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Abstract Having two active peroxide groups, 1,1-bis(-
tert-butylperoxy)cyclohexane (BTBPC) has a certain
degree of thermal instability. It is usually used as an ini-
tiator in a chemical process, and therefore, careless oper-
ation could result in severe accidents. This study
emphasized the runaway reactions of BTBPC 70 mass%
(4.5-5.2 mg), the relevant thermokinetic parameters, and
the thermal safety parameters. Differential scanning calo-
rimetry was used to evaluate the above-mentioned therm-
okinetic parameters, using four low heating rates (0.5, 1, 2,
and 4 °C min~') combined with kinetic simulation
method. The results indicated that apparent exothermic
onset temperature (7,), apparent activation energy (E,),
and heat of decomposition (AHg) were ca. 118 °C,
156 kJ mol™", and 1,080 kJ kg™ ", respectively. In view of
process loss prevention, at the low heating rates of 0.5, 1, 2,
and 4°Cmin~', storing BTBPC 70 mass% below
27.27 °C is a more reassuring approach.
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List of symbols

A Pre-exponential factor in the Arrhenius equation
(S—l Ml—n)

Co Specific heat capacity (J g~' K™")

Ccv Coefficient of variation (dimensionless)

E, Apparent activation energy of reaction
(kJ mol™")

AH4 Heat of decomposition (kJ kg™ ")

k Reaction rate constant (mol L™ s™")

ko Pre-exponential factor of reaction (sT' M)

m Mass of reactant (g)

n Order of reaction (dimensionless)

n; Reaction order of ith stage (dimensionless)

ri Reaction rate of ith stage (g sfl)

SD Standard deviation (dimensionless)

AT, Adiabatic temperature rise (°C)

TCL Time to conversion limit (day)

TER Total energy release (kJ kg™ ")

Text Extrapolated peak temperature of thermal curve
by software of DSC device (°C)

TMR,qs Time to maximum heating rate under adiabatic
conditions (min, h, day)

T Temperature of DSC thermal curve exhibits
maximum enthalpy (°C)

T, Apparent exothermic onset temperature of
decomposition reaction (°C)

T, True peak temperature of thermal curve by DSC
detector (°C)

X Sample mean (variable)

Autocatalytic constant (variable)
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o Degree of conversion (dimensionless)
B Heating rate of DSC experiment (°C min~")
Introduction

Owing to the low dissociation energy, the oxygen—oxygen
in organic peroxides (OPs) easily breaks to form free
radicals at relatively low temperatures [1-3]. As a result,
they are widely used in the polymer industry. OPs are often
used as an initiator to induce the ROe free radical in the
initiation of a polymerization reaction [4]. They are also
recognized for their thermal instability, as they are very
sensitive to heating and mechanical shock. The thermal
instability of OPs has contributed to many fires, explosions,
and thermal runaway incidents worldwide as a result of
heat accumulation, the addition of chemical contaminants,
and mechanical shock, to name a few [5-7]. Incidents can
occur during preparation, manufacturing process, storage,
transport, or usage in industrial transformation [8]. If
accidental contamination and thermal exposure are not
prevented, runaway reactions leading to an accident could
be triggered during any of these stages [9].

1,1-Bis(tert-butylperoxy)cyclohexane (BTBPC) has a
pair of symmetrical oxygen—oxygen peroxide groups as
illustrated in Fig. 1. The most important use of the sym-
metrical diperoxides is as initiators. They form free radi-
cals that can initiate polymer growth from two different
sites within the same fragment, which leads to a double-
ended polymer. Higher molecular weight polymer can be
produced at faster rates than using monofunctional initia-
tors [10]. They are also used as a low temperature hardener
agent for fiber reinforced polystyrene.

BTBPC is one of the most commonly used symmetrical
bifunctional initiators for the commercial production of
polystyrene (PS) and its copolymers. However, little
attention has been devoted to this chemical, and its
thermokinetic and thermal safety parameters have not been
well defined. In 2011, the worldwide amount of PS pro-
duction and demand was about 16.6 and 16.8 megatons,
respectively. In Taiwan, these quantities were 680 and 120
kilotons; surplus PS is exported [11]. OPs will decompose
quickly upon heating or under exposure to light; when the

0 e C(CH

0=0x C(CHg)3

Fig. 1 Structure of 1,1-bis(tert-butylperoxy)cyclohexane
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heat accumulated is excessive, the aftermath could be a fire
or explosion accident [12, 13]. Due to the hazardous con-
sequences of BTBPC decomposition and its extensive use
in the industry, it is very important to know its thermoki-
netic and thermal safety parameters.

