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Abstract Lauroyl peroxide (LPO) is a typical organic per-
oxide that has caused many thermal runaway reactions and
explosions. Differential scanning calorimetry (DSC) was
employed to determine the fundamental thermokinetic
parameters that involved exothermic onset temperature (Ty),
heat of decomposition (AHy), and other safety parameters for
loss prevention of runaway reactions and thermal explosions.
Frequency factor (A) and activation energy (E,) were calcu-
lated by Kissinger model, Ozawa equation, and thermal safety
software (TSS) series via DSC experimental data. Liquid
thermal explosion (LTE) by TSS was employed to simulate
the thermal explosion development for various types of stor-
age tank. In view of loss prevention, calorimetric application
and model analysis to integrate thermal hazard development
were necessary and useful for inherently safer design.
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Nomenclature

A Frequency factor (s~ ' M'™)

a Vessel wetted surface area (m?)

C, Liquid specific heat at constant pressure
(kJ kg~'ec™)

Co Initial concentration (mole L™1)

E. Activation energy (kJ mol™")

K Pre-exponential factor (sfl)
k; Rate at stage i (sfl)
M Mass of reactant (g)
m Mass of reactor (kg)

n Order of reaction (dimensionless)

Pax Maximum pressure during overall reaction
(psig)

(0] Heat flow (W g_l)

Q Calorific capacity (J g")

R Ideal gas constant (8.314 J mol ! Kil)

S Wetted surface area (mz)

SADT Self-accelerating decomposition temperature
°C)

T Temperature (°C)

Ta Final adjusted temperature (K)

Tao Initial adjusted temperature (K)

T¢ Final temperature (°C)

Twm Final measured temperature (K)

Ty Exothermic onset temperature (°C)

Twmo Initial measured temperature (K)

TNr Temperature of no return (°C)

Tmax Maximum temperature during overall reaction
°C)

Tyan Temperature on the wall (°C)

TMR 4 Time to maximum rate under adiabatic system
(min, h)

U Heat transfer coefficient (kJ min~! m~? Kfl)

¢ Thermal inertia (dimensionless)
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(dT Self-heating rate (°C min~ )

dt™h

(dT Actual self-heating rate (°C min~ )
dt™a

o Degree of conversion (dimensionless)
p Heating rate (°C min~")

AH4 Heat of decomposition (J kg_l)

A Heat conductivity (J ms K™
Introduction

Organic peroxides (OPs) when exothermically decomposed
require inherently safer design during preparation, manu-
facturing, transportation, storage, and even disposal. They
can release large amounts of thermal energy and result in
enormous pressure during runaway excursion, leading to a
fire or explosion accident [1, 2].

Lauroyl peroxide (LPO), which was produced com-
mercially in 1941, is a white solid with a faint soapy odor,
less dense than, and insoluble in, water. Hence, it floats on
water. LPO is applied principally in the production of
polymers [3, 4]. It is a strong free radical source containing
more than 4.0 mass% of active oxygen, and is appiled as a
polymerization initiator or as a polymerization catalyst [5].

LPO is applied as bleaching agent, drying agent for fats,
oils, and waxes, as a catalyst and vulcanizing agent. Thus,
small amounts are employed in food packaging. It is an
oxidizing agent, and it can ignite organic materials; hence
it has dangerous fire and explosion risk. Strongly reduced
materials, such as sulfides, nitrides, and hydrides may react
explosively [6, 7]. It decomposes rapidly, causing fire and
explosion hazard, on heating and under influence of light. It
should be stored in a dry and refrigerated (<27 °C rec-
ommended or 38 °C max) area and be kept away from
reducing agents and incompatible substances.

Differential scanning calorimetry (DSC) was employed to
determine the fundamental reaction hazard of 95 mass% LPO.
In parallel, the kinetic analysis method of Kissinger equation
and Ozawa equation was applied to calculate the activation
energy (E,) and frequency factor (A) [8-10]. Finally, the
thermal safety software (TSS) series applied to simulate a
situation for thermal explosion under various vessel types.

Experimental design and methods
Sample
Ninety-five mass% LPO was directly purchased from the

Fluka Co., and both density and concentration were mea-
sured. Then, LPO was stored in a refrigerator at 4 °C.
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Differential scanning calorimetry (DSC)

Dynamic scanning experiments were performed on a
Mettler TA8000 system coupled with a DSC 821° mea-
suring test crucible (Mettler ME-26732) that could
withstand relatively high pressure about 100 bar. STAR®
software was employed for acquiring thermal curves. For
the sake of better thermal equilibrium, a heating rate (f3)
was chosen, such as 4 °C min~'. About 1-10 mg of the
sample was selected for acquiring the experimental data.
The test cell was sealed manually by a special tool
equipped with Mettler’s DSC, and we conducted dynamic
scanning by starting the programmed setting.

