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Abstract Dicumyl peroxide (DCPO) is usually employed

as an initiator for polymerization, a source of free radicals, a

hardener, and a linking agent. In Asia, due to its unstable

reactive nature, DCPO has caused many thermal explosions

and runaway reaction incidents in the manufacturing pro-

cess. This study was conducted to elucidate its essentially

thermal hazard characteristics. In order to analyze the run-

away behavior of DCPO in a batch reactor, thermokinetic

parameters, such as heat of decomposition (DHd) and exo-

thermic onset temperature (T0), were measured via differ-

ential scanning calorimetry (DSC). Thermal runaway

phenomena were then thoroughly investigated by DSC. The

thermokinetics of DCPO mixed with acids or bases were

determined by DSC, and the experimental data were com-

pared with kinetics-based curve fitting of thermal safety

software (TSS). Solid thermal explosion (STE) and liquid

thermal explosion (LTE) simulations of TSS were applied to

determine the fundamental thermal explosion behavior in

large tanks or drums. Results from curve fitting indicated

that all of the acids or bases could induce exothermic reac-

tions at even an earlier stage of the experiments. In order to

diminish the extent of hazard, hazard information must be

provided to the manufacturing process. Thermal hazard of

DCPO mixed with nitric acid (HNO3) was more dangerous

than with other acids including sulfuric acid (H2SO4),

phosphoric acid (H3PO4), and hydrochloric acid (HCl). By

DSC, T0, heat of decomposition (DHd), and activation

energy (Ea) of DCPO mixed with HNO3 were calculated to

be 70 �C, 911 J g-1, and 33 kJ mol-1, respectively.
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Abbreviations

A Frequency factor (s-1 M1-n)

Atot Total peak area (mJ)

Cp Liquid specific heat at constant pressure

(kJ kg-1 �C-1)

Ea Activation energy (kJ mol-1)

H The DSC signal deviation from baseline (mW)

k Reaction rate (s-1)

k0 Reaction rate of initiation (s-1)

M Mass of reactant (mg)

n Reaction order (dimensionless)

Q Calorific capacity (J g-1)

R Ideal gas constant (8.314 J mol-1 K-1)
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SADT Self-accelerating decomposition temperature (�C)

T Temperature of reaction (�C)

T0 Exothermic onset temperature (�C)

Te Environmental temperature (�C)

Tc Critical temperature (�C)

Tmax Maximum temperature during overall reaction

(�C)

TNR Temperature of no return (�C)

Twall Temperature on the wall (�C)

HTC Heat transfer coefficient (W m-2 K-1)

a Degree of conversion (dimensionless)

b Heating rate (�C min-1)

DHd Heat of decomposition (J g-1)

k Thermal conductivity (J ms K-1)

Introduction

The widespread use of chemicals in the manufacturing

process poses a high risk of illness, injury, disablement,

and even death. According to statistics, most chemical

accidents are due to poor training, insufficient warning

signs, and inadequate material safety data sheet (MSDS)

information as from accident investigation. Therefore, the

United Nations (UN) structured a series system as a com-

mon standard worldwide that was named the Globally

Harmonized System of Classification and Labelling of

Chemicals (GHS).

Accident rate, illness rate, and incident rate of chem-

icals in Taiwan are of a higher percentage than in Japan,

the USA, and the UK. Especially, the accident rate of

explosive materials is higher than others chemicals. The

aim of this study was focused on organic peroxides (OPs)

that were demonstrated as Division 5.2 in GHS. OPs,

which can exothermically decompose, require inherently

safe design during preparation, manufacturing, transpor-

tation, storage, and even disposal. They can release tre-

mendous amounts of thermal energy and result in high

pressure during runaway excursion, leading to fire,

explosion, or toxic release [1–13]. According to Table 1,

three accidents have caused thermal explosions and run-

away reactions by dicumyl peroxide (DCPO) in a batch

reactor in Japan and Taiwan.

DCPO (C18H22O2), one of the OPs, has caused several

thermal explosions and runaway reactions because of its

unstable peroxy bonds (–O–O–). DCPO is white solid

under room temperature and widely employed as initiator

and cross-linking agent for polyethylene (PE), ethylene

vinyl acetate (EVA) copolymer, ethylene propylene ter-

polymer (EPT), and as a curing agent for unsaturated

polystyrene (PS). Small-scale tests (laboratory testing,

research for department of research and development

(R&D) etc.) are necessary and mandatory for loss pre-

vention and damage control.