In this study, we measured the basic thermokinetic char-
acteristics of BTBPC, and appraised the thermal experimental
data of BTBPC from differential scanning calorimetry (DSC)
using the calorimeter’s accompanying software. Recognized
kinetic equations were applied to calculate apparent activation
energy (E,) at four low heating rates (0.5, 1, 2, and
4 °C min™"). Finally, the thermal safety software (TSS) was
applied for kinetic simulation. We attempted to obtain more
precise parameters for BTBPC thermal decomposition prop-
erties using associated DSC software methods and comparing
kinetic equations with mathematical calculations and simu-
lations. Based on traditional curve-fitting method and chem-
ical process reactor simulation, we could clarify the reaction
type (nth order or autocatalytic reaction) of BTBPC and its
thermal hazard properties. These properties include heat of
decomposition (AH,), apparent activation energy (E,), rate
constant (k), time to maximum heating rate under adiabatic
conditions (TMR,q), total energy release (TER), and time to
conversion limit (TCL) [14—17]. These results are very useful
to prevent fires, explosions, or any other runaway reactions
under chemical processing, storage, and transportation.

Experimental methods
Hazardous sample

Seventy mass percent pure 1,1-bis(fert-butylperoxy)cyclo-
hexane (BTBPC) in iso-paraffin hydrocarbon solvent, the
mainly used initiator of PS in Taiwan’s chemical plants,
was purchased directly from ACE Chemical Corp., Tai-
wan. It was stored in a refrigerator at 4 °C to maintain its
stability and to keep it away from any unexpected heat
exposure. It is a low volatility, yellowish liquid peroxyketal
peroxide. Basic physical and chemical properties of pure
BTBPC are listed in Table 1 [18].

Calorimetric measurements

A calorimetric temperature-programmed screening study in
dynamic modes was completed using a microcalorimeter
(Mettler TA8000 system) and an extra pure nitrogen purge.
The differential scanning calorimetry, a DSC 821° instrument
with a high pressure, gold-plated measuring test crucible
(Mettler ME-00026732) [19] was used along with STAR®
software to obtain thermal curves. Crucibles work as con-
tainers for samples during thermal analytical measurements;
a high pressure gold-plated steel crucible can withstand
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Table 1 Basic physical and chemical properties of BTBPC [18, 28]

Characteristic BTBPC

CAS no. 3006-86-8
Chemical formula C14H2504
Molecular weight 260.37 g mol ™
Active oxygen contain 8.61-8.73 %

0.0003 max%

65 °C (SADT)

n20/D 1.435

52-54 °C (0.1 mmHg)

Fe contain
Melting point
Refractive index
Boiling point

Density 0.891 g mL™" at 25 °C
Water solubility Miscible

Storage temperature Refrigerator +4 °C
Flash point 68.3 °C

ADR/RID* UN 3103 5.2
EINECS” 221-111-2

Hazard codes O (oxidizing), N (dangerous for

the environment), T (toxic)

? European Agreement Concerning the International Carriage of
Dangerous Goods by Road (ADR)/Regulation Concerning the Inter-
national Carriage of Dangerous Goods by Rail (RID)

b European Inventory of Existing Commercial Chemical Substances
(EINECS)

relatively high pressure about 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 seal the crucible.
These crucibles can only be used for one measurement. The
temperature and enthalpy for the DSC device were calibrated
with indium and zinc as standards. The standards’ sample
masses were selected to be about 6.0 mg with a heating rate of
4 °C min~ .. Through these tests, we could validate that the
apparent exothermic onset temperature and enthalpy change
were located in the range of interest.

DSC is the prevailing thermoanalytical device that is
used to detect the temperature difference between the
sample and reference. First, the DSC has to be blank sta-
bilized for at least half an hour, then the sample crucible is
put onto the heating plate and started. After the test, the
crucible mass is measured again, to verify there was no
leakage during the experiment. To assess the sensitivity of
thermal equilibrium [20], we used four low heating rates
(p), including 0.5, 1, 2, and 4 °C min~!, in the dynamic
mode of operation with nitrogen (50 mL min™') as the
purge gas. About 4.5-5.2 mg of the sample was used for
acquiring the experimental data. The range of temperature
rise for each test was to be from 30 to 300 °C.