DSC is regarded as a useful tool for evaluating thermal
hazards and investigating decomposition mechanisms of
reactive chemicals [11-13], if the experiments are carried
out carefully. The experimental conditions were as follows:

(1) Heating rate: 1, 2, 4, 10 °C min~".

(2) Materials mass: 1-10 mg.

(3) Temperature range: 30-200 °C.

(4) Test cell: These gold-plated high-pressure crucibles,
which can be pressed together, have proven to be very
useful for safety investigation, but they can only be
used for one measurement with a maximum pressure
of 15 MPa. The lid is pressed into the crucible with a
pressure of about a ton, therefore the seal tightens the
crucible. A toggle press is used to close the crucible.

Thermal safety software (TSS)

The TSS includes three groups of the program that corre-
spond to a three-stage approach [14, 15]. We fully
exploited the liquid thermal explosion (LTE) model of
Convex Fork on the TSS to simulate thermal explosion on
a barrel. Here, CE-FK provided numerical simulation of
thermal explosion development. These simulative data
were necessary for proper choice of safe conditions in
application, such as storage and transportation, specifically
for an energetic chemical.

Thermal decomposition kinetics

The reaction mechanism of CHP could be represented by
the following kinetic model:

Initiation reaction:

A — B; stager; (1)

r1 = ko exp <— If_lT) (1—a)" (2)

Based upon the experimental data, the thermokinetic
parameters, as listed in Table 1, could be applied to
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simulate the thermal explosions under running with the
software ConvEx Fork (CE-FK) on the TSS from CISP.

Thermal explosion simulation

The simulation project in CE-FK consists of three main
parts [15]:

(1) The configuration and dimension of a vessel, physical
properties of a reacting liquid and material of the
vessel’s shell, and initial temperatures of shell and
liquid.

(2) Boundary conditions that define the type of heat
exchange between the vessel and the environment.

(3) Reaction kinetics.

Various vessel types were chosen for simulation, as such
a tank is suitable for use in practice. CE-FK allows spec-
ifying boundary conditions of the first, second, and third
type. They are assumed to be uniform over each reactor
surface and can be specified for each surface, separately.
Boundary conditions of the first type (1st):

Twall =g (t) (3)

Here, g; (¢) denotes a function that gives the time depen-
dence of temperature on the wall.
Boundary conditions of the second type (2nd):

oT
Qyann = —4 =g(1) (4)

Or wall

Here g, (#) represents a function that gives the time
dependence of heat flux on the wall.
Boundary conditions of the third type (3rd):

Gt = A% = g (O (Tt — £a(0) (5)

) — =
or wall

Here g; () and g, (f) are functions that give the time
dependence of the heat transfer coefficient and of the
ambient temperature.

This study simulated various conditions for the barrel,
such as normal storage at 37 °C (No. 1 test), runaway
reaction temperature condition at 60 °C (No. 2 test), early
step of external fire circumstance at 120 °C (No. 3 test) and
fire conditions at 250 °C (No. 3 test). At storage, the
ambient temperature will be equal to room temperature
(30-37 °C for summer); the heat transfer coefficient (HTC)
for a barrel staying outdoors without wind was about
10 Wm?K™'. If we were to analyze accidental fire

Table 1 Simulation of calorific capacity and apparent activation
energy

K, (s7" n Q (kI kg™h E, (kJ mol™")

26 1 600 90

conditions, the ambient temperature would be much higher
than the cooling failure and the HTC might also be higher,
because, in this case, air is moved around the barrel. We
took a temperature of about 250-300 °C and HTC of about
20 W m? K™ to simulate the fire condition. The boundary
conditions are given in Table 2.

This study divided the barrel into three surfaces: top,
side, and bottom. The boundary conditions on the side and
top surfaces were assumed to be the 3rd type. In practice,
the barrel is built on the ground; therefore, the bottom is in
close contact with the ground. Accordingly, it was rea-
sonable to define conditions of the Ist type and take its
temperature equal to the ambient one.

It should be noted that the simulation was carried out by
assuming that the influence of the shell can be neglected.
The kinetic model created on the basis of the DSC data
completes the project. The model (the kinetic parameters
are listed in Table 1) was imported from the ForK data
base.

