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Abstract

Di(2,4-dichlorobenzoyl) peroxide (DCBP), classified as a diacyl peroxide, is commonly used in silicone rubber manu-
facturing as a crosslinking agent, vulcanizing agent, and polymerization initiator. However, its reactivity or incompatibility
may negatively affect safety requirements and concerns during chemical reactions. This study was conducted to investigate
the properties of DCBP by using differential scanning calorimetry and a literature review. Specifically, thermal decom-
position behavior of DCBP was examined by combining simulations with thermal analysis methods to analyze the
foundation of thermokinetics, such as the peak temperature, heat of decomposition, and apparent activation energy of
DCBP. Based on parameters obtained from the calculations, this investigation was integrated with thermal explosion
theory, which represents a major advancement in the comprehension of behavior between heat release and heat transfer to
the surroundings incorporated into a single differential equation, and a decision was made from a criticality criterion
simultaneously.

Keywords Di(2,4-dichlorobenzoyl) peroxide (DCBP) - Polymerization initiator - DSC - Thermal decomposition -
Thermal analysis
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(o Heat discharge rate by high cooling medium,
kJ min~'

O Heat discharge rate by cooling system, kJ min~"'

O Heat discharge rate by low cooling system,
kJ min~"

Ormax Maximum heat discharge rate, kJ min~"

R Gas constant, 8.31415 J K~! mol™!

R? Coefficient of determination, dimensionless

r Reaction rate, mol L™ ! s7!

S Effective heat exchange area, m>

T Process temperature, K

Ty Apparent exothermic temperature, K

T, Surrounding temperature under cooling system,
K

Tca Critical ignition temperature, K

Tcr Critical extinguished temperature, K

Tinax Temperature at the maximum heat release in
reaction, K

Tm Cutoff point between curves Q, and O, at the
highest and lowest cooling efficient system, K

Tsg Stable point of extinguished temperature, K

Ts Stable point of ignition temperature, K

Tsy Stable point at low temperature, K

Tsu Stable point at high temperature, K

t Reaction time, min

Vv Volume of process instrument, m>

Xa Fractional conversion, dimensionless

Introduction

Forecasts on the demand for organic peroxides (OPs) in the
global market indicate gradual growth, especially in the
Asia—Pacific region. The value of which is predicted to
reach US$ 2.1 billion between 2015 and 2020 [1]. Diacyl
OPs, such as dibenzoyl peroxide, di(2,4-dichlorobenzoyl)
peroxide (DCBP), and dicumyl peroxide are commonly
used as radical initiators or catalysts in polymerization or
crosslinked reactions [2-4]. Most OPs are typically
activeness and instability which can act as a heat source
provided in the polymerization reaction. However, they
also have been reported to incur thermal damage or induce
runaway reactions or explosions during chemical reaction
processes or in oxidation vessels or reactors [5-7].
According to the nine classes of hazardous materials by the
Federal Motor Carrier Safety Administration of the United
States Department of Transportation (U.S. DOT), OPs are
classified into Division 5.2 in Class 5 of hazardous mate-
rials [8]. Hence, safety concerns about OPs must be para-
mount in chemical plants, including transportation, and
storage. DCBP 50.0 mass% in silicone oil is a common
commercial product. DCBP is essentially a solid that is
insoluble in water and slightly unstable to reducing agents,
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acids, and alkalis [9—11]. DCBP is assigned into type D of
OPs following the Globally Harmonized System of Clas-
sification and Labelling of Chemicals UN [12].

