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Abstract

Organic peroxide (OP) has been applied in the industry for at least 40 years. Driven by significant investments in today’s
high-profile energy, petrochemical, and polymer industries, the market and applications of OPs are expanding rapidly.
However, the self-reactive nature has led to continuous research work on this topic. Nevertheless, tremendous progress has
been made in hazard analysis, which has improved existing protocols or led to the discovery of new safety methods. OPs
still cause related chemical hazards, and the limitations related to process hazards remain to be resolved. There is a lack of
comprehensive systematic analysis of the process hazards of a wide variety of OPs. Different OPs, namely BPO, LPO, and
the emerging OP, HTP-65W, were selected for investigation with several calorimetry techniques based on thermokinetic and
heat transfer models. Determination methods have a crucial role in an operator for obtaining a systematic understanding of
hazard properties under different process conditions, which is related to avoiding the occurrence of process disasters. For
example, LPO has a shorter TMR,4 and TCL (< 1 min) than BPO and HTP-65W, indicating that LPO can be classified as an
obvious hazardous material. Moreover, SADT <25 °C can be used for evaluating LPO’s cooling system efficiency.
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a Degree conversion of a component
(dimensionless)

s Heating rate (°C min™")

A Heat conductivity (W m~' K1)
Density (kg m™)

Introduction

Historical development and application of organic
peroxides in industrial fields

Industrial advancement and demand have also driven the
applicability and researchability of traditional processes.
Organic peroxide (OP) is a good example. Wind power
generation [1], packaging of solar cells [2], and the devel-
opment of renewable plastics [3, 4] have driven the demand
for the polymerized plastics by OPs which have once again
received numerous attention. According to the survey [5, 6],
the OPs market continues to grow, and new production bases
and capacity expansions are now underway. At the same
time as industrial upgrading, it is a common phenomenon
to increase storage to improve efficiency [5].

When OPs on process, storage, and transportation are
exposed to high temperature or energy, electrons can be
removed or added, leading to the homolytic cleavage of
covalent bonds [7-11]. To show how this type of material
undergoes decomposition, the phenomenon of the ther-
mal decomposition of benzoyl peroxide (BPO) is shown in
Fig. 1a, b as an example. The energy generated by break-
ing the bond in the OP initiator helps polymerization reac-
tions overcome the activation energy barrier and proceed
smoothly. The initiator monomer, which can act as a free
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radical initiator for polymerizations, also affects the quality
of the polymerized product [12].

There are two ways to add the free radical formed by
the initiator to the vinyl monomer. These two pathways are
shown in Fig. Ic, d for the addition of an OP radical to a
styrene monomer. However, the energy released by break-
ing the —O—O- bond can also cause heat to accumulate and
increase the temperature and pressure in a closed process
system such as a reactor. Continuing increases in tempera-
ture and pressure can eventually trigger fire and explosion
hazards in the process [13].

The current situation and development of OPs
explained by the perspective of the process industry

From a market survey report [14] based on Markets and
Markets (M&M) Research Private Ltd., the global OP mar-
ket was estimated at $902.4 million in 2017 and is expected
to reach $1069.1 million by 2022, equaling a 3.4% com-
pound annual growth rate. The overall performance of the
market is driven by the increased demand for OPs in chemi-
cal and plastics applications. It is estimated that diacyl per-
oxides, such as BPO, lauroyl peroxide (LPO), and di-tert-
butyl peroxyhexahydroterephthalate (HTP-65W), have the
largest demand, which will elevate the growth trend in the
global OP market in the near future.

In the industrial domain, in addition to its usage as a
polymerization initiator, the pharmacological effects [15,
16] of BPO are gradually receiving attention. LPO is an
essential ingredient for the production of plastics and rubber
products, such as vinyl chloride, ethylene, styrene, and vinyl
acetate [17]. HTP-65W can also be used for the polymeriza-
tion of vinyl monomers. However, HTP-65W can polymer-
ize monomers more efficiently than LPO because of its two
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Fig. 1 Decomposition reaction mode of OPs in chemical processes: a case study of BPO [34]
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0O-0 bonds, as can be observed from the chemical structures
of LPO and HTP-65W shown in Fig. 2. These chemicals are
widely used in areas including polymer modification, elasto-
mer cross-linking, and maintenance. According to a report
from AkzoNobel [18], OPs are also used in high-perfor-
mance, polymer-insulated, high-voltage cables for improv-
ing power network technology and meeting the demand for
connecting offshore wind power plants and other renewable
energy sources, an application involved in the future support
of sustainable energy. Even with advancements in industrial
technology, OPs still occupy a place in the field of polymeri-
zation. This study selected an emerging OP, HTP-65W, and
two classic OPs, BPO, and LPO, which are widely used for
chemical polymerization but less for process safety-related
research, such as investigations focused on industrial safety
and hazard comparison.

