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bstract

An automatic pressure tracking adiabatic calorimeter (APTAC) had been employed to obtain the thermokinetic and the vapor pressure data
uring runaway reactions. The APTAC is an adiabatic calorimeter with a large-scale sample mass and low thermal inertia, and is an extremely
seful tool for assessing thermal hazards of reactive chemicals. The data obtained by the APTAC are important information for the design of the
afe industrial process.

The thermodynamics parameters and the gas production were discussed on the basis of the experimental data of various concentrations and weights
f di-tert-butyl peroxide (DTBP)/toluene solution for the purpose of investigating the properties of the APTAC data. The thermal decomposition
f DTBP was studied on the basis of the temperature data and the pressure data obtained by the APTAC. The activation energy and the frequency

actor of DTBP are nearly constant and the same as the literature values in the concentrations between 20 and 60 wt.%. The pressure rise due to
as production is important data for designing the relief vent of a reactor. The time history of the gas production was investigated with various
eights and concentrations. The total gas production index, which had the vapor pressure correction, was 1.0 in the decomposition of DTBP.
2008 Elsevier B.V. All rights reserved.
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. Introduction

An adiabatic calorimeter can provide data for evaluating
otential hazards of reactive chemicals. The measurement
esults are useful for the safe storage, handling and transporta-
ion of chemicals. The automatic pressure tracking adiabatic
alorimeter (APTAC) is an adiabatic calorimeter with a large-
cale sample mass and low thermal inertia [1]. The APTAC had
een used in order to estimate the hazards of the thermal decom-
osition of the reactive substances [2]. The adiabatic control
ystem is the same as the accelerating rate calorimeter (ARC).
he pressure outside the sample cell is controlled to cancel the
enerated pressure inside the sample cell to cancel the pressure
ifference during a reaction.
The APTAC is a useful tool for assessing thermal hazards of
eactive chemicals. The data obtained by the APTAC is impor-
ant information for the design for the safe industrial process.

∗ Corresponding author.
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owever, the measurement data with the APTAC are limited
nd not enough for discussing the properties of the APTAC data
n detail. The thermal decomposition of di-tert-butyl peroxide
DTBP) was investigated in order to examine the temperature
ata and the pressure data of the APTAC [3,4]. The thermody-
amics parameters and the gas production were discussed on
he basis of the experimental data of various concentrations and
eights of DTBP/toluene solution. The analysis and the evalua-

ion method of the pressure data were emphasized in this paper.
he pressure data is important for designing the pressure relief

n the chemical reactor. In addition, the thermal decomposition
f DTBP was studied on the basis of the experimental data.

. Experimental

.1. Apparatus
Fig. 1 shows an outline of the APTAC calorimeter schemat-
cally Three N-type thermocouples are used to measure the
emperature inside the sample, the surface temperature of the
ample cell wall and the ambient temperature. The measured

mailto:iwata@fri.go.jp
dx.doi.org/10.1016/j.jhazmat.2008.01.041
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Fig. 1. Outline o

ample temperature is used in the adiabatic control. The spher-
cal sample cell is screwed at the top heater and the sample
hermocouple passes directly into the sample cell through a fit-
ing on the top heater. The APTAC maintains a sample in an
diabatic condition once an exothermic reaction is detected. The
op, side, bottom and tube heaters are used to control the tem-
erature inside the sample adiabatically. The adiabatic condition
s achieved by making the sample and the ambient tempera-
ures exactly equal. The APTAC detects the temperature inside
he sample and controls the adiabatic conditions by the sample
emperature.

Because the pressure outside the sample cell is controlled
o be equal to the pressure occurred inside the sample cell by
he reaction, the glass cells such as made of weak materials or
he sample cells with the low thermal inertia of a large-scale

ass can be used in the experiments. The ϕ-factor indicates the
hermal inertia. The ϕ-factor is close to one when the sample

ass is large. The upper limit of the sample mass depends on
he heat rate and the pressure rate. The ϕ-factor is defined as

= 1 + Mc Cc/Ms Cs. (1)

c (g) is the sample cell mass, Ms (g) the sample mass, Cc
J/(g K)) the sample cell specific heat, and Cs (J/(g K)) is the
ample specific heat. The Cc and Cs values are the specific heats
veraged by each temperature closed to the heat onset tempera-
ure and the maximum temperature. The data of the specific heat
re obtained in the literature [5].