A literature review indicated that the thermal hazards of
OPs have been studied, such as benzoyl peroxide, cumene
hydroxide, 1,1-bis (tert-butylperoxy) cyclohexane, lauroyl
peroxide, and methyl ethyl ketone peroxide [6, 7, 13-17].
However, little research exists on DCBP. Therefore, our
main objective was to evaluate the thermal hazard of
DCBP. Differential scanning calorimetry (DSC) was
employed to record thermal decomposition parameters,
such as exothermic onset temperature (7,), exothermic
peak temperature (T,.x), and heat of decomposition or
enthalpy (AH4). We evaluated the thermal decomposition
kinetic of the apparent activation energy (FE,) using a
reaction model [18-22]. Numerical simulation methods are
often used in kinetic evaluations from calorimetric data,
and they provide an appropriate fit [5, 13, 16, 23-27].
Therefore, the curve fitting simulation method was applied
in this study for kinetic evaluation and to obtain the ther-
mal stability kinetic parameters of DCBP. The simulation
involved three major steps for the construction of a kinetic
model of a test sample or an object. First, laboratory-scale
thermal calorimetric experimental data were utilized.
Second, a proper reaction kinetic model was chosen based
on previous experimental data. Finally, the kinetic model
was incorporated into the model of an object and the
behavior of the test sample was predicted from the simu-
lation results, as suggested by Kossoy [28, 29].

Experimental
Samples

DCBP of 50.0 mass% dissolved in silicone oil solvent in paste
form (CAS no. 133-14-2, C;4,HcC40,), other 50.0 mass%
component was poly(dimethylsiloxane), an inert, nontoxic,
nonflammable compound which is most widely used in silicon-
based organic polymer materials. DCBP, which is white to
slightly yellow with faint aromatic odor, was purchased from
Aceox® Chemical Corp. (Taoyuan, Taiwan, ROC) [30]. To
avert a hot external environment and maintain stability, it was
stored in a refrigerator at 8.0 °C.

Differential scanning calorimetry

DSC coupled with STAR® software (DSC821° Mettler
TA8000 system) was applied to measure the heat flow
difference between a sample and a reference, both set on
different pans but in the same furnace [31]. A high-pressure
gold-plated steel seal-tightened crucible was used to resist
the evaporation of the peroxide during scanning. To
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approach thermal equilibrium, heating rates (f§) were set at
0.5, 1.0, 2.0, 4.0, and 8.0 °C minfl, respectively. The
rising temperature range was from 30.0 to 200.0 °C, and
the material mass was set from 3.0 to 5.0 mg. The change
in heat flow versus sample temperature was obtained
through DSC testing, and then Ty, Ty, and AHy were
calculated using STAR®.

Results and discussion
Thermokinetic parameters from calorimetric data

The thermal decomposition parameters from DSC are
presented in Table 1. As illustrated in Fig. 1, the decom-
position of DCBP through DSC at each heating rate
showed one obvious exothermic curve; however, curves at
heating rates of 0.5, 1.0, 2.0, 4.0, and 8.0 °C min~!
demonstrated a swift reduction in the heat release rate as
the temperature (or time) increased, unlike the typical
thermal curves of dynamic DSC experiments [5, 32]. To
compare tests, the ratios of maximum exothermic heat flow
from the highest (22.77 W g~', 8.0 °C min™ ') to the
lowest (1.53 W g_l, 0.5 °C min~") were tested 15 times.
The results showed that DCBP releases high exothermic
heat when under high-temperature conditions or high heat
is supplied from the environment.

Isoconversional differential using the Friedman
method and Flynn-Wall-Ozawa method
to obtain the basic thermal hazard parameters

For simulating for large-scale condition, we used the
nonlinear fitting equations as Friedman method and Flynn—
Wall-Ozawa method to determine E, [22] combined with
curve fitting equation as Kissinger method, which was also
used in this study for calculating A to provide the correct
kinetic parameters of DCBP.

Thermokinetic model is usually considered a particular
reaction model function [24], assuming it represents the
dependence of the conversion on the reaction rate. For
example, the basic thermal parameter E, in the Arrhenius
equation is frequently described as a constant. Yet, the
form of the decomposition reaction is generally intricate;

—— DCBP 50.0 mass%, 0.5 °C min"'
—— DCBP 50.0 mass%, 1.0 °C min™'
—— DCBP 50.0 mass%, 2.0 °C min"'
—— DCBP 50.0 mass%, 4.0 °C min "'
—— DCBP 50.0 mass%, 8.0 °C min"'

25+

204

—

Heat flow/W g™
2 .7

w
1

0

T T T T T T T T T T T T T T T T T T T
70 75 80 85 90 95 100 105 110 115 120 125 130 135 140
Temperature/°C