Differential scanning calorimetry (DSC) was applied to

determine the fundamental parameters including exother-

mic onset temperature (T0), activation energy (Ea), and heat

of decomposition (DHd). The explosion and reaction

development simulations are useful and successful tech-

nologies for practical situations in industries. The therm-

okinetics of DCPO was determined by DSC, and the

experimental data were compared with kinetics-based

curve fitting of thermal safety software (TSS). Solid ther-

mal explosion (STE) and liquid thermal explosion (LTE)

simulations of TSS were applied to determine the funda-

mental thermal explosion behavior in large tanks or drums

[14].

Acids (including nitric acid (HNO3), sulfuric acid

(H2SO4), phosphoric acid (H3PO4), and hydrochloric acid

(HCl)), and bases (involving sodium hydroxide—NaOH)

and potassium hydroxide—KOH) are widely used as cat-

alysts and reactants in chemical industries. For instance,

H2SO4 is applied to catalyze cumene hydroperoxide (CHP)

producing phenol and acetone [12] in chemical industries.

Cumene, CHP, cumyl alcohol (CA), and H2SO4 are applied

to manufacture DCPO in the batch reactor [11]. In parallel,

a few of DCPO can be produced and can be mixed with

H2SO4 in the reactor [11]. Besides, NaOH is usually being

used as neutralizer when H2SO4 is added over process

design, with the temperature increasing suddenly [15].

Therefore, DCPO can be mixed with those acids and bases

at normal or abnormal situation. Consequently, incompat-

ible reaction should be studied to ensure the operational

safety in the chemical industries.

Results from curve fitting indicated that all of the acids

or reactor could induce exothermic reactions at even an

earlier stage of the experiments. In order to diminish the

extent of the hazard, thermal hazard information must be

provided to the manufacturing process. Thermal hazard of

nitric acid (HNO3) mixed with DCPO was more dangerous

Table 1 Selected thermal explosion incidents caused by CHP and

DCPO in Japan and Taiwan

Year Chemical Location Deaths/Injuries Hazard

1981 CHP Taiwan 1/3 Explosiona

1986 CHP Taiwan 0/0 Explosionb

1988 DCPO Japan 0/1 Explosionb

1999 DCPO Taiwan 0/0 Explosionb

2003 CHP/DCPO Taiwan 0/2 Explosionb

2005 DCPO Taiwan 0/0 Explosionb

2008 DCPO Taiwan 0/0 Explosionb

2010 CHP Taiwan 0/0 Explosionc

a Storage; b Reactor; c Oxidation tower
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than with other acids including sulfuric acid (H2SO4),

phosphoric acid (H3PO4), and hydrochloric acid (HCl). The

T0, DHd, and Ea of DCPO mixed with 6 N HNO3 were

calculated to be 70 �C, 911 J g-1, and 33 kJ mol-1,

respectively.

Experimental

Samples

The DCPO of 99 mass% was directly purchased from the

Fluka Co., and both density and concentration were mea-

sured. DCPO is a solid material and was stored at room

temperature in moisture-proof box. The melting point of

DCPO was determined to be 40 �C.

According to Eq. 1, this study has provided the signifi-

cant phenomenon. At the vulcanization temperature,

DCPO, when decomposed homiletically in nonacid med-

ium, will produce cumyloxy radicals.

In the meantime, these radicals were quite unstable.

Consequently, Eq. 2 was applied to describe the reaction

mechanisms as methyl radical and acetophenone produc-

ing. Either the cumyloxy radical or the methyl radical

abstracts a hydrogen atom from the polymer, mainly from

the carbon atom indicated [11].

O O

CH3

CH3

CH3

CH3

O

CH3

CH3
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O
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CH3
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for incompatible reaction determination, HNO3, H2SO4,

H3PO4, HCl, NaOH, and KOH were prepared as 6 N of

concentration.

Differential scanning calorimetry

Dynamic scanning experiments were executed on a Mettler

TA8000 system coupled with a DSC 821e measuring test

crucible (Mettler ME-26732), which is the essential part of

the experiment. It was used to perform experiments for

withstanding relatively high pressure of approximately

100 bar.

Temperature-programmed screening experiments

were performed with DSC. The heating rates (b) selected

for the temperature-programmed ramp were 1, 2, 4, and

10 �C min-1. The range of temperature rise was chosen

from 30 to 300 �C for 99.3 mass% DCPO.

DSC was used to detect the temperature change between

the sample and reference for determining the heat change,

time, and temperature. Roughly 3–8 mg of the sample was

used 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. The DSC test was established as

follows:

The b was selected to be 1, 2, 4, and 10 �C min-1 by

DSC in this study. The b was used as low rate; the reaction

could be detected at a lower temperature. At the same time,

if the b was employed as high rate by DSC, then the T0

determination could be delayed, and the maximum tem-

perature (Tmax) was high. As a result, if b increases, we

could reach the following phenomena [16]:

(a) The temperature at which reaction begins increases

with b.