Kinetic models

When a sample decomposes in the DSC, the reaction pro-
ceeds at a rate changing with temperature, and the type and

location of the peak vary with the heating rate. Kissinger [21]
proposes a possible method for calculating the apparent
activation energy (E,), for a simple decomposition reaction
regardless of reaction order, by making a number experiments
with various heating rates (f§) that generate corresponding
maximum temperatures (7,,), which are the temperatures
where the DSC curve exhibits maximum enthalpy. The Kis-
singer kinetic equation is expressed in Eq. (1) [21].

ln<ﬂ> __ L +A, (1)

T2 " RT,

where T, is the Kelvin temperature corresponding to the
maximum enthalpy change in the DSC exotherm at a heating
rate (f3), R is the gas constant (R = 8.314 J mol ™! Kil), and
A is the pre-exponential factor in the Arrhenius equation. We
can obtain E, from the slope of the linear plot of In(f/ T2)
against 1/T,,. There are two sets of temperature data we can
use Ty, to calculate E, obtained from the DSC test. DSC curve
displays the true peak temperature (7},), which was detected
from DSC. The other is extrapolated peak temperature (7.y,),
the intersection of the tangent drawn at the point of greatest
slope on the right and left leading edge of the exothermic
peak with each other, which was extrapolated from the curve
of the reaction by STAR® software.

Ozawa [22] and Ravi et al. [23] suggest a similar method
to Kissinger, which relates logf to the inverse of maximum
temperature (7},). Identically, we can also compute both E,
and A for the curing process of BTBPC. The Ozawa kinetic
equation is shown in Eq. (2). Utilizing the slope of the In(f})
versus 1/T,,, E, value can be similarly obtained too.

Ey
RTy,

logf = —0.4567 +A. (2)
We also applied the kinetic simulation model to determine
the thermokinetic parameters based on the experimental
data of time (s), temperature (°C), and heat power (mW).
All the experimental data were processed and evaluated by
applying TSS, including TDPro and ForK software, which
was developed by ChemlInform Saint Petersburg (CISP)
Ltd. [16, 24]. The method was thoroughly developed by
Kossoy and Akhmetshin for the creation of a thermokinetic
model and the algorithms that are adopted [25, 26]. If these
experimental data were fitted, the thermokinetic parameters
were extracted. Results were obtained using Kissinger’s
method, Ozawa’s method, STAR® software, and TSS
software. Comparison of the results improves the under-
standing of the thermokinetic parameters and thermal
decomposition reaction type of BTBPC.

Thermal safety parameters

OPs are well known, possessing thermal sensitivity hazards
in chemical process, storage, and industrial transformation.
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Avoiding fires, explosions, and runaway reactions is the
best engineering practice to prevent environmental pollu-
tion, human casualties, and property damages. Precisely
determined thermal safety parameters can facilitate engi-
neers in making the right and prudent strategic decisions,
when an OP is on the verge of a runaway reaction. In this
study, we investigated three important safety parameters,
TMR,4, TER, and TCL of BTBPC, according to the
methodologies proposed by Townsend and Tou [27]. The
results of these safety parameter studies provide a basis for
preventing BYBPC runaway reactions.

TMR,4 is the time for a reaction to reach its maximum
rate under adiabatic conditions starting from various tem-
peratures. Dependency of this time on the defined initial
temperature of BTBPC is assessed from the results of
simulations of a reaction excursion. TMR,4 was proposed
by Townsend and Tou, who derived two analytical
expressions shown in Egs. (3) and (4) [27].

RT?
TMR,y = — ¢ Fa/RT 3
A= AE AT, (3)
AH
AT,y = — =9, (4)
CP

where AT,q is the adiabatic temperature rise, C,, is the spe-
cific heat capacity, and AH, is the heat of decomposition
which we also identified as total energy release (TER). Since
AH, is negative for an exothermic reaction, C,, is positive;
therefore, the value of AT, is positive. The major limitation
of this method is that the formulas are valid only for a single
exothermic peak, nth order reactions. TMR,4 can be properly
determined merely by applying a kinetic-based simulation.
We can use the same method, Kinetic-based simulation, to
determine TER and have adopted it in the present study.