.2. Samples

All experiments were performed in a closed cell environment

ith the ambient air above the sample. DTBP/toluene solutions
ere used to examine the properties of the data obtained by the
PTAC. DTBP had been used to confirm the operation of the
RC data [6]. The range of DTBP concentrations is between 20

T
t

l

TAC apparatus.

nd 60 wt.% in the DTBP/toluene solution. Sample weights of
TBP/toluene solution are from 3.1 to 40.0 g. The range of the
-factors is between 1.8 and 9.1.

.3. Measurement conditions

Volume of the glass sample cell is 130 cm3. The borosilicate
lass sample cells are used in the measurement of DTBP/toluene
olutions. The glass vessel is used to prevent the catalytic effect
f the metal vessel surface in the experiments. The thermocouple
or the temperature measurement inside the sample is covered
ith a Teflon tube. The threshold to detect an exothermic reac-

ion is 0.05 K/min of the heat rate. The sample temperature is
utomatically incremented by 10 K in the case that the exotherm
ore than 0.05 K/min is not detected by the thermocouple inside

ample. The shut down criteria of heat rate is 400 K/min. It
epends on the heating ability by the heaters of the APTAC.
ressure rise inside the sample cells during the reactions are fol-

owed up to about 7500 kPa of the pressure and 75,000 kPa/min
f the pressure rate.

.4. Decomposition kinetics

When the reaction order is 1, k is expressed by the following
he equation [3]:

= dT/dt

Tmax − T
(reaction order = 1). (2)

is the sample temperature (K) and Tmax is the maximum tem-
erature (K). These temperatures are measured experimentally.

he activation energy and the frequency factor are expressed by

he following equation:

og(k) = log(A) − (E/2.303RT ). (3)
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is the activation energy (J/mol), k is the rate constant (1/s),
nd A is the frequency factor (s−1). R is the gas constant
8.314 J/(mol K)). E and A obtained by log(k) versus (1/T) plot
3]. E is the slope and A is the intercept on the straight line.

.5. Pressure and gas production

The sample volume is calculated using their densities and the
eight ratio in solution. The corrected volume is calculated by

ubtracting the sample volume from the sample vessel volume
130 cm3) and used in the analysis. All volume data are corrected
egarding to the sample volume.

The gas production rate of the noncondensable decomposi-
ion gas production is expressed by the following equation:

dn

dt

)
=

(
V

RT

) [(
dP

dt

)
−

(
P

T

) (
dT

dt

)]
. (4)

he (dn/dt) value is the gas production rate of the noncondens-
ble decomposition gas production (mol/min). P is the pressure
Pa). The (dP/dt) value is the pressure rate (Pa/min). T is the sam-
le temperature (K). The (dT/dt) value is the heat rate (K/min).
hese values are the measured data with the APTAC. The (dn/dt)
alue is the gas production rate from DTBP/toluene solution.
he (dn/dt) value involves the vapor pressure of DTBP/toluene
olution. The measured pressure (P) involves the pressure of the
lling gas and the vapor pressure of DTBP and toluene due to the
apor–liquid equilibrium in addition to the pressure generated
y the production gas in Eq. (4).

The vapor pressure for the DTBP and toluene in the
apor–liquid equilibrium is calculated on the Antoine equa-
ion [5]. The vapor pressure correction regarding to DTBP and
oluene is applied to the measured pressure data. The calcu-
ated vapor pressure of DTBP and toluene is subtracted from
he measured pressure data to obtain the corrected pressure. Pac
ndicates the pressure with the correction of vapor pressure from
TBP/toluene solution. Pac is the total pressure of the noncon-
ensable decomposition gas and the filling gas. The (dPac/dt)
alue is obtained by dividing the Pac change by the corresponded
ime interval. The (dnac/dt) value is the corrected gas produc-
ion rate. A subscript of ac expresses the correction of the vapor
ressure correction. The similar equation as Eq. (4) is expressed
sing (dnac/dt), Pac and (dPac/dt) by the following equation:

dnac

dt

)
=

(
V

RT

) [(
dPac

dt

)
−

(
Pac

T

) (
dT

dt

)]
. (5)

he DTBP decomposition reaction is assumed to be the first-
rder reaction. The DTBP concentration can be represented by
he following equation in the adiabatic condition:

= x0(Tmax − T )

T − T
, (6)
max onset

here x is the DTBP mass fraction in reaction, x0 is the initial
TBP mass fraction, Tmax is the maximum temperature, and
onset is the heat onset temperature.

w
c
m
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The mass loss rate of DTBP at the certain temperature is given
y the following equation:(

dm

dt

)
= m0 · x · k, (7)

here (dm/dt) is the mass loss rate of DTBP and the m0 is the
nitial DTBP weight (g). The mass loss rate can be calculated
ith the kinetic parameters and the temperature data obtained
y the APTAC.

