme 1. The reaction vessel was made of stainless steel and
its volume was 500 cm3. Aeration gas, a mixture of O2 and
N2, was supplied through a glass filter at the rate of 100 cm3

× min−1 at atmospheric pressure. A condenser was set at the
outlet for the gas in order to condense the evaporated solvent.
β-Carotene was added to 300 cm3 of n-decane at a concentra-
tion of 7.5 × 10−4 mol · dm−3. After the solution was suffi-
ciently aerated by inert N2 gas, the reaction was started by
switching to the reaction gas mixture. The reaction tempera-
ture and the oxygen concentration were regulated from 50 to
70°C and from 10 to 100 mol%, respectively. The DO con-
centration in the reaction solution was monitored with a DO
electrode (TOA Electronics Ltd., Tokyo, Japan). Sample so-
lutions were taken out at specific time intervals. The concen-
tration of residual β-carotene in the sample was measured
spectroscopically at 450 nm in hexane. The peroxide concen-
tration was determined by standard titration (21). The stan-
dard titration method is generally used for analysis of lipid
hydroperoxides. In this method, the concentration of lipid hy-
droperoxide is indirectly determined by measuring the
amount of iodine (I2) formed by the reaction of perhydroxy
group (−OOH) of lipid hydroperoxide with potassium iodide
(KI). The perhydroxy group of carotenoid hydroperoxide is

′ = −k
k k

k k
T P

T P
  2 1

1 1

w k C Ci I  = 1 AH O2

initial conditions :    ;    ( )t C CAH AH= =0 0

− = + + ′ +−dC

d t
w a

k

C
C w k C Ci i l

AH

O
AH AOOH O

2
2

    (   ) (   )/ /1 1 2
2

1 2
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2kT
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a k kP T  ( ) /= −
2 1

1 22

k B E RTI a2 3 3   exp( / ),= −

SCHEME 1



considered to react with potassium iodide to give iodine simi-
larly to lipid hydroperoxide, so this method is considered to
be applicable for determining the concentration of β-carotene
hydroperoxide.

RESULTS AND DISCUSSION

Measurement of DO concentration. An example of the time
course of the DO concentration is shown in Figure 1. The
concentration increased rapidly during the first 15 min and
then remained constant during course of reaction. This ten-
dency was observed under all the reaction conditions tested.
The period in which the concentration increased (15 min) was
negligibly short compared with the whole reaction time (15
h). Therefore, the DO concentration was assumed to be con-
stant all through the reaction period. The constant values of
the DO concentration measured under various conditions are
listed in Table 1. The values increased with the oxygen con-
centration in the supplied gas and hardly depended on the re-
action temperature.

Application of the model. The First Modified Model was
applied to the experimental results. There are three unknown
kinetic constants, kI1, a and kI2, in the model. Furthermore,
by considering the temperature dependence of the Arrhenius
type to describe the effect of reaction temperature, the con-
stants are defined as follows:

[22]

[23]

[24]

Thus, there are six constants, B1, B2, B3, Ea,1, Ea,2, and Ea,3.
These constants were estimated using the Simplex parameter-

fitting method (22) to minimize S, which is the sum of the
squares of the relative errors between the calculated values of
the β-carotene concentration and eight sets of experimental
data obtained under different reaction conditions defined as
follows:

[25]

To obtain the calculated values under a certain set of parame-
ters, the differential equation, Equation 11, was solved nu-
merically using the Runge-Kutta method. The time step for
the numerical calculation was set at 60 s. The experimental
values obtained at the start of the reaction were used for the
initial values of the β-carotene, CAH(0), and the measured val-
ues listed in Table 1 were used for the DO concentrations,
CO2

, under each reaction condition.
The experimental and fitted results are shown in Figure 2.

This figure describes the effect of the oxygen concentration
on the oxidation rate. The plots represent the experimental
data and the solid lines represent the fitted results by the First
Modified Model. For reference, the fitted results by the model
proposed by Kasaikina et al. (12,13) are also shown in the fig-
ure by broken lines. The estimated values of each constant in
the two models are listed in Tables 2 and 3, respectively. The
model proposed by Ozhogina et al. (14) was also applied to
the experimental results. However, the results by Kasaikina
et al. (12,13) and by Ozhogina et al. (14) almost overlapped
each other. Equation 9 proposed by Ozhogina et al. consists
of two reaction terms. The first is identical to that proposed
by Kasaikina et al. (12,13) and the second was originated by
Ozhogina et al. (14) to express the appearance of the induc-
tion stage. The kinetic constant in the second term obtained
by fitting Equation 9 with all the experimental results was so
small that the induction stage actually did not appear. There-
fore, the calculation results show the same behavior as those
by Kasaikina et al. (12, 13).