The potential hazards and research status of OPs

According to the United Nations (UN) standards for catego-
rization of hazardous materials, OPs are in class 5 hazard-
ous category of materials. The UN (United Nations, 2018)

Fig. 2 Basic chemical structures
of LPO (top) and HTP-65W
(bottom)

(United Nations, 2018) [19] and the Japan Fire and Disaster
Management Agency classify OPs as dangerous goods with
potential thermal hazard characteristics.

The hazardous properties of OPs are mainly character-
ized by the possibility of fire and explosive disaster, par-
ticularly self-reactive decomposition without oxygen that
causes abundant heat release accompanied by the genera-
tion of gaseous products [20-23]. Even at ambient tempera-
ture, self-reactive OPs may cause heat accumulation and
ultimately result in runaway reactions [7-9, 24, 25]. Thus,
OP compounds have a specific self-reactive nature [26—29].

In the past, OPs [26, 29-32] have sporadically caused
thermal hazards reflected by chemical accidents [30]. The
most recent case of an accident happened in August 2017,
when a severe explosion and fire occurred during the storage
of OPs. As most of the plant personnel had been evacuated
because of natural disasters, only one person was left, and
therefore, there were no casualties. However, the entire plant
was destroyed [33]. The thermal hazards of OPs have led to
many studies [9, 26, 31, 34, 35]. The study also compiled
related accidents caused by OPs in the past which is listed
in Table 1. However, in previous literature reports, there are
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Table 1 Selec.:ted incidents of Date Chemical Location Injuries Fatalities Hazard Cause
fire or explosion caused by
organic peroxides 1990.05.26 BPO Japan 17 9 Explosion Thermal decomposition
1996.10.07 MEKPO Taiwan 47 10 Explosion (tank) Fire
2000.08.24 MEKPO Korea 11 3 Explosion (storage) Unknown
2003.01.02 BPO USA 1 0 Explosion (dryer) =~ Thermal decomposition
2003.09.26 CHP/DCPO Taiwan 2 0 Explosion
2008.01.16 DCPO Taiwan 0 0 Explosion (reactor) Thermal decomposition
2009.06.22 TBHP Taiwan 0 0 Explosion (reactor) Thermal decomposition
2010.01.08 CHP Taiwan 0 0 Explosion (reactor) Caught fire
2011.07.26 H,0, Taiwan 0 0 Fire Pipeline gas leak
2014.07.31 Propylene Taiwan 310 32 Explosion and fire  Pipeline gas leak

Remarks: methyl ethyl ketone peroxide; ®hydrogen peroxide; tert-butyl hydroperoxide
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insufficient thermokinetic analysis results, especially those
regarding BPO, LPO, and HTP-65W, along with few related
thermal hazard evaluations.

The main objective of the study

Thermokinetic characteristics are essential to the evalua-
tions in this study assessing the magnitude of the thermal
hazard of three common OPs, BPO, LPO, and HTP-65W,
in industrial processes via two calorimetric techniques and
an analytical approach. Differential scanning calorimetry
(DSC) combined with a mathematical model has been used
for preliminary kinetic analysis of the three OPs [10, 36, 37].
The DSC test at several heating rates (f) and the introduced
thermokinetic estimate model [36, 37] brought the thermal
hazard assessment and operation closer to real process con-
ditions. The abovementioned kinetic parameters of the three
OPs can be discriminated and evaluated based on thermal
hazards [38, 39]. These kinetic parameters can be used as the
basis for simulating the thermal hazard assessment model of
materials under actual conditions [40, 41]. The main prin-
ciple was to estimate the heat exchange conditions for the
materials, container, and surrounding environment to simu-
late the heat release patterns of the materials in this situa-
tion [10, 20, 42, 43], and an evaluation model based on the
thermal stability of the reaction was established.

Experimental
Samples

Samples of 75% BPO, 98% LPO, and HTP-65W were pur-
chased from ACE Chemical Corp., Shanghai, China. These
samples should be refrigerated in a low-temperature drier
to prevent the self-reactive process caused by a temperature
increase.