One can express the gas production index (Nncg) using the
roduction rate of the noncondensable decomposition gas with-
ut the vapor pressure correction (dn/dt) and the mass loss rate
y the following equation:

ncg = −
(

dn

dt

)
Mw

dm/dt
, (8)

here Nncg is the gas production index without the vapor pres-
ure correction and Mw is molecular weight of DTBP (146.22 g).
ncg shows the mole ratio of the gas production occurred by the
ecomposition of DTBP to DTBP contained in the sample with-
ut the vapor pressure correction. Nncg is variable for the elapsed
ime in the measurement.

The �n (mol) value is an amount of the noncondensable
ecomposition gas production occurred during the measured
ime interval (min) from t1 to t2 of the APTAC as the following
quation:

n =
(

dn

dt

)
�t. (9)

n amount of the noncondensable decomposition gas produc-
ion at a certain time, t1 is represented by �n. The �n value
nvolves the vapor pressure correction.

The total amount of the noncondensable decomposition gas
roduction without the vapor pressure correction, ntotal during
he reaction is calculated as the following equation:

ntotal =
tmax∑
t0

�n. (10)

he t0 and tmax values express the times close to the heat onset
emperature and Tmax. The gas production index at the maximum

ass loss rate (Nncg,max) is used for evaluating the intensity of
he gas production. The Nncg,max involves the vapor pressure of
TBP/toluene solution. The time of (dm/dt)max should corre-

pond to the same time with the time of (dn/dt)max in the ideal
ondition in the experiments. The (dm/dt)max value is the max-
mum mass loss rate. Nncg,max is calculated using (dm/dt)max
nd (dn/dt)max though there is the time difference between the
dm/dt)max and (dn/dt)max in the actual experimental results. The
ncg,max is defined as the following equation:

ncg,max = −
(

dn
)

Mw
, (11)
dt max (dm/dt)max

here (dn/dt)max is the maximum gas production rate of the non-
ondensable decomposition gas and (dm/dt)max is the maximum
ass loss rate.
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and the end of reaction. The corresponded temperature range is
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The total gas production index (Nncg,total) can be expressed
y the total of the noncondensable gas production (�ntotal) as
he following equation:

ncg,total = �ntotal · Mw

m0
. (12)

he Nncg,total is the intrinsic parameter in the gas production
enerated by the thermal decomposition of DTBP. Nncg, Nncg,max
nd the Nncg,total are dimensionless. Nncg,max and Nncg,total are
onstants for one measurement.

When the correction of the vapor pressure is applied, Eqs.
13)–(17) are expressed by in the similar way to Eqs. (8)–(12).

subscript of ac indicates the vapor pressure correction. The
apor pressure from DTBP/toluene solution is excluded in the
ncg,ac, �nac, �nac,total, Nncg,ac,max and Nncg,ac,total values:

ncg,ac = −
(

dnac

dt

)
Mw

dm/dt
, (13)

nac =
(

dnac

dt

)
�t, (14)

nac,total =
tmax∑
t0

�nac, (15)

ncg,ac,max = −
(

dnac

dt

)
max

Mw

(dm/dt)max
, (16)

ncg,ac,total = �nac,total
Mw

m0
. (17)

. Results and discussion

.1. Heat rate and pressure rate of DTBP

A number of experiments were conducted using
TBP/toluene solution to investigate the properties of the

PTAC and the DTBP decomposition. The APTAC detects

he temperature inside the sample and controls the adiabatic
onditions by the sample temperature. The sensibility and the
esponse of the APTAC are better than those of the equipments

ig. 2. The heat rate and the pressure rate measured by APTAC. The sample is
TBP 40 wt.%/toluene solution. The sample weight is 13.0 g (ϕ = 3.1).

e
o

F
T
a

ig. 3. The relationship between the sample weight and the activation energy.
he samples are DTBP/toluene solutions with the concentrations between 20
nd 60 wt.%.

ontrolling by the temperature of the sample vessel wall such
s the ARC. Fig. 2 shows an example of the heat rate and the
ressure rate of DTBP 40 wt.%/toluene solution. The sample
ass is 13.0 g (ϕ = 3.1). The heat rate maximum is 227 K/min.