Under any reaction conditions, the residual concentration
of β-carotene obtained experimentally decreased sigmoidally,
and the concentration was hardly changed at the beginning of
the reaction. The period is considered to correspond to the in-
duction stage. However, the curve calculated by the model
proposed by Kasaikina et al. (12,13) shows a marked decrease
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TABLE 1 
Dissolved Oxygen Concentration Measured under Various Conditions

Temperature Oxygen conc. Dissolved oxygen conc.
(°C) in supplied gas (mol%) (× 10−3 mol·dm−3)
50 40 4.81
60 4.58
70 4.89
60 10 1.02

20 2.14
30 3.19
40 4.58
70 8.12

100 11.10

FIG. 1. Time course of dissolved oxygen (DO) concentration measured
at a temperature of 60°C and an oxygen concentration in the supplied
gas of 40 mol%.



from the start of the reaction and does not describe the induc-
tion stage. On the other hand, the curves calculated by the Mod-
ified Model can describe the induction stage and were in agree-
ment with the experimental data. A difference in the residual
concentration of β-carotene still exists, however, between the
calculated results by the Modified Model and the experimental
data for the oxygen concentration of less than 20 mol%. Thus,
the First Modified Model cannot completely describe the effect
of oxygen concentration on the autoxidation rate.

Next, the Novel Model was applied to the experimental re-
sults. There are four unknown kinetic constants, kI1, a, kI2 and
k', in the model. Furthermore, by considering the temperature
dependence of the Arrhenius type similarly to the First Modi-
fied Model, the constants are defined as follows:

[26]

[27]

[28]

[29]

There are eight constants, B1, B2, B3, B4, Ea,1, Ea,2, Ea,3, and
Ea,4. These constants were estimated using the Simplex para-
meter-fitting method (22) similarly to the First Modified Model.

The experimental and fitted results are shown in Figures 3

and 4. The former describes the effect of the oxygen concen-
tration on the oxidation rate and the latter describes the effect
of the reaction temperature. The solid lines represent the fitted
results by the Novel Model and the broken lines represent the
fitted results by the First Modified Model. The estimated val-
ues of each constant in the Novel Model are listed in Table 4.

Under any reaction conditions, the curves calculated by
the Novel Model were in much better agreement with the ex-
perimental data than those by the First Modified Model. The
differences between the calculated results by the Novel
Model and the experimental data are found to decrease sig-
nificantly. Therefore, the Novel Model can describe both the
appearance of the induction stage and the effect of oxygen
concentration on the autoxidation rate. Taking into considera-
tion not only the secondary initiation reaction but also the re-
actions concerned with the β-carotene-derived C-centered
radical is considered to be important.

In recent years there has been interest in prooxidant action
of β-carotene in biological systems (23). According to our re-
sults, β-carotene concentration decreases significantly with the
increase in the DO concentration. Thus, at high oxygen con-
centration, a large amount of free radical with high reactivity
is formed by the oxidation. If there exists another substrate in
this system, those radicals are considered to attack this sub-
strate and to initiate the oxidation of this substrate. However,
there was no other substrate than β-carotene in our reaction
system. The results of our research are considered to be in-
sufficient for revealing the prooxidant effect of β-carotene
quantitatively. Thus, the prooxidant effect of β-carotene is not
discussed in detail in this report.

′ = −k B E RTa  exp( / ),4 4

k B E RTI a2 3 3  exp( / ),= −

a B E RTa  exp( / ),= −2 2

k B E RTI a1 1 1  exp( / ),= −
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FIG. 2. Experimental data obtained at a temperature of 60°C and results
fitted by the models: ●●,10; ▼▼, 20; ×,30; ■■,40; ▲▲,70; ◆◆, 100 mol% of
oxygen concentrations; broken lines, the model proposed by Kasaikina
et al. (12,13); solid lines, the First Modified Model.

TABLE 2
Estimated Values of Constants in First Modified Model

Preexponential factor B Activation energy Ea (J · mol−1)

kI1 4.25 × 1012 (mol−1 · dm3 · s−1) 1.39 × 105

a 5.21 × 105 (mol−1/2 · dm3/2 · s−1/2) 2.74 × 104

kI2 1.12 × 102 (mol−1 · dm3 · s−1) 4.85 × 104

TABLE 3
Estimated Values of Constants in Model Proposed
by Kasaikina et al. (12,13)

Preexponential factor B Activation energy Ea (J · mol−1)

kI1 3.04 × 1010 (mol−1 · dm3 · s−1) 8.03 × 104

a 5.03 × 105 (mol−1/2 · dm3/2 · s−1/2) 5.40 × 104

FIG. 3. Experimental data obtained at a temperature of 60°C and results
fitted by the first modified model (broken lines); the novel model (solid
lines). For symbols see Figure 2.