At a constant set temperature, the conversion of a reactant
reaches a certain predefined value; the conversion limit. This
time, called TCL, is a useful index for appraising the thermal
stability of a substance. Taking long-term storage as an
example, it can be chosen as the maximum permissible time
during which the conversion of the product does not have any
significant impact on the product quality. In this study, 10 %
was set as the conversion limit value.

Results and discussion
Fundamental thermal analysis

A microcalorimeter (DSC), coupled with its built-in
STARS® software, was adopted to obtain thermal curves and
other thermokinetic parameters from the BTBPC. Four low
temperature-programmed heating rates (f) are used in this
study, 0.5, 1, 2, and 4 °C min~!. Each sample weighed
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Fig. 2 Thermal curves of heat flow versus temperature on BTBPC at
heating rates of 0.5, 1, 2, and 4 °C min~! by DSC

between 4.5 and 5.2 mg. Figure 2 demonstrates the four
thermal curves at the various heating rates. These curves
show very clearly that the thermal decomposition has only
one single, strong, and smooth exothermic peak. Numeric
results are provided in Table 2. Increasing f from 0.5 to
4 °C min~" resulted in almost the same apparent onset
temperature (7,, 123, 112, 116, and 122 °C). However,
peak temperature (75, 125, 132, 139, and 147 °C) and
extrapolated peak temperature (7., 129, 133, 140, and
148 °C) obviously increased with f5. Furthermore, apparent
activation energy (E,, ca. 139, 141, 148, and
142 kJ mol_l), heat of decomposition (AHy, ca. 1074,
1123, 1090, and 1031 kJ kg_l), and the other thermoki-
netic parameters, such as pre-exponential factor (k,) and
the order of reaction (n), all did not show a significant
difference.

Kinetics parameter analysis

Kissinger [21] established a simple expression between the
heating rates (f3) as a function of E, and T,. By plotting the
data of ln(ﬁ/Té) versus the inverse of T,,, we can obtain E,
easily by Kissinger equation. Ozawa [16] suggests a similar
method to estimate E, from the slope of logf versus 1/T,.
Kissinger and Ozawa equations have been shown as Egs.
(1) and (2) in the above section of experimental and
methods. As defined earlier, T}, and T, are two different
ways we received from the DSC. They could both deemed
to be a T,,. Table 3 summarizes these parameters for Kis-
singer and Ozawa equations.

We took Ty as Ty, and plotted the data as shown in
Fig. 3. According to the slope of Egs. (1) and (2), we
acquired the activation energies: 141.68 kJ mol™" (Kis-
singer’s method, R? = 0.98) and 141.23 kJ mol ™!
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Table 2 Thermokinetic parameters derived from the DSC built-in software STAR® on BTBPC
B/°C min™! ml/mg T,/°C T,/°C Tl °C E,/kJ mol™! Ink, n AHy/KJ kg™!
0.5 4.5 123 125 129 139.0 £ 0.2 34.99 £ 0.01 0.95 + 0.002 1,074
1 4.6 112 132 133 1415 £ 0.2 35.66 £ 0.01 0.96 + 0.002 1,123
2 52 116 139 140 1483 £ 0.3 37.63 £ 0.01 0.98 + 0.003 1,090
4 5.0 122 147 148 1427 £ 0.1 35.84 £ 0.01 0.99 + 0.002 1,031
Table 3 Relevant information for Kissinger and Ozawa equations
B/°C min™"' logf T,/K T../K UT/K™! UT /K™ In(B/T}) In(B/T%,)
0.5 —0.3010 397.71 402.16 2.51E-3 2.49E-3 —12.66 —12.69
0.0000 404.76 406.06 247E-3 2.46E-3 —12.01 —12.01
2 0.3010 411.81 412.98 2.43E-3 242E-3 —11.35 —11.35
0.6021 420.05 421.30 2.38E-3 2.37E-3 —10.69 —10.70
(a) -10s- activation energy is considerably reduced from 141.68 to
. 115.02 kJ mol™' (Kissinger’s method, R? = 0.99) and
y=-17041 x + 29.82 3 , 2
_11.04 R =098 141.23 to 123.50 kJ mol™" (Ozawa’s method, R” = 0.99).
Moreover, these results are remarkably different from
1154 STAR® software. Therefore, we believe that Ty, is more
ﬁ suitable than T}, as the real Ty, of this thermal decomposi-
§C> 12,04 tion reaction.
~12.5+ Kinetic model simulation
n
-13.0 ; ; ; ; ; ; ) However, excluding the DSC built-in software STAR®, we
0.00236 0.00238 0.00240 0.00242 0.00244 0.00245 0.00248 0.00250 could not acquire any information but the apparent acti-
Tex /K : i oar? )
vation energy (E,) from Kissinger’s and Ozawa’s equa-
tions, such as n, k, and AHy. Therefore, we used TSS
(b) ood s simultaneously, including TDPro and ForK, to simulate
y=—7758 x+19.05 and compare the other thermokinetic parameters mentioned
04 R~ =09%8 previously. According to all of these data, we could easily
confirm those thermokinetic parameters of BTBPC.
02 There are two possible models of decomposition reac-
2 tion that we could set in TSS for kinetic analysis: One is
2 004 the nth order reaction, and the other is autocatalytic reac-
tion [15, 24]. These two models are explained below.
o2 If a single-stage reaction rate is dependent only on its
- reactant concentration, and not on its products, then we call
T it as an nth order reaction. The decomposition reaction is
0.00236 0.00238 0.00240 0.00242 0.00244 0.00246 0.00248 0.00250