Fig. 1 Thermal curves of heat flow versus temperature on DCBP 50.0
mass% at five different heating rates (f = 0.5, 1.0, 2.0, 4.0,
8.0 °C min™") by DSC

therefore, the E, and reaction mechanism might be altered
with time or temperature. This means that E, is a variable
that is modified with the progress of the reaction instead of
a constant. E, is usually presented as a constant in the
Arrhenius equation [26]. Nevertheless, decomposition
reactions forms are often complicated; therefore, E, and the
decomposition mechanism may change with time or tem-
perature. Thus, E, may not be a constant value but a
variable depending on the reaction form. However, the
mode of reaction is not necessary in the isoconversional
method.

The isoconversional method requires several kinetic
curves at different temperature programs to perform the
analysis [27]. The data can be calculated by taking the
natural logarithm of the conversion rate formula (da/dr),
externalized into absolute temperature inverse of the
reaction conversion (o) [22]:

() = maaren e~ 575 1)
t ; do
. :0/ dt:%/ Al exp(~ 52 ?

In Eq. (1), E(o) and A(o) represent apparent activation
energy and pre-exponential factors at conversion o, and
A’(2) denotes a value product from A() and f(e), which is

Table 1 Thermokinetic

parameters of DCBP 50.0 mass% B/ °C min”! Mass/mg To/ °C Tmar! °C AHyJ g Onar/W ¢!
by DSC and comparisons on 05 4.6 95.94 96.53 339.29 1.53
maximum heat flow between
lower and high heating rates 1.0 3.1 98.33 99.21 359.10 1.81

2.0 3.1 100.81 102.76 348.39 16.07

4.0 2.1 102.65 104.30 354.95 17.63

8.0 1.1 106.20 107.61 361.10 22.77
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expressed as a variable exponential factor. f{«) is a reaction
equation and has different expressions depending on the
reaction form. However, this method is irrespective of the
reaction form; therefore, f(o) can be can be set as a constant
term. Negative E(a)/R and In(A(o)f(e)) can be represented
as the slope and intercept, respectively. For coordinates,
In(do/dr) and 1/7(¢) were plotted by the x-axis and y-axis,
respectively.

Isoconversional integration using the Flynn-
Wall-Ozawa method

The Flynn—Wall-Ozawa method inherits the advantages
from the isoconversional model, which prevents the errors
caused due to different assumptions on reaction forms.
However, it is limited to the use of a linear variation of the
temperature. Through Flynn—Wall-Ozawa method, a
reaction form can be confirmed as follows [25]:

E
In(p) = 71.0516R—; + constant (3)

Kinetics data at several different heating rates can be
expressed as:

E, E,
1 1.051 =1 1.051
n(fy) +1.05 6RTu1 n(p,) + 1.05 6RTu2
E,
=1 1.0516
n(p;) + Rl
E,
=1In + 1.0516 =... 4
(B 4105160 = (4

where f is the heating rate, E, is the apparent activation
energy, T is the process temperature, and R is the gas
constant. The values of In (f) relative to T-! can be con-
sequently used to acquire the slope as E, in the plot.

Kinetic analysis using the curve fitting method
(Kissinger method)

Recently, the general activation energy, temperature, or
conversion are gradually no longer to be treated as a single
variable, which can define as recombination of processes.
However, the classical notion of obtaining a single number
of apparent activation energy and pre-exponential factor
exemplifying as process condition by a linear fitting
method does not completely lose its attractiveness.

The relative rapidity and convenience for calculating
required parameters are the advantages of the linear fitting
method. The Kissinger method used in this study is based
on the Arrhenius behavior, which requires four or more
experiments at different heating rates, usually between 1
and 10 °C min~' and assumes reaction as first-order
kinetics. Basic thermal properties, such as decomposition
crystallization, and degradation, are widely used to
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estimate from this method [18-20]. The E, and pre-expo-
nential factor A can be determined by comparing the DSC
data values on the y-axis (ln[ﬂ/le,]) with the linear rela-
tionship on the x-axis (1/7},):

B\ . (AR\ E,
In <T§> =In (Ea> - RT, (5)

where A is the pre-exponential factor, f§ is the heating
rate, E, is the apparent activation energy, T is the reac-
tion temperature, Tp is the absolute temperature at the
maximum heat release in reaction, and R is the gas
constant.