Differential scanning calorimetry

The sample, 5.0 mg of BPO or LPO or 2.5 mg of HTP-
65W, was placed in a gold crucible and analyzed using the
dynamic scanning technique with a Mettler DSC821° system
[44]. STAR® software was used to analyze the data curves
based on thermal decomposition properties, such as the
apparent exothermic onset temperature (7)), peak tempera-
ture at which maximum heat release occurred in reaction
(T,), reaction order (), heat of decomposition (AH,), pre-
exponential factor (A), and apparent activation energy (E,)
[10, 45, 46]. We selected 0.5, 1.0, 2.0, and 4.0 °C min~! as
the heating rates [10, 45, 46]. The experimental parameters
set the temperature in the range of 30.0-300.0 °C degrees.
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The mechanism of the decomposition of BPO, LPO,
and HTP-65W

To simulate the thermal hazards of samples, it is necessary to
evaluate the reaction kinetic mode and parameters [10, 47].
Reaction kinetics change depending on the reaction type, such
as nth order, autocatalytic, or multistage reactions [9, 43]. Dif-
ferent types of reactions can be described by various kinds of
kinetic models [10, 34]. In general, information concerning
processes (particularly those concerning mixed multistage
reactions) is not readily available. System state variables are
based on assumptions that can be replaced by the degree of
conversion (@) of the reaction [36, 48, 49]. The kinetic model
can be simplified to contain the main characteristics of the
reaction without the need for the detailed reaction mechanism
[10, 36, 37, 50].

In contrast to the product of an nth-order reaction, the prod-
uct of an autocatalytic reaction acts as a catalyst that acceler-
ates the overall reaction [51]. When the reaction is initially
conducted, it is mainly characterized by a slower reaction rate
than that of the nth-order reaction until enough catalytic prod-
ucts are produced to accelerate the reaction and the reactant is
consumed [52]. Under certain conditions, autocatalytic reac-
tions need to be designed with special consideration for the
possibility of thermal runaway [53].

The kinetic complexity of the material in single and com-
plex multistage reactions depends on its internal reaction form,
which may be involved in a variety of mutual non-interfering,
simultaneous and successive reaction stages acquired from the
Arrhenius equation, which expresses reaction characteristics
with the reaction functions f{a) as shown in Egs. (1)-(3) [8,
54].

For a single-stage reaction, the reaction process can be char-
acterized as X —Y:

d _E
& =f@kew )
f(@)=(1 —a)" nth order model )

fl)=(1-a)"(a™ +2)

autocatalytic model 3)

where E, is the activation energy; R is the gas constant; 7 is
the temperature of the sample; « is the degree of conversion
of the reactant; k, is the pre-exponential factor; n, n;, and n,
are the reaction orders; and z is the autocatalytic constant.
For reactions with a continuous reaction phase, X — Y—Z:

d _Ea
o == ke )
d _En
d}t/ = (1 - a)kpe 0 ®)
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where y is the reaction progress of the second stage; E,; and
E,, are the activation energies of stages one and two, respec-
tively; and k(; and ky, are pre-exponential factors.
Multiple reactions occurred simultaneously and inde-
pendently of each other. For an internal reaction, such as

an autocatalytic stage, X+ Y—2Y:

d

d_(: =r(a) + ry(a) 6)
r(a) = kme_%(l —a)™ (N
(@) = kpe T a™ (1 - )" (®)

where r, and r, are reaction rates of different stages and n
is the reaction order. The reaction form of the autocatalytic
reaction is the main characteristic of this method.

The reaction product can further catalyze and increase
the reaction rate, and Eq. (6) can be rewritten for an auto-
catalytic reaction mode that assumes that n;; =n,, =n, and
Ny =Ny

% = k01e_%(1 — )" + koze_%‘)‘n”(1 — )"
= kas(1 Mg 4 (T Ea2 (9)
= koo(1 =) (@™ + 2(T)) exp | -

kOl Eal - Ea2 Ez
T)= — S _z
«T) o exp < RT RN e (10)

where z, is the ratio of the pre-exponential factors kg, /k,
and £,=E —E,.

The model is established by representing the property
of autocatalytic reactions for fitting thermal data [55].