(b) The exothermic Tmax increases b.

(c) The temperature at which the completion of the curve

reaction occurs increases with b.

(d) The measure of a Tmax increases with b.

Test cell: These gold-plated high-pressure crucibles,

which can be pressed together, have been 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 onto the crucible with a pressure of about a ton,

so that the seal tightens the crucible. A toggle press is used

to close the crucible [17, 18].

The Ea can be calculated using the built-in model of

DSC that can be described as Eqs. 3 and 4. The nth-order

model equation compared with the Arrhenius method of

the temperature function of the reaction rate constant is

[19]

da
dt
¼ k0 exp �Ea

RT

� �
ð1� aÞn ð3Þ

da
dt
¼ H=Atot ð4Þ

where H is the DSC signal deviation from baseline, and Atot

is the total peak area.

Thermal safety software

The TSS includes three groups of the program that corre-

spond to a three-stage approach. We fully exploited the

LTE model of ConvEx ForK (CE-FK) on the TSS to

simulate a thermal explosion on a barrel. Here, CE-FK

provided a 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
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chemical of interest [12]. The reaction mechanism of

DCPO could be represented by the following kinetic

model.

Initiation reaction:

A! B; n-order reaction ð5Þ

Equation 5 can be described as n-order reaction.

where A is a reactant of reaction that was designed as

DCPO; B is the product of reaction.

Equation 6 is the Arrhenius equation [20].

k ¼ A exp �Ea

RT

� �
ð6Þ

where k is the reaction rate, and Ea is the activation energy.

Equation 6 can be described as Eq. 7 in the chemical

reaction. The k is equal to da dt-1 in Eq. 7.

da
dt
¼ k0 exp �Ea

RT

� �
ð1� aÞn ð7Þ

where a is the conversion rate, and k0 is the reaction rate of

initiation. The n is reaction order in Eq. 7. Based on the

experimental data, the thermokinetic parameters including

30 s-1 of k0, 1 of n, 740 J g-1 of Q, and 132 kJ mol-1 of

Ea could be applied to simulate the thermal explosions

under running with the software CE-FK on the TSS from

CISP [12].

Thermal explosion simulation

The simulation project in STE and LET consists of three

main parts:

(1) The configuration and dimensions of a vessel, phys-

ical 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 (Table 2) were selected for simu-

lation; as such, a tank is suitable for use in practice. STE

and LTE allow specifying boundary conditions of the first

(Eq. 8), second (Eq. 9), and third type (Eq. 10). 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 ¼ g1ðtÞ ð8Þ

where g1 (t) denotes a function that gives the time depen-

dence of temperature on the wall.

Boundary conditions of the second type (2nd):

qwall ¼ �k
oT

or wall
¼ g2ðtÞ ð9Þ

where g2(t) represents a function that gives the time

dependence of heat flux on the wall.

Boundary conditions of the third type (3rd):

qwall ¼ �k
oT

or wall
¼ g1 tð ÞðTwall � g2ðtÞÞ ð10Þ

where g1(t) and g2(t) are the functions that provide the time

dependence of the heat transfer coefficient and of the

ambient temperature, respectively [14].

This study simulated various conditions for the barrel,

such as normal storage at 40 �C, runaway reaction tem-

perature condition at 60 �C, early step of external fire

circumstance at 120 �C, and fire conditions at 250 �C. At

storage, the ambient temperature will be equivalent to

room temperature (30–40 �C for summer); the heat transfer

coefficient (HTC) for a barrel staying outdoors without

wind was about 10 W m2 K-1. If we were to evaluate

accidental fire conditions, then the ambient temperature

would be much higher than the cooling failure and the HTC

might also be higher, because, in this case, air moves

around the barrel. We took a temperature of about 250–

300 �C and HTC of about 20 W m2 K-1 to simulate the

fire condition [14].

We divided the barrel into three surfaces: top, side, and

bottom. The boundary conditions on the side and top sur-

faces were assumed to be of the third type. In practice, the

barrel is built on the ground, so that the bottom is in close

contact with the ground. Thus, it was reasonable to define

Table 2 Boundary parameter of CE-FK by various scenarios [14]

Vessel geometry

Dimension Infinite cylinder Z [ 10R Barrel R, Z Sphere R
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conditions of the first type and take its temperature equal to

the ambient one [14].

