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SADT prediction of autocatalytic material using
isothermal calorimetry analysis
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Abstract

Although plant experience is essential, it is possible to assess the hazard of large scale process operation using a logical process based
on experimental data. This paper reported an analytical procedure to characterize the reaction and the decomposition kinetics for organic
peroxide near its self-accelerating decomposition temperature (SADT) by means of isothermal calorimetric data in a thermal activity monitor
(TAM). As a result, a complex reaction where autocatalysis or some physical phenomena may take place was determined. And consequently
the SADT in full-scale packages for such an autocatalytical substance was estimated.
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. Introduction

The self-accelerating decomposition temperature (SADT)
s defined as the lowest ambient temperature at which auto-
ccelerative decomposition of unstable substance occurs.
hat is, when the self-heating rate of 6 K in a week is
bserved in the packaged substance in a commercial
ontainer the minimum storage ambient temperature reaches
he SADT. This temperature is determined for the purpose
f deciding whether a self-reactive substance should be
ubject to temperature control to avoid accident during
he transportation. Tests should be conducted in a manner
uch that the results are representative of the commercial
ackage’s material, size and configuration. In order to
easure the SADT of organic peroxides four kinds of tests
re described in Division 5.2 of the Recommendations on the
ransport of Dangerous Goods, Manual of Tests and Criteria
f the United Nations[1]. They are rather desired, however,

he recommended test procedures not only can be hazardous
o the environment due to the relatively large sample size and
he possibility of a violent reaction, but also they need long

time to conduct. Therefore alternatively, many analyt
evaluations[2–9] have been developed to predict the SA
in a full-scale package from using small-scale experime
measurements by thermal calorimeters.

The principle is based on that the SADT is the crit
temperature when the rate of heat generation of a react
a given mass exceeds the rate of heat loss from the pa
to the surrounding. Therefore to evaluate the SADT,
essential that the kinetic parameter of a chemical rea
should be obtained, from isothermal, non-isothermal
adiabatic reaction calorimeters. The most common appa
for measuring the SADT is the accelerating rate calorim
(ARC), an adiabatic reaction calorimeter[2–6]. The genera
assumptions for the development of thermal explo
models are: (1) homogeneous system; (2) no depletio
reaction (zero-order kinetic); and (3) simple reaction m
anism (singlenth-order reaction). However it is dangero
to estimate the SADT by extrapolating data obtained by
adiabatic calorimeter and such assumptions, since fla
errors may be produced if the reaction is not a simple
To obtain an accurate estimate of the SADT, the mecha
of decomposition must be made clear both chemic
∗ Corresponding author. Tel.: +81 422448392; fax: +81 4224448392.
E-mail address:li@fri.go.jp (X.-R. Li).

and physically. Therefore, the calorimeter must be highly
sensitive, at least can detect heat flow of 10–0.1�W, and
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we must take into account that such test conditions are to be
close to what happens under the real storage conditions at
certain ambient temperatures. So an isothermal calorimeter
is more appropriate to satisfy such requirements.

An analytical procedure was reported in this paper to
characterize the reactions and the decomposition kinetics for
an organic peroxide at the temperature range covering its
own SADT by means of isothermal method in an isother-
mal calorimeter, thermal activity monitor (TAM), in order to
clarify the reaction mechanism of the desired sample. Feasi-
ble kinetic was consequently analysed, and laid a theoretical
foundation for the SADT evaluation under the assumptions of
the physical model of Frank-Kamenetskii in a 500 ml Dewar
vessel test and in a USA SADT test.

2. Experiments

An isothermal calorimeter, Multi-channel Microcalorime-
try System 2277 (TAM, Thermometric AB, Sweden), was
used for the purpose of determining both what type of de-
composition reaction is occurring (the reaction mechanism)
and the kinetic of the reaction. All channels are placed in a
water bath in the TAM which is finely controlled to be at the
set temperature by a series of thermostats. The whole system
is therefore kept at a constant temperature (isothermal).
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reaction, whose heat generation was detected above 70◦C,
occurred in solid state, since no endothermic effect was ob-
served at each temperature. In each reaction curve, at first heat
flow increased, and after reaching a maximum it decreased.
The shape of the reaction curves is characteristic of an au-
tocatalytic reaction at all temperatures studied[9–13]. The
mechanism can be explained as below.