Simulating thermal behavior under process
conditions

After assessing the reaction kinetics of the material, the
pattern of heat transfer between the substance and its sur-
roundings, such as the container, can be estimated. In the
large-scale case, the heat generated by the sample may not
immediately exchange with its surroundings. As a result,
heat exchange between the sample and the environment can
be assumed to be a possible pathway of heat accumulation
in the system, which increases the system temperature in an
unrestrained way and causes a runaway reaction. The variety
of reaction modes makes the nonlinear fitting method adapt-
able. When a material stored in a container is accompanied
by heat exchange with the surrounding environment, the fol-
lowing heat conduction equations can be used [10, 36, 37]:

pCpaa—]; = div(A(grad(T)) + W) 11
where p is the density; C,, is the specific heat capacity; 4 is
the thermal conductivity coefficient; T is the temperature;
and W is the generated heat.

Assuming that the initial temperature in the container is
evenly distributed,

T|—o=T, (12)

The boundary conditions to be considered are given in
Eqgs. (13) to (15).

Istkind: T, =T, (13)
. oT

2nd kind: - A=—=|, =

nd kin = (14)
. oT

3rd kind: A—]|,=U(T, — T,

rd kin XmW ( W e) (15)

where x is the unit outer normal with a boundary; w and e
are the surface of the reaction and environment, respectively;
and U is the heat transfer coefficient.

Simulating thermokinetics by the maximum
rate (TMR) under the pseudoadiabatic condition
in different temperature ranges

Decomposition reactions are not conducive to the storage of
materials. Materials in large-scale packaging or storage are
more susceptible to thermal hazards due to heat dissipation
than those in decentralized packaging. The accumulation
of heat in a short period of time is not obvious, but it may
be accompanied by a specific risk of long residence time
and heat build-up due to the hindered heat transfer from
the bulk material to the surrounding environment. High-
temperature environments increase the reaction rate. Heat
accumulation-induced reactions will continue even at lower
temperatures. This behavior suggests that under different
process conditions, such as adiabatic and isothermal condi-
tions, the decomposition reaction will reach the maximum
rate in a period of time, called the TMR,; and TMR, , for
pseudoadiabatic and isothermal conditions, respectively [46,
56]. An increase in the reaction rate indicates that the reac-
tion is resistant to control by external factors, suggesting that
the TMR,; and TMR;, at the highest storage temperature
are the most important features for determining the reaction
time required for process operation or emergency response.
TMR,,; and TMR, , can be obtained by adiabatic or iso-
thermal calorimetry techniques, such as the vent sizing pack-
age 2 and the thermal activity monitor, respectively. How-
ever, the instrument itself and the supplies are valuable, and
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Fig.3 Thermal curves of heat 7 .
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Table2 Non-isothermal data OPs Heating rate Melting Exothermic
from DSC tests of BPO, HTP-
65W, and LPO at 0.5, 1.0, 2.0, Substance Mass/mg ~ f/°C min~! T,/°C  AH/Jg™'  Ty°C  AH/Jg!
and 4.0 °C min™
BPO 75 mass% 5+0.2 0.5 - - 91 1087
1.0 - - 95 1031
2.0 - - 102 1247
4.0 - - 106 1065
HTP-65W 98 mass% 2.5+02 0.5 68 -52 83 1142
1.0 65 -53 86 1115
2.0 67 =51 92 1136
4.0 68 54 95 1223
LPO 98 mass% 5+£0.2 0.5 45 74 65 555
1.0 46 =77 72 764
2.0 47 =72 72 765
4.0 47 =71 73 786

the experiment steps are time-consuming [13, 57]. Relatively
fast and basic calorimetry, such as DSC, can be efficient for
scale-up.

Regarding chemical processes, TMR,,; have been estab-
lished based on dynamic DSC measurements for the early
stages. Thermal hazards are associated with the energy gen-
erated by decomposition, such as heat release or excessive
gaseous products damaging external structures. From [10],
the decomposition mechanism combined with mathematical
models leads to the specific thermokinetics for the Thermal
Safety software [58] and the Kinetics software developed
by the Netzsch Group [27, 43]. The thermal hazard model is
simulated by the inherent kinetics model with DSC data. The
consistent adiabatic temperature rise can also be estimated.
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Thermal stability determined by time to conversion
limit, self-accelerating decomposition temperature,
control temperature, and emergency temperature