Results and discussion
Fundamental reaction hazard determination

To evaluate the thermal hazard of 95 mass% LPO, DSC
under various scanning rates was applied to determine
thermokinetics, as illustrated in Fig. 1. Figure 1 demon-
strates a comparison of thermal curves of decomposition of
95 mass% LPO with four types of f (f =1, 2, 4, and
10 °C min~") by DSC. The initial reaction of LPO was
endothermic when temperature exceeded 40 °C that caused
a phase change at the moment. When f§ value was lower,
the decomposition reaction could be detected at a lower
temperature. On the other hand, if f# value was higher, the
Ty determined could delay decomposition and the maxi-
mum of temperature (T,,,x) was correspondingly higher.
According to Fig. 1, LPO decomposed at 60 °C. Table 3
displays thermokinetics data and safety parameters of 95
mass% LPO by STAR® program of DSC. Ty of LPO was
about 60-70 °C. In accordance with the experimental
results, the reaction model was identified as an n-order
reaction. E, was estimated at 100 kJ mol~' by STAR®
program of DSC. As a result, a rapid temperature increase
of LPO may cause a dramatic decomposition reaction
under external fire conditions. According to Fig. 1, LPO
produced a great deal of heat. The AHy for LPO was about
500-600 J g~' under various heating rates by DSC.

Kinetic analysis

The kinetic analysis of the step was done by various
heating rate methods based on the equations of Kissinger

@ Springer



780

M.-L. You et al.

Table 2 The boundary parameter of CE-FK by various scenarios

No. 1 No. 1 No. 1 Bottom No. 2 No. 2 No. 2 Bottom No. 3 No. 3 No. 3 Bottom
Top (°C) Side (°C) (°C) Top (°C) Side (°C) (°C) Top (°C) Side (°C) (°C)
Ambient temperature (°C) 37 37 20 60 60 20 120 120 20
HTC/W (m* K)™ 10 10 0 10 10 0 20 20 0
Boundary condition type  3rd 3rd Ist 3rd 3rd Ist 3rd 3rd 1st
25 ] Exothermic reaction where E, v;/as obtained from the slope of the plot of log f8
f-g b against T},,4..
10 1 Table 4 was used to calculate the E, and A. The results
g-g ] show the E, of Kissinger method that was about
"o 05 ] 91 kJ mol™! as shown in Table 5. Another method was
E 12 ] determined to be about 90 kJ mol™" of E, as shown in
g 201 > Figs. 2 and 3.
= 25 ] P
§ -3.0 4 7 —O0— B=1°C min . . .
T 35 ] —0— R=2C min’ Thermal explosion simulation of LPO
-4.0 R =4°C min"
4.5 1 f=10C min" . . o
5.0 17 v ¢ min This study simulated four temperature situations: 37 °C
:Zg 7 Endothermic reaction (Solid to liquid) (normal condition), 60 °C (runaway reaction temperature),
20 40 60 80 100 120 140 160 180 200 220 120 °C (early step for external fire situation) and 250 °C (fire
Temperature/ °C circumstance) of 95 mass% LPO stored in various storage

Fig. 1 Heat flow versus temperature of LPO under various heating
rates by DSC

and Ozawa. The T« and equation parameters for reaction
from DSC analysis were given in Table 4. The Kissinger
and Ozawa methods are based on various heating rates
which depend on the T, in DSC. The kinetic analysis
methods were as follows:

Kissinger method [16]:

2.303d[log (B/T2,,)]
d(1Twe)

where T,,,, is the temperature corresponding to the maxi-
mum in the DSC exothermic at a heating rate (f5). From the

tanks that included A1 (height = 1 m and radius = 0.5 m),
A2 (height = 2 mandradius = 1 m)and A3 (height = 4 m
and radius = 2 m). In normal condition, the ambient tem-
perature equals room temperature (30-37 °C in summer
season in Taiwan) and the heat transfer coefficient (HTC) for
a barrel staying outdoors with no wind was about 10 W
(m* K)~'. If we were to analyze accidental fire exposure, the
ambient temperature would be much higher than cooling
failure and the HTC might also be higher, because in this
case, air moves around the drum. We took a temperature of
250-300 °C for the fire exposure condition, and HTC could
be taken at about 20 W (m2 K) -1

From simulated results, the normal condition without
wind effect, the T,,,x in the tank was simulated to exceed
200 °C (software setup ourselves), as displayed in Fig. 4.

slope of the linear plot of log ( B /Tgmx) again T ;x’ E, can All of the tests calculated the limit of T, that was set at
be calculated. 200 °C by ourselves, because of the emergency response
Ozawa method [17-19]: time being exceeded.
Figures 4, 5, 6, and 7 disclose the temperature versus
M =—E,/R (7) time curves for the thermal decomposition simulation on
d(1/Tmax) various storage types under differential conditions. After
many tests and runs, the critical temperature (T.) of the
Table 3 Safety parameters of o
LPO under var?ogs heating rates i i(n§ N ?rlng) ;l;eé‘;"' ?JI_?;EC}‘)" ’(I;OC) ?JHgd_ 1) 2;“5‘)"
by DSC tests
1 5.0 40 —145 60 632 92
2 8.0 40 —150 65 625 101
4 6.0 42 —170 70 576 107
10 9.0 45 —197 75 518 118
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Table 4 The calculation of E,