It should be noted that the simulation was carried out by

assuming that the influence of the shell could be negligible.

The kinetic model created on the basis of the DSC data

completes the project. As the thermokinetic parameters are

listed in this study, the model was transported from the

ForK database.

Results and discussion

Thermal hazard analyses and thermal explosion

simulation of DCPO

In order to determine the thermal hazard of 99.3 mass%

DCPO, DSC under various heating rates was applied to

determine the thermokinetics, as illustrated in Table 3.

Table 3 shows a comparison of thermal curves of decom-

position of 99.3 mass% DCPO with four types of b (b = 1,

2, 4, and 10 �C min-1) by DSC. The initial reaction of

DCPO was endothermic when temperature exceeded

40 �C, which caused a phase change at that moment.

Therefore, DCPO was stored indoors without sunshine.

When the b value was lower, the decomposition reaction

could be detected at a lower temperature. On the other

hand, if b value was higher, then the T0 determined could

delay decomposition, and the Tmax was correspondingly

higher. DCPO decomposed at ca. 110 �C. Table 3 displays

thermokinetic data and safety parameters of 99.3 mass%

DCPO, which were obtained using STARe program of

DSC. T0 of DCPO was about 110 �C. In accordance with

the experimental results, the reaction model was identified

as an n-order reaction.

The Ea was estimated at 132 kJ mol-1 using STARe

program of DSC. As a result, a rapid temperature increase

of DCPO may cause a dramatic decomposition reaction

under external fire conditions. Tables 3 were used for STE

and LTE simulation. The aim of STE simulation was to

determine a package of solid at the environmental

temperature.

According to the recommendations on the Transport of

Dangerous Goods, Manual of Tests and Criteria (TDG) of

the United Nations (UN), the self-accelerating decompo-

sition temperature (SADT) is defined as the lowest ambient

temperature at which self-accelerating decomposition may

occur in organic peroxides or self-reactive substances in

the packaging for transportation purposes [20–24].

The SADT is the lowest environmental temperature (Te)

at which the temperature increase of a chemical substance

is at least 6 �C in a specified commercial package during a

period of seven days or less.

The SADT of DCPO was calculated to be 66 �C in TSS.

All industrial users, producers, or transporters must well

control storage temperature under SADT. Critical temper-

ature (Tc) was defined as the system emergency tempera-

ture. If the controlling temperature exceeds Tc, then the

system will arrive at an unstable situation and build up an

early-step explosion. Tc was determined to be 69 �C in

Table 3 ForK simulation data compared with DSC experimental

results of 99.3 mass% DCPO

Sample data Experiment Simulation

b/�C min-1 Mass/mg T0/�C DHd/J g-1 T0/�C DHd/J g-1

1 5.52 107 666 104 679

2 5.64 110 704 108 698

4 6.02 112 741 110 735

10 5.18 120 813 116 800
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TSS. A process safety engineer must understand Tc and

control the reactor or storage tank, keeping away from Tc.

Figure 1 displays STE simulation by TSS. Environ-

mental temperature in the range of 37–68 �C was analyzed

without explosion development, because the system was

not exceeding Tc. The system was exceeding SADT

(66 �C), and so the system was accumulating heat. In

parallel, Te was set up at 69 �C in STE, and an explosion

time resulted in 140 h. An explosion time at 70 �C of Te

was analyzed as 80 h in STE. At Te values of 120 and

250 �C (fire situation) in STE, the corresponding explosion

times were analyzed as 20 h. According to Fig. 1, STE was

provided to operators for safe storage conditions.

Figure 2 shows LTE simulation under various values of

Te by TSS. We simulated four Te situations: room tem-

perature (37 �C), cooling system failure (60 �C), runaway

reaction situation (120 �C), and external fire condition

(250 �C) of DCPO stored in a storage tank (height 1.0 m

and radius 0.5 m). In cooling failure condition, the ambient

temperature equals room temperature (30–37 �C in sum-

mer in Taiwan), and the HTC for a barrel staying outdoors

with no wind was about 10 W m2 K-1. If we analyzed

accidental fire exposure, then 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
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the fire exposure condition, and HTC could be taken at

about 20 W m2 K-1.

The Te at 37 �C was analyzed as the stable situation for

a storage tank. The Te at 60 �C was determined as the

stable condition without any runaway reaction for a storage

tank. When Te was at 120 �C in LTE, the emergency

response time was 8 h. In this case, Te was used at 250 �C

(fire situation) in LTE; the emergency response time was

less than 2 h.

Reactive hazard evaluation of DCPO mixed with four

typical acids and two fundamental bases

DCPO mixed with various acids are indicated in Fig. 3.