If the material is stored at a higher ambient temperature, the
reaction rate will rise in a short time and cause thermal runa-
way. However, long-term storage may still cause potential
safety hazards. The self-reaction characteristics of the sub-
stance itself are combined with a large number of material
environments, and the heat accumulation of the material will
also gradually increase the reaction rate, which will eventu-
ally cause uncontrolled reactions. Therefore, by evaluating
the amount of material consumed by the reaction at a certain
level in a certain period of time (time to reach the conversion
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Fig.4 Comparisons of BPO,
HTP-65, and LPO heat produc-
tion rate versus time curves at
heating rates of 0.5, 1.0, 2.0,
and 4.0 °C min~! obtained by
experiments and simulations
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limit, TCL), the danger of the reaction that may be caused by
the current ambient temperature can be determined.

The degree of hazard of self-accelerating decomposi-
tion reactions of substances mainly depends on ambient
temperature and the form of packaging. According to U.S.
Department of Transportation Pipeline and Hazardous
Materials Safety Administration with Title 49 of the Code
of Federal Regulations, Subchapter C, “Hazardous Materi-
als Regulations” Parts 171.22, self-accelerating decompo-
sition temperature (SADT), control temperature (CT), and
emergency temperature (ET) are utilized for evaluating the
thermal safety conditions. Based on the definition of SADT
[22, 59-63], we combined the kinetic models obtained in
“The mechanism of the decomposition of BPO, LPO, and
HTP-65W” and “Simulating thermal behavior under process
conditions” sections, and the exothermic models of OPs in
different environmental systems are simulated with Eq. (16)
for describing SADT:

dr _ 4 (T —AH, da
= — (16)

a7 _ A (0T, §£> N

dt pC,\ox* rox C, dt
where C, is the sample heat capacity, 4 is the thermal con-
ductivity, p is the density of OPs, x is the package radius, and
g is a geometry factor that varies by the type of packaging.
Furthermore, AH, and da/dt were determined from DSC
and “Scale-up and critical runaway parameter analysis by
kinetics-based modeling” section [37, 48, 60], respectively.
The values of CT and ET depend on SADT [48]. When the
ambient temperature exceeds the value of CT, the packaging
of the material may not be suitable for storage and transpor-
tation. Temperatures above the ET require urgent measures
to address imminent thermal hazards.

Results and discussion
DSC results for the kinetic approach

The thermal curves of three OPs, BPO, HTP-65W, and LPO,
as shown in Fig. 3, displayed thermal behavior typical of a
solid sample that had an endothermic peak arising from the
phase change during the decomposition processes listed in
Table 2. Using LPO data as an example, the experimental
curve acquired at 4 °C min~! illustrated the existence of a
melting phenomenon that appeared as endothermic peak at
50 °C; the endothermic value was 71 J~! g. In addition, the
exothermic curve indicated that the onset temperature was
65 °C, and the apex on the thermal curve demonstrated a
maximum heat release of 1.5 mW g~!, which occurred at
120 °C. Through analysis of the exothermic curve, the heat
released by decomposition was 786 J g ~!, revealing the ther-
mal hazard characteristics of LPO.
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Fig.5 Simulation results of two stages (BPO) (HTP-65W) reaction
form into heat production rate with heating rates of BPO and HTP-
65W with 4.0 and 2.0 °C min~!, respectively

LPO had a lower T, than BPO and HTP-65W. This result,
in conjunction with information about the actual operating
conditions of OPs, which are often used at 70—-80 °C, leads
to the conclusion that LPO is more likely to cause reactive
hazards than BPO or HTP-65W.

The identification of possible hazards and risks as early as
possible is essential for the storage and transportation of raw
materials and for production lines. DSC measurements are
useful in this regard because basic thermokinetic parameters
can be rapidly measured with fewer samples, cooperating
nonlinear fitting with flexible space of application to plural-
ity reaction modes and simulated parameters that require
large-scale experiments.
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Table 3. Kinetics parameter Sub. Type Parameter I (ky) E, n n; = AH,
evaluation results of BPO, HTP- . o . . )
65W, and LPO at 0.5, 1.0, 2.0, Units In (1/s) kJ mol Dimensionless Jg
and 4.0 °C min™ BPO Auto+nth  Iststage 31 203 254 042 0.0006 30
2nd stage 42 148 1.9 - - 1200
HTP-65W  Auto Ist stage 37 139 1.57 012  1.37x10% 1113
2nd stage 44 203 0.2 0.2 0.0003 1200
LPO nth 1st stage 30 115 0.9 - - 744