The thermal decomposition of organic peroxides is com-
prised of two main elements[13]:

(1) Homolysis of the OO bond

[(RCO2)]2 → 2RC(O) O•

(2) Radical-induced decomposition

[(RCO2)]2 + R′• → R C(O) O R′ + 2RC(O) O•

It is not easy to determine how much each of the modes con-
tributes to the overall process of thermal decomposition of
any peroxide. Generally speaking, aroyl peroxides are eas-
ier subject to free-radical attack at OO aliphatic analogs.
Species which have saturated bond, like phenyl in BPO, tend
to increase the rate of decomposition (i.e., faster production
of the radical). This is due to the stabilization of the electron
cloud for the free radical species[14]. In benzoyl peroxide,
PhC(O) O• tends to be a more stable radical and act as po-
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Benzoyl peroxide (BPO) was chosen as a sample
laced in a stainless steel vessel that was lowered int
entral channel. The heat flows from a studied reaction t
eat sink (water bath) and vice versa from the heat sink t
eaction site were measured. The thermopiles that mea
he heat flow of the reaction were extremely sensitive
ere capable of measuring a reaction with a heat flow

east 10�W. Benzoyl peroxide was granular solid, contain
5% water. Two hundred milligrams of BPO was set in
AM at 65, 70, 72, and 75◦C to carry out the measuremen

. Results and discussion

.1. Results

The reaction curves of BPO were obtained in the T
t several constant temperatures, as shown inFig. 1. The

Fig. 1. Reaction curves of BPO in the TAM, 200 mg.
ential nucleus forming sites in the subsequent reaction
n turn oxygen–oxygen bond of benzoyl peroxide is attac
y ester radicals and reacts with them. If this reaction
eeds intensely, the peroxide is decomposed by the free
als. The overall effect of formation and depletion of the
adicals therefore leads to autocatalysis effect in the
ion. The final products of decomposition of BPO are car
ioxide and biphenyl, and also smaller amount of phenyl
oate and benzene are produced. In comparison, first-
ecomposition was measured in an analogical diacyl p

des,tert-butyl peroxide [(t-butylCO2)]2 [15], indicating tha
nly homolysis occurs in this sample, which leads the r

ant to be consumed monotonously.

.2. Kinetics of benzoyl peroxide

As mentioned above, induced decomposition such a
utocatalysis is a process which generates free-radicals

he reaction rate is characterized by the apparent chan
he free-radical in this type of decomposition. The followi
escribe how kinetic can be derived from decomposition
ux.
D0 is defined as the amount of sample at the timet= 0, and

is defined as the fraction of the peroxide which ultima
eact.αt is defined to be the conversion ratio, that is,
raction of the reaction which has occurred to timet, i.e.,αt = 0
t t= 0 andαt = 1 att=∞. The converted reactant which h
ecomposed at the timet is given byαtβD0. The value ofαt
s obtained from calorimetric data is given by Eq.(1),

t = Qt/Q∞ (1)
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whereQt is the total heat produced to the timet andQ∞ is
the total heat produced tot=∞, being equal to the enthalpy
of the reaction,�H. Thus, Eq.(2) can be obtained:

Qt = −�HαtβD0 (2)

TheQt can be obtained by a numerical integration of heat
flow q from t= 0 to anyt and the value ofQ∞ can be obtained
likewise by integration of the entireq–tcurve inFig. 1. Dif-
ferentiation of Eq.(2) gives the relation betweenqt, the rate
of heat change (dQt/dt), and the rate of the reaction (dαt/dt)
in Eq.(3):

dQt/dt = qt = −�HβD0(dαt/dt) (3)

Since dαt/dt is equal to the product of the rate constant,k,
and some function ofαt, f(αt), the next part of the problem is
to find f(αt), which correctly describes the experimentalq–t
data for a given case. Jocobs derived the feasible kinetic forms
based on the theory of nucleation and nucleus growth[10].
The factor off(αt) depends on the reaction mechanism, as
well as topochemical and geometry of the reactive particles.
Ng et al.[10–13,16,17]has shown that the rate of a reaction
may be expressed in general by the function ofαt given in
Eq.(4):

dαt/dt = kα1−x
t (1 − αt)

1−y (4)
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Fig. 2. ln(qt/D0) vs. [lnαt + 1/a(1− αt)1/a] of benzoyl peroxide (the slope is
the value of 1− x).

as the ordinate and a proper function of time is plotted as the
abscissa, as inFig. 2. The intercept of such a plot contains the
information on�H, β andk for the reaction, but these con-
stants are not separable in isothermal data. The slope of such
a plot, however, contains sufficient information to quantify
the rate law. As seen inFig. 2, the slopes at the tempera-
tures studied in the paper (70, 72, and 75◦C) are all same,
indicating that the reaction order keeps consistent and reac-
tion scheme of BPO does not change within this temperature
range. As a result, the solid state decomposition kinetics for
BPO in Eq.(4) can then be correspondingly described by the
following Eq.(8)

dαt/dt = kα0.9(1 − α)0.5 (8)