. pC Tinax (Tinax x 1077 log (B x T/ log (f)/Ozawa
and A in this study min~ ) °O) (°O) Kissinger method method
1 91.2 2.75 —11.80 0.00
2 101.4 2.67 —11.16 0.65
4 108.4 2.62 —10.50 1.29
10 118.0 2.55 -9.63 2.15
Table 5 The calculation of E, and A in this study with different 220 4
methods in this study 200 i
- -~ = —O—Al(H=1m,r=05m) i
Analy51s method E, (kJ mol™") AGT) n 180 + —O0—A2MH=2m,r=10m)
160 4 A3 (H=4m,r=2.0m)
DSC 100 2.0 x 10" 1 o i
Kinssger method 91 7.1 x 10 NA [9) 27
= 1204
Ozawa method 90 8.1 x 10" NA g © 4
2 100 -
TSS 90 8.1 x 102 12 g ' g
£ 80 -
=
60 -
-9.5 40
[ 20 J B sossssbson bbb
-10.0 0 T T T T T T L —
-2 0 2 4 6 8 10 12 14
Time/min
D 105+
> Fig. 4 Temperature versus time for thermal explosion simulation by
En CE-FK under room temperature (37 °C) situation with various storage
= 104 vessel sizes
-11.5 4
Kissinger method 220 -
y =-10.9x + 18.084 1
-12.0 . - - T T T T ] 200 4 |
255 2.60 2.65 2.70 275 2.80 1804 | —O—AlH=1mr=05m)
T 1 ——A2H=2m,r=1.0m)
160 A3(H=4m,r=2.0m)
Fig. 2 Heat flow versus temperature of 98 mass% LPO comparing o 140+
with H,O and fire-extinguishing chemical under heating rates at 4 °C T 1204
min~" by DSC g
‘é 100—.
2 80
25 a ]
60
40
2.0 |
20 ~
. 0 T T T T T T T T
5 0 2 4 6 8 10 12
g Time/min
S)
j=2) -
910 Fig. 5 Temperature versus time for thermal explosion simulation by
CE-FK under runaway reaction temperature (60 °C) with various
054 storage vessel sizes
Ozawa method
004 y=-10.842x+29.727 . normal condition and fire conditions was about 45 and
35 °C, respectively. Safety index, such as self-accelerating

255 2.60 : I : : decomposition temperature (SADT), T, temperature of no
return (Tng), time to maximum rate (TMR), etc., was
broadly used to keep the safe handling environment.
Table 6 is a useful tool that was used to note the emergency

response time on TMR.

Fig. 3 Heat flow versus temperature of 95 mass% LPO comparing
with H,O and fire-extinguishing chemical under heating rates at 4 °C
min~' by DSC
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220
200 4
1| —O0—Al(H=1m,r=0.5m)
1801 | —o—A2(H=2m,r=1.0m)
160 - A3(H=4m,r=2.0m)
140 - ‘
© 1] |
3 120 ; b
g 1 ! |
g 100 o o
o | o] A
o & H
E 80 g g
& ] 5
60 -
40 4
20
0 —T T T - T T T T T 1T T T 1
10 1 2 3 4 5 6 7 8 9

Time/min

Fig. 6 Temperature versus time for thermal explosion simulation by
CE-FK under early step of external fire exposure situation (120 °C)
with various storage vessel sizes

Table 6 A useful tool to note the emergency response time on TMR
in this study

Vessel type TMR under TMR under TMR under TMR under

37 °C/min 60 °C/min 120 °C/min 250 °C/min
H=1r=05 116 9 4.7 2.7
H=2r=1 122 11 6.3 4.0
H=4r=2 126 12 8.1 5.6

N
=]

s = 3
o o o
Smibntt——
—

-
B
o

Al H=1m r=05m) o
—0—A2H=2m r=10m)
A3H=4mr=20m) @

—
L
o

Temperature/’'C
g

80
60 : ;:'-':'
40
20
0 v L} T T T T T T
0 1 2 3 4 5 6
Time/min

Fig. 7 Temperature versus time for thermal explosion simulation by
CE-FK under external fire exposure situation (250 °C) with various
storage vessel sizes

Conclusions

LPO possesses a high reaction rate substance of OPs. Thermal
explosion development of LPO was analyzed at a temperature
at 50 °C that exceeds phase changing in a storage tank. TMR
of LPO is the emergency response time that was analyzed in

@ Springer

Table 6. According to thermal explosion simulation curves
analysis, all of thermal explosion initiation of LPO started at
50 °C. LPO must be stored in a cooling storage environment
and must avoid any sunlight illumination.
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