The simulation results using the three described methods
are presented in Table 2 and Figs. 2—4. The values of the
variation range of apparent activation energy in different
reaction progress achieved from the Friedman method had
the maximum numerical spacing than Flynn—Wall-Ozawa
method. The single value of activation energy obtained by
Kissinger method was closer to the range of Flynn—Wall—
Ozawa. Here its coefficient of determination was 0.994.
We selected the value calculated by Kissinger method as
the basis for the subsequent simulation of the process
amplification mode.

Scale-up and critical runaway parameter kinetic
analysis

At the beginning of Semenov theory [33, 34], the tem-
perature distribution in the reaction system is assumed to
be unvarying, which is close on homogeneous system of
the container. The heat generating efficiency of a substance
in a container at a fixed volume (V) can be signified as
Eq. (6):

Qg = CIV(—Fb) (6)

where ¢ is the exothermic heat of the reaction and — r;, is
its reaction rate. The rate of reaction represented by
Arrhenius formal is replaced into Eq. (6), and heat gener-
ation can be acquired as Eq. (7):

E,
Qy = AHoa VAC" exp (— R}) (7)

Table 2 Comparison of kinetic parameters with isoconversional and
curve fitting kinetic methods

Method Mathematical model E,/kJ mol ™!
Friedman Isoconversional 120-500
Flynn—Wall-Ozawa Isoconversional 140-280
Kissinger Curve fitting 271
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Fig. 2 Determination of the apparent activation energy of the
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equation
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Fig. 3 Determination of the apparent activation energy of the
decomposition of 50.0 mass% DCBP with the Flynn—Wall-Ozawa
kinetic equation

The heat removal rate from the vessel to the ambient
cooling medium is expressed as Eq. (8):

0. =hS(T—-T,) (8)

where & is the convective heat transfer coefficient of the
ambient medium, and S is the external surface area of the
vessel. T and T, are temperatures of the container and the
cooling medium, respectively.

The heat balance within a fixed volume system can be
found by subtracting heat removal from heat generation, as
presented in Eq. (9):

dTr

pVCp (E) =0, - O 9)

-9.54
B DCBP 50.0 mass%
Linear fitting
—10.0
y = —32644.82615x + 75.74388
R =0.9943
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= -11.54
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Fig. 4 Determination of the apparent activation energy of the
decomposition of 50.0 mass% DCBP with the Kissinger method

The first term on the right indicates the exothermic heat
from reaction, and the second term refers exothermic heat
from system. The overall energy balance in Eqs. (7)-(9)
can be represented as Eq. (10):

dT E,
pVCp (dt) = AH VAC" exp (— RT> —hS(T —T,)
(10)

The reaction order, n, of the decomposition of DCPO is

assumed to be unity. Thus, substituting Eq. (7) into
Eq. (10) with n = 1 yields Eq. (11):

pVC, <“(‘1—f> = Ao VAC, L(f;’%f))} exp (— ,f—T)
—hS(T —T,)
(11)

when (d7/df) = 0 means system in a steady-state situation,
the necessary and sufficient conditions for satisfying the
critical condition of the reaction system are expressed as
Egs. (12) and (13):

Oslr=1. = Orlr=1. (12)
and

49, _ 4o (13)
dT |, dT |,y

However, when (d7/dr) > 0, Q, is greater than O, may
reflect the phenomenon of heat accumulation within the
system, resulting in runaway reaction. Consequently,
Eq. (11) can be rewritten as Eq. (14):

(Tp — TC) Eq
AHiga VAC, |22 exp( — =% ) = hS(T. — T,
ol VAC {(Tp —7)) P\ "Rr, ) =M )

(14)
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By taking into account, the conditions of Eqgs. (12) and
(14) are acquired as Eq. (15):