The temperature dependence of the rate law of a reaction
may also be obtained by determiningq–t curves at several
temperatures. With a fairly narrow temperature range, the
Arrhenius equation given in Eq.(9) is used to describe the
temperature dependence of the rate law assuming that only
one rate-limiting reaction presents

k = A exp(−E/RT) (9)

A is the pre-exponential factor,R is the gas constant and,E
is the activation energy, andT is the absolute temperature.
The activation energy for an autocatalytic reaction can be
o

q
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herex andy are the constants characterizing the reac
echanism.k is the rate constant. When substituting Eq.(4)

nto Eq.(3), Eq.(5) is obtained:

t/D0 = −�Hβkα1−x
t (1 − αt)

1−y (5)

n the case of autocatalytic kinetics,x is related to the accele
ting phase of the reaction andy is related to the decelerati
hase. To determine the reaction orders of 1− x and 1− y, it
an be shown that atqmax, the point in time when the ma

mum heat rate is observed, d[dαt/dt]t=tm
= 0, and thus Eq

6) applies from differentiation of Eq.(5):

m/(1 − αm) = (1 − x)/(1 − y) = a (6)

m = (1 − x)/(2 − x − y) = Qm/Q∞ (6a)

hereαm andQm are the conversion ratio and heat prod
ion respectively when the maximum heat rate is obse
is the constant of ratio of the reaction order. Eqs.(6) and

6a)show how the values ofa andαm are obtained from th
alorimetric data. The value ofQm can be obtained by n
erical integration ofq from t= 0 to tm. Substituting Eq.(6)

nto Eq.(5) results in Eq.(7):

t/D0 = −�Hβk[αt(1 − αt)
1/a]

1−x = C[αt(1 − αt)
1/a]

1−x

(7)

q. (7) can be expressed in logarithmic form as

n(qt/D0) = ln C + (1 − x)[ln αt + 1/a(1 − αt)
1/a] (7a)

hereC is the constant. The logarithmic form of Eq.(7a)re-
ults in directly informative linear plots if ln(qt/D0) is plotted
btained from theqm vales at different temperatures

m/D0 = −�Hβkα1−x
m (1 − αm)1−y = A′ exp(−E/RT)

(10)

hereqm is the value of heat flow when the rate of the reac
s maximum. Thus, a plot of ln(qm/(D0�Hβk)) against 1/RT
n Fig. 3will be linear and have a slope of−E.

ig. 3. ln(qm/(D0�H�k)) vs. 1/RTof benzoyl peroxide (the slope is t
alue of activation energy).
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Table 1
Characteristics of the reactions and obtained SADT by various ways

Sample BPO
Nature of reaction Solid decomposition
Rate law Autocatalytic
Activation energy (kJ/mol) 188.6

Evaluated SADT (◦C)
In Dewar 72
In 25 kg package 73.5

Reference SADT (◦C) [22] in Dewar <75

3.3. Determination of the SADT in large scale package

The SADT has been designed to deal with the scale-
dependence problem for a given unstable substance. It is
determined by experimental measurement or by calculation
based on the thermal explosion theory. Knowledge of the
SADT of thermally unstable chemicals is vital for the preven-
tion of ignition or explosion incidents which such chemicals
bring about. For liquids in homogeneous systems through-
out the masses, the Semonov critical condition is applied
[3,4,8,15,18]. On the other hand, for solids, it has been al-
ready well confirmed that the value can be determined by
applying the Frank-Kamenetskii thermal explosion model
[5,7,9,19–21]. It was derived from the assumption that the
temperature distribution in solid is inhomogeneous. Thus a
critical Frank-Kamenetskii parameter,δc, is expressed as fol-
lows:

E/RT 2
A�HA/λ exp(−E/RTA)ρ[C]n = δc (11)

whereTA is the ambient temperature and equals to the SADT
corresponding toδc. λ is the reactant thermal conductivity
(0.09 W/K/m for BPO),C is the reactant concentration, and
n is the reaction order.δc is 2.0 for the Dewar vessel and 2.78
for the 25 kg package.

According to previous papers, reactant consumption was
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decomposition must be made clear both chemically and
physically.

(2) To determine the feasible reaction kinetic, isothermal
measurement and high sensitivity of the calorimetry
were essential to use. Consequently a correct kinetic
to fit the character of the reaction in particular for
the autocatalysis was obtained. Reaction of benzoyl
peroxide was described by this procedure. Its thermal
decomposition is autocatalysed by the free radical.

(3) After clarifying the chemical and physical natures of
the solid, the Frank-Kamenetskii model is applied to
extrapolate the data to large size container, in order to
estimate the SADT in full-scale packages. Meanwhile
reactant depletion should be considered when determin-
ing SADT value in case of a highly exothermal reaction
of benzoyl peroxide.
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