An endothermic reaction at 160 �C was discovered when

DCPO was mixed with various acids. The thermal hazard

of DCPO mixed with HNO3 was more dangerous than with

H2SO4, HCl, and H3PO4. The T0 and DHd of DCPO mixed

with 6 N HNO3 were calculated to be 70 �C and 911 J g-1,

respectively. In order to avoid a thermal runaway reaction

and thermal explosion of DCPO in storage area or reactor,

DCPO must not be mixed with acids. Figures 4, 5, 6, and 7,

respectively, describe the results of the repetition tests of

DCPO mixed with four typical acids, H2SO4, HCl, H3PO4,

and HNO3, by DSC using 10 �C min-1 of b.

According to thermal curves from DSC tests, acid mixed

with DCPO was discovered during the two steps including

an endothermic reaction and an exothermic reaction. In

fact, the endothermic reaction is the phase change (solid to

liquid) of reaction. Therefore, the structure of DCPO was

not attacked by acid under low temperature. However, acid

attacked the structure of DCPO exceeding 100 �C and

caused the DHd rising. The Tmax of mixtures was shifted to

180–200 �C. Results showed that the structure of DCPO

was changed in compatible reaction. The DHd of DCPO

compared with H2SO4 was calculated to be 496 (test 1) and

500 J g-1 (test 2) in Fig. 4. The DHd of DCPO mixed with

HCl was determined to be 595 (test 1) and 567 J g-1 (test

2) as shown in Fig. 5. On the other hand, the process

engineers must take care of HNO3 in chemical industries.

HNO3 caused terrible reaction with the DHd of mixtures

increasing to 1,000 J g-1.

This study was applied to assess the thermal hazard of

DCPO mixed with acids or bases in industry. Thermal

hazards of DCPO mixed with 6 N KOH or NaOH were

evaluated and are shown in Fig. 8. Thermokinetics of

DCPO compared with acids or bases are displayed in

Table 4.
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Table 4 Thermal hazard of DCPO mixed with various acids or bases by DSC under 4 �C min-1 of b

Material Mass ratio T0/�C DHd/J g-1 DHendo./J g-1 Ea/kJ mol ln(k0)/s-1

DCPO NA 110 736 NA 117 26

DCPO ? 6 N HCl 3:1 110 163 874 106 24

DCPO ? 6 N H3PO4 3:1 110 245 319 147 34

DCPO ? 6 N HNO3 3:1 70 911 502 33 4

DCPO ? 6 N H2SO4 3:1 110 285 670 150 35

DCPO ? 6 N NaOH 3:1 110 386 NA 138 32

DCPO ? 6 N KOH 3:1 110 337 NA 143 33
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Conclusions

As a result of this study, five conclusions were reached as

follows:

• A kinetics-based simulation is valuable for determining

the self-heating rate. In practice, numerical simulation

is a unique way to understand the thermal hazards of

reactive chemicals. As far as the degree of hazard under

runaways, our results from curve fitting and experi-

mental data provided evidence to show that the degree

of hazard for DCPO significantly increased when the

concentration increased.

• Thermokinetics determined from the thermal curves

could be employed to assess the thermal explosion

hazard of OPs of interest and to evaluate safety

parameters, such as T0, temperature of no return

(TNR), and SADT.

• When properly maintained at low temperature during

transportation and storage, the refined DCPO, a white

crystalline solid product, will not initiate any prominent

runaway reaction, unless it goes through the melting

stage under high temperature. However, it is likely to

result in accidents in a chemical process under condi-

tions of higher temperature, incompatible substances,

improper temperature control, or human error.

• The DCPO is a white solid that decomposes at 30–

40 �C (solid to liquid). DCPO products must be stored

at room temperature (indoor) without exposure to

sunshine. DCPO decomposes at 110 �C (thermal run-

away reaction). The temperature setting for an alarm

was applied at 70 �C in a batch reactor. In practice,

these data are necessary for safe conditions of appli-

cation, storage, and transportation of a reactive chem-

ical. Future studies will focus on the reaction

mechanism of DCPO analysis in a batch reactor.

Finally, the model program could fit or simulate the

experimental data and the real case, which can save

time and money without loss of safety, to evaluate the

severity of hazards of energetic chemicals.

• Thermal hazard of DCPO mixed with HNO3 was more

dangerous than when it was mixed with H2SO4, HCl,

and H3PO4. For DCPO mixed with 6 N HNO3, T0 was

calculated to be 70 �C by DSC, DHd was determined to

be 911 J g-1 and Ea was calculated to be 33 kJ mol-1.
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