AH, ot VAC, exp (— ,fT"o) {—1 + E—“Q}f”]
hS = < (15)
(TP - TO)

In addition, Eq. (8) can be written as Eq. (16):

(Tmax - Tc)

)l

From Eq. (15) and (16), we can deduce the system’s
required heat removal efficiency hS.

a

 RTc

AHtOtalVACO |: ) - hS(TC - Ta)

(16)
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The critical temperature, 7., indicates that if the tem-
perature in the system exceeds this value, runaway reac-
tions will be occurring, critical temperature is jointly
determined by the activation energy (E,), temperature of
the cooling system (7,), and the maximum temperature
when reaction has maximum heat generated (7p,.x).

Figures 5-10 show the results of calculating critical
temperatures under different volumes (most of the pack-
aging of standard containers is between V = 25.0 and
50.0 L) for the decomposition reaction of 50.0 mass%
DCBP. T, is set as 323.0, 333.0, and 343.0 K. Consider, for
example, the result of V = 50.0 L. The two critical tem-
perature values can be determined by the two points at
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which the heat removal curve tangent and intersection to
the heat generation curve, which express critical extinction
temperature Tcg and critical ignition temperature Tc,
respectively. Substituting the two values of T, into Eq. (15)
gives the AS value, which is the total heat transfer coeffi-
cient multiplied by the container’s surface area. The values
of AS can be derived into Eq. (16) and performing an
iteration result in another set of temperatures, denoted as
TS,E and TS,I-

The following scenarios can be summarized by changes
in temperature within the system, changes between heat
removal and heat generation, and different cooling effi-
ciencies. For low cooling efficiency of the system, 7¢ g and

Tc; are the intersection points between the line of heat
removal (Q,3) and the heat generated curve (Q,), respec-
tively, Consequently, if the system temperature exceeds
Tc 1, at the same time Q,; < Q,. The reaction system leads
into runaway condition and the temperature is gradually
increased to reach Tcg. However, even if the process
reaction continues to cause the temperature to exceed ¢ g,
then the Q0,3 > Q,, and the temperature will return to Tc .

For high cooling efficiency of the system, Tsg and Ts;
are the intersection points between the line of heat removal
(Qr1) and the heat generated curve (Q,); for this situation,
the heat removal is often higher than the heat generation,
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and even when the temperature exceeds the value of Tgj,
system still does not produce runaway phenomenon.

For the actual process, both situations are not conducive
to the thermal safety of the process and design. In high
cooling efficiency, heat removal can effectively (Q.1)
control heat generation to prevent runaway reaction to
occur; however, if the size of the device is enlarged, the
cost of the cooling system may be too high. At low cooling
efficiency (Q,3), heat removal is less than heat generation
throughout the within process and does not reduce the
possibility of a thermal runaway.

@ Springer

We recommend that the benefits of the cooling system fall
within this range in 0.0213 < AS < 2.2027 kJ min ' K™, and
assume moderate cooling efficiency (Q,3). Three intersection
points can be attained with O, and Q,, which are expressed as
Ts1, Tm, and Ts i, and they represent the stable temperatures at
low, medium and high surrounding temperatures, respectively.
As indicated in curve Q,,, it is difficult to maintain the temper-
ature balance at Ty, as only a slight temperature fluctuation will
break the thermal equilibrium which is conserved at Ty,. It will
no longer revert back to Ty when temperature changes, but will
finish at either the lowest or the highest temperature at Tg;y or
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Tsn, respectively. Therefore, how to define the required heat
removal efficiency and keep the temperature in the system
below the critical temperature is an important basis for main-
taining the thermal safety characteristics of the real process.

Conclusions

For establishing additional thermokinetic parameters of
DCBP 50.0 mass%, we applied curve fitting, isoconver-
sional simulation, and a criticality approach to elucidate the
decomposition reaction. The DSC tests results showed that
DCBP released exothermic high heat under high-tempera-
ture conditions. Therefore, DCBP should be carefully
stored and caution must be taken not to mix with incom-
patible material by accident, such as HNOj; or other acid
and alkaline materials.
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