To elucidate the sensitivity of the constants kI1, a, kI2 and
k' in the Novel Model, the sum of the squares of the relative
errors, S, was calculated by numerical simulation. Only the
value of one constant was changed in the range of the esti-
mated value ± 10% at a temperature of 60°C without chang-
ing the other constants. The results are shown in Table 5. Dif-
ferences in the values of S obtained by changing the rate con-
stant of initiation, kI1 are slight because the initiation rate
makes a small contribution to the overall autoxidation rate.
The values of S obtained by changing the other constants are
larger than the minimum values, Smin, by at least 22%. There-
fore, the reliability of the model constants obtained in this re-
search is considered to be high. 

Simulation for peroxide concentration. The kinetic model
can also describe the peroxide concentration formed by the
autoxidation of β-carotene. In the Novel Model, the rate of
change in the peroxide concentration is given as

[30]

where wi, a, and k′ in Equation 30 are given as follows:

[31]

[32]

[33]

In the model proposed by Kasaikina et al. (12,13), it is also
given as

[34]

These equations were solved numerically using the estimated
values of constants shown in Tables 3 and 4, respectively.

The experimental and simulated results obtained at a reac-
tion temperature of 60°C and an oxygen concentration of 40
mol% are shown in Figure 5. The plots represent the experi-
mental data. The solid and broken lines represent the simu-
lated results by our Novel Model and those of the model pro-
posed by Kasaikina et al. (12,13), respectively. As shown by
the broken line, the peroxide concentration calculated by the
previous model was almost zero all through the reaction. This
means that peroxide is hardly formed. On the other hand, the
solid line is in much better agreement with the experimental
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FIG. 4. Experimental data obtained at an oxygen concentration in the
supplied gas of 40 mol% and results fitted by the models: temperatures
●●, 50; ■■, 60; ▲▲, 70°C, broken lines, the First Modified Model; solid
lines, the Novel Model.

TABLE 4
Estimated Values of Constants in Novel Model

Preexponential factor B Activation energy Ea (J · mol−1)

kI1 5.82 × 1013 (mol−1 · dm3 · s−1) 1.38 × 105

a 7.27 × 105 (mol−1/2 · dm3/2 · s−1/2) 2.78 × 104

kI2 5.30 × 104 (mol−1 · dm3 · s−1) 6.60 × 104

k′ 2.02 (mol · dm−3) 1.87 × 104

TABLE 5 
Sensitivity of Constants in Novel Model

Deviation
Constants Value S (S — Smin)/Smin

kI1 7.558 × 10−9 0.218 +0.626%
8.398 × 10−9 0.217 Minimum
9.238 × 10−9 0.217 +0.215%

a 2.908 × 101 1.851 +753.7%
3.231 × 101 0.217 Minimum
3.554 × 101 1.914 +783.3%

kI2 2.237 × 10−6 0.624 +188.1%
2.485 × 10−6 0.217 Minimum
2.734 × 10−6 0.582 +168.7%

k' 2.237 × 10−3 0.261 +20.47%
2.608 × 10−3 0.217 Minimum
2.869 × 10−3 0.265 +22.37%

FIG. 5. Experimental data obtained at a temperature of 60°C and an
oxygen concentration in the supplied gas of 40 mol%, and results simu-
lated by the models for peroxide concentration: broken line, the model
proposed by Kasaikina et al. (12,13); solid line, the Novel Model.



data. Therefore, our model could be considered to be superior
to the previous models.

Application of kinetic model to other experiments. Tanaka
(24) studied the autoxidation of β-carotene in n-hexane at low
temperature. n-Hexane is a straight-chain hydrocarbon, as is
n-decane used as a solvent in our experiments. It seems rea-
sonable to suppose that the rate constants in the two solvents
are identical.

The kinetic model was applied to their experimental re-
sults (24). The estimated values of the rate constants in n-de-
cane were used in the numerical calculation. There is a differ-
ence in the DO concentration between the two solvents, so
that the literature values of the DO concentration in n-hexane
(25) were used in the calculation.

The results are shown in Figure 6. The reaction tempera-
ture and the oxygen concentration are 20°C and 20 mol%, re-
spectively. The plots represent the experimental data reported
by Tanaka (24). The solid and broken lines represent the sim-
ulated results by our Novel Model and those of the model pro-
posed by Kasaikina et al. (12,13), respectively.

The difference between the experimental data and the bro-
ken lines calculated by the previous model is significant. On
the other hand, the solid line is in much better agreement with
the experimental data. Therefore, in the case of using a
straight-chain hydrocarbon compound as a solvent, this
model is considered to be able to predict the behavior of au-
toxidation of β-carotene by taking into account only the dif-
ference in the DO concentration in the solvent.
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FIG. 6. Experimental data reported by Tanaka (24), and results simu-
lated by the models: broken line, the model proposed by Kasaikina et
al. (12,13); solid line, the Novel Model.