.2. Decomposition kinetics

Relationship between the activation energy and the DTBP
oncentration is shown in Fig. 3. Relationship between the fre-
uency factor and the DTBP concentration is shown in Fig. 4.
orizontal dot lines in Figs. 3 and 4 show the average values.
he averaged activation energy and the frequency factor were
56.46 kJ/mol and 15.78 s−1. The kinetic plot in the decom-
osition of DTBP/toluene solution shows the reaction number
an be regarded as the first-order of the overall reaction in all
f the concentrations because the fitting curves are straight.
he (−log(k)) data are not on the fitting line near the onset
xcluded when the activation energy and the frequency factor are
btained.

ig. 4. The relationship between the sample weight and the frequency factor.
he samples are DTBP/toluene solutions with the concentrations between 20
nd 60 wt.%.
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the calculation results of the moving average when the moving
averages are calculated. There is the same tendency with �n and
ig. 5. The example of the time history of the mass loss rate calculated by the
easurement data of the APTAC. The sample is DTBP 40 wt.%/toluene solution
ith the sample mass of 13.0 g.

The activation energy and the frequency factor are nearly
he same as the literature values. E and log(A) in the literature
re 155.64 kJ/mol and 15.62 s−1, respectively [7]. E and A are
lose to the literature values. This result shows the experimental
ethod and the data analysis is appropriate in the measurement

f the APTAC. E and A are nearly the constant for the DTBP
oncentrations. This result shows the reaction process does not
ary in the different DTBP concentrations.

.3. Pressure and gas production

The example of the time history of the mass loss rate cal-
ulated using the measurement data of the APTAC is shown in
ig. 5. The time at the maximum mass loss rate closed to the

ime at the maximum temperature. The time difference between
he maximum mass loss rate and the maximum gas production
ate is less than about 0.3 s when the DTBP concentration is

ore than 30 wt.% and the weight is more than 5 g. There is the

endency the time difference is large in the case of the samples
ith the small amount of DTBP in the DTBP 20 wt.%/toluene

olution.

ig. 6. The relationship between (dm/dt)max and DTBP weight in toluene in
arious concentrations of DTBP.

�

A

F
v
v

ig. 7. The time history of the gas production with and without the vapor cor-
ection of DTBP and toluene in the vapor–liquid equilibrium. The sample is
TBP 40 wt.%/toluene with 13.0 g of sample weight.

The relationship between the maximum mass loss rate
(dm/dt)max) and the DTBP weight in the DTBP/toluene solution
s shown in Fig. 6. The (dm/dt)max value increases exponentially
or the DTBP weight. The (dm/dt)max value increases drastically
hen the DTBP weight in DTBP/toluene solution is beyond 3 g

xcluding the case of the sample of 20 wt.%. The (dm/dt)max
alue increases with the increase of the DTBP concentration
hen the DTBP weight is more than 3 g.
The time history of the noncondensable decomposition gas

roduction (�n and �nac) with and without the vapor correc-
ion of DTBP and toluene in the vapor–liquid equilibrium. The
ample is DTBP 40 wt.%/toluene with 13.0 g of sample weight.
he correction means the vapor correction in the vapor–liquid
quilibrium in Fig. 7. The moving averages over 10 points before
nd after the certain point are drawn to smooth the line in the
ime history. Tonset and Tmax become the each averaged value as
nac of the vapor correction and without the vapor correction.
subscript of ac expresses the vapor pressure correction. The

ig. 8. The relationship between (dnac/dt)max and DTBP weight in toluene in
arious concentrations of DTBP. The (dnac/dt)max value is calculated by the
apor pressure correction of DTBP and toluene in the vapor–liquid equilibrium.
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Fig. 9. The relationship between �nac,total and number of moles of DTBP in
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oluene in various concentration of DTBP. The �nac,total values are calculated
y the vapor pressure correction of DTBP and toluene in the vapor–liquid
quilibrium.

ecomposition gas occupies the large part in the sample vessel
hen compared to the vaporization of DTBP and toluene. The
as production increases drastically in the end of the reaction.