*Only for autocatalysis reaction

Scale-up and critical runaway parameter analysis
by kinetics-based modeling

Based on actual experimental data, reaction kinetic simula-
tions were applied to perform nonlinear fitting. The result
of the fitting of heat production rates is shown in Fig. 4.
According to Figs. 4a, b and 5a, b, BPO and HTP-65W have
multistage reactions that are different from those of LPO,
which proceeds through single nth-order reactions, as shown
in Fig. 4c. The decomposition of BPO involves simultane-
ous autocatalytic and nth reactions; in contrast, the reaction
of HTP-65W comprised two-stage autocatalysis reactions.
The reactions of both BPO and HTP-65W are composed of
endothermic and exothermic processes. Kinetic models can
be used for determining process operation, such as the tem-
perature required for the procedure, reaction rate, and activa-
tion energy, which can further be derived as simulations of

Table 4 Physical parameters of packages for BPO, HTP-65W, and LPO

the reaction mode. The required evaluation parameters are
shown in Table 3.

The simulated conditions in this study involved placing
the OPs into 10 (HTP-65W) and 20 kg (BPO and LPO)
boxes and 20 (HTP-65W) and 50 (BPO and LPO) kg drums
of UN packaging as boundary conditions, which are listed
in Tables 4 and 5. Then, we evaluated the heat transfer situ-
ation between the package and surroundings to assess what
circumstances will lead to runaway reactions and to deter-
mine thermal hazard parameters. The material is separated
from the package by a plastic bag. Incomplete contact may
cause the heat exchange simulation to be different from the
actual conditions.

For the external environment, three kinds of situation
conditions were set: room temperature (25 °C), heat accumu-
lation causing a higher temperature of 55 °C due to improper
heat dissipation, and an external heat source increasing the
temperature to 7.

Package material Size/cm Shell thick-  Filling Density/ g cm™  Specific heat Thermal conductivity
ness/mm height/cm capacity/] g7 K™ coefficient/W m~! K™
20 kg Box BPOand LPO  LxWxH 5.0 35 0.75 1.7 0.3
29x39x46
50 kg Drum RxH19x42 5.0 35 0.75 1.7 0.3
10 kg Box HTP-65W LxWxH 5.0 35 0.75 1.7 0.3
15x20x40
20 kg Drum RxH10x21 5.0 35 0.75 1.7 0.3
Table 5 Boundary conditions of Material Mass/kg  Environment Density/g cm™  Specific heat Thermal conductivity
packages for BPO, HTP-65W, temperature/°C capacity/J g~! coefficient/W m~! K~
and LPO K-
BPO 20 25 55 73 0.96 1.74 0.1
50
HTP-65W 10 25 55 85 0.95 2.00 0.1
20
LPO 20 25 55 73 0.96 1.55 0.1
50

@ Springer



S.-H. Liu et al.

460
4000+
35001
30004
2500
& 20001
3 . N .
S 1500 The time for 90% consumption of
= BPOis <1 day
1000
5004 TR o
0 ‘ ‘ n
~500 . . L I: T .
20 40 60 80 100
Temperature/°C
(a) BPO
800,
700+
600 -
o, 500-
3
8 400 4
&~ 300
200 The time for 90% consumption of
1004 \ HTP-65Wis <1 day
0 e =
20 40 608000
Temperature/°C
(b) HTP-65W
14 -
12 4
10
5 8-
S
N
2 o
4 The time for 90% consumption of
LPOis <1 day
2
0 oo ——n—y
20 40 60 80 100
Temperature/°C
(¢) LPO

Fig.6 Simulation results for the TCL of BPO, HTP-65W, and LPO
at different ambient temperatures and a heating rate of 4.0 °C min™'

The storage, transportation, and reaction safety param-
eters of BPO, HTP-65W, and LPO are shown in Fig. 6 and
Table 6, which contain the determined values of the SADT,
TCL, CT, and ET. In contrast to BPO and HTP-65W, LPO
is immediately consumed (>90%) in one day when the
lower temperature limit (<40 °C). The values of SADT,

@ Springer

Table 6 Results of thermal explosion simulations of BPO, HTP-65W,
and LPO

Material Shape SADT/°C CT/°C ET/°C
BPO 20 kg Box 70 60 65

50 kg Drum 69 59 64
HTP-65W 10 kg Box 44 34 39

20 kg Drum 27 17 22
LPO 20 kg Box 24 9 14

50 kg Drum 24 9 14

CT, and ET being less than 40 °C indicate that LPO has
potential thermal hazards in an environment above this
temperature.