The relationship between the maximum gas production rate
(dnac/dt)max) and the DTBP weight in DTBP/toluene solution
s shown in Fig. 8. The (dnac/dt)max value increases exponen-
ially for the DTBP weight. The (dnac/dt)max value increases
rastically when the DTBP weight in DTBP/toluene solution
s beyond 3 g excluding the case of the sample of 20 wt.%.
he (dnac/dt)max value increases with the increase of the DTBP
oncentration when the DTBP weight is more than 3 g. The
ehavior of (dnac/dt)max is in the similar manner of the behavior
f (dm/dt)max in Fig. 6.

The relationship between �nac,total and the number of moles
f DTBP in DTBP/toluene solution regarding to various DTBP
oncentrations is shown in Fig. 9. The �nac,total value increases
roportionally to the number of moles of DTBP. This indicates
hat the DTBP decomposition gas increases in proportional rela-
ion to the mass of DTBP in DTBP/toluene solution. This result
s consistent with the experimental fact that the decomposition
rocess is the same in various concentrations of DTBP.

Nncg,ac,total shows the mole ratio of the gas production
ccurred by the decomposition of DTBP to DTBP contained
n the sample. Nncg,ac,total is the gas production index which is
ne of the intrinsic properties such as the activation energy [8,9].
or example, The �nac,total value of the DTBP/toluene sample is
.037 mol in DTBP 40 wt.% with 13.0 g. The number of moles
f DTBP in the DTBP/toluene sample is 0.036 mol. Nncg,ac,total
s calculated to be 1.0 according to Eq. (12) when the DTBP
ecomposition of 40 wt.%. with 13.0 g is measured.

The averaged Nncg,ac,total is 1.0 when all data are calculated.
his value indicates DTBP of 1 mol generates the decomposition
as of 1.0 mol in the whole reaction. The averaged Nncg,total is

.8. The averaged Nncg,total involves the vapor pressure of DTBP
nd toluene.

The relationship between Nncg,ac,max and the DTBP weight
g) in DTBP/toluene solution is shown in Fig. 10. Nncg,ac,max
n various concentrations of DTBP. The Nncg,ac,max values are calculated
y the vapor pressure correction of DTBP and toluene in the vapor–liquid
quilibrium.

nd Nncg,max are used for evaluating the intensity of the gas pro-
uction. The DTBP sample of less than 2.3 g in DTBP/toluene
olution involved the error because the temperature data varied
idely. The dividing the gas production rate by mass loss rate

xpanded the error in Nncg,ac,max. The data of the DTBP sample
f less than 2.3 g are deleted in Fig. 10. The Nncg,max values range
rom 5.7 to 16.2. The Nncg,ac,max values range from 3.0 to 12.8.
ncg,ac,max and (dnac/dt)max are the corrected values considering

he vapor pressure. The intensity of the gas production can be
valuated by Nncg,max and Nncg,ac,max. Nncg,max expresses nearer
ituation to the real gas production than Nncg,ac,max because the
apor pressure effect is considered in Nncg,max.

. Conclusions

The properties of the data obtained by the APTAC were inves-
igated on the basis of the temperature data and the pressure data
sing DTBP/toluene solution as the sample. The thermal decom-
osition of DTBP was studied on the basis of the data obtained by
he APTAC. The thermodynamics parameters and the gas pro-
uction were discussed on the basis of the experimental data of
arious concentrations and weights of DTBP/toluene solution.

The following conclusions are made:

1) The activation energy and the frequency factor of DTBP
are nearly constant and the same as the literature values in
the concentrations between 20 and 60 wt.%. This result sug-
gests the process of the decomposition reaction is the same
though the DTBP concentration changes, and the experi-
mental method and the data analysis are appropriate in the
measurement of the APTAC.

2) The time history of the gas production was evaluated with
various weights and concentrations. The DTBP decompo-

sition gas increases in proportional relation to the mass of
DTBP in DTBP/toluene solution. This result is consistent
with the experimental fact that the decomposition process is
the same in various concentrations of DTBP. The total gas
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production index, which has the vapor pressure correction, is
1.0 in the decomposition of DTBP. This experimental result
indicates DTBP of 1 mol generates the decomposition gas
of 1.0 mol in the whole reaction.
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