The type of package will appreciably affect the thermal
stability of HTP-65W. Regarding thermal safety for storage
and transportation, SADT, CT, and ET are significant quanti-
tative criteria for describing whether a material should have
its temperature controlled by cooling systems, such as venti-
lation facilities, during storage and transportation. Moreover,
for the larger packaged HTP-65W, heat accumulation may
accelerate the reaction rate by an autocatalytic reaction. It
is necessary to guarantee thermal safety during the storage
and transportation of HTP-65W. Although the state of the
package has no obvious effect on LPO under transporta-
tion and storage conditions, it still needs to be stored at low
temperatures.

The TMR,4 results are shown in Fig. 7. The reaction
rate was significantly correlated with thermal safety. A fast
reaction rate can decrease the process time. However, if the
temperature and pressure increases caused by the heat and
gas products released cannot be appropriately controlled,
the runaway reaction occurred, especially when the process
reached the maximum reaction rate. Therefore, TMR, 4 is an
essential factor in assessing process hazards. Compared to
HTP-65W and BPO, LPO had a shorter TMR,; when tem-
peratures <50 °C. HTP-65W had a relatively longer TMR,,
even if the temperature was > 63 °C. The longer TMR,; also
meant that there is ample time to regulate the process into
normalization. For storage and transportation, the degree
of hazard can be expressed from the highest to the lowest
as LPO>HTP-65W > BPO. TMR,, defines the conditions
under which a material or a process becomes thermally
unstable or a thermal runaway.

Kinetic descriptions of chemical reactions can be used to
estimate their thermal behavior profiles at any temperature.
This procedure can be used for risk analysis of chemical
compounds or processes to ensure safe working conditions
and minimize possible risks to production and actual opera-
tions. The hazard characteristics are consistent with the
runaway conditions of OPs under different temperatures,
as shown in Figs. 8 and 9. When the temperature exceeds
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Fig.7 Simulation results for
the TMR,; of BPO, HTP-65W,
and LPO at different ambient
temperatures and a heating rate
of 4.0 °C min™"
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Fig.8 Simulation results of
runaway reactions of BPO,
HTP-65W, and LPO with box
packaging at different ambient
temperatures
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Fig.9 Simulation results of
runaway reactions of BPO,
HTP-65W, and LPO with drum
packaging at different ambient
temperatures
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a certain level, the decomposition reaction will cause the
occurrence of a runaway reaction. However, in contrast to
LPO, BPO and HTP-65W did not produce runaway reac-
tions at room temperature (25 °C), which must be due to
heat removal efficiency. From the simulation results, the
form of packaging has a significant impact on HTP-65 and
LPO’s thermal safety under runaway conditions. The main
difference is the reduction in time required to reach thermal
runaway. In an actual process, the OPs should be refriger-
ated, and the protection against heat accumulation should be
constantly enhanced. The processes in the chemical industry
with an active decomposition reaction are usually imple-
mented in a high-temperature environment. If the monitoring
of reaction progress is inadequate, even a slight temperature
change may result in thermal runaway due to the extremely
rapid reaction speed.

Conclusions

The data obtained through a series of tests on the thermal
runaway reactions of BPO, HTP-65W, and LPO were ini-
tially studied using a non-isothermal DSC experiment. The
kinetic mode is determined to predict heat transfer on a large
scale based on the reaction parameters of the three OPs. This
approach can be used to reduce the number of cumbersome
and expensive actual-scale experiments. Considering the
thermal behavior of a reaction in a simulation can contribute
to avoiding thermal hazards in real situations.

The characteristic parameters, such as SADT, CT, TMR,,,
and ET, for the thermal decomposition of LPO obtained
by mathematical methods showed that if the temperature
reached 50 °C, the thermal stability decreased; therefore, for
storage and transportation, much attention should be paid to
cooling measurements.

Unlike BPO and HTP-65W, LPO still induced runaway
reactions at temperatures lower than 25 °C. Thus, LPO
should be refrigerated during storage and transportation. To
balance and promote safety measures for the use of BPO,
HTP-65W, and LPO during processes, accident prevention
for BPO, HTP-65W, and LPO during storage and transporta-
tion should be emphasized, as these are the significant and
key issues for the future.
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