1,1

T /K

ext

Fig. 3 Calculated E, with two different methods. a Plot the data of
ln([)’/Tgxt) versus 1/T, by Kissinger equation and b plot the data of
logf versus 1/T. by Ozawa equation

(Ozawa’s method, R? = 0.98). These results are similar to
those from the DSC built-in software STAR® on BTBPC
(see Table 2). But if we take T, as Ty, the apparent

expressed below:

A — B reaction of nth order with respect to A

The reaction rate (r;) by this kinetic model may be
expressed by Eq. (5):

r = koe BX(1 = 0)", (5)
where k, and E, denote the pre-exponential factor and
apparent activation energy of the nth order reaction. R is

the gas constant (R = 8.314 J mol ™' K1), o is the degree
of conversion, from O to 1, and #n is the order of reaction.
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Table 4 Thermokinetic parameters of nth order and autocatalytic reaction evaluated from simulation

B°C min™'  Ink, E,/KT mol ™" n n n, zx E5  AH/KI kg™' k* x Ell/mol L™' ™!
nth auto nth auto nth auto nth auto nth auto
0.5 39.26 23.98 152.83 102.12 1.09 0.95 0.32 2.00 1097.49 1096.95 6.60 1.64
1 40.22 23.40 156.41 99.68 1.07 0.92 0.36 24.55 1119.63 1118.97 3.95 2.53
2 40.74 15.45 158.59 71.79 1.07 0.84 0.54 0.30 1097.78 1096.89 2.72 82.32
4 39.80 18.87 156.17 82.91 1.08 0.89 0.46 0.59 1009.91 1012.52 2.85 26.54
X 40.01 20.43 156.00  89.13 1.08 090 0.42 6.86 1081.20 1081.33  4.03 28.26
SD 0.63 4.03 2.38 14.37 0.01 0.05 0.10 11.82 48.65 47.04 1.80 37.84
CV/% 1.57 19.72 1.52 16.12 0.89 5.21 23.65 172.25 4.50 4.35 44.66 133.92
* k = exp(Inko — £20000) "7 = 293 15 K, R = 8.314 J mol ' K™
If the reaction product itself is the catalyst for that 1200
reaction too, this chemical reaction is said to have under- 1 Exo yz A
gone autocatalysis, or be an autocatalytic reaction. The — 10007 r \;
decomposition reaction is expressed below: 2 05 C min”, ourve fiting
. 3 — 8004 — 2 0.5°C min™, experimental
A — B autocatalytic reaction = ]
The reaction rate (r;) by this kinetic model is expressed % 600 - 1.0°C min™, curve fitting
by E 6): =1 i — v 1.0°C min~ ', experimental
y Eq. (6): 3 w0
—E,/RT n S‘ 2.0°C min™, curve fitting
ri = ko€ / (1 - OC) I(O{nz + Z)7 (6) o A 5 2.0°C min™, experimental
. T 200
where k,, E,, R, and o were defined above, z is the auto- | 4.0°C min”" curve fitting
catalytic constant, n, n, are the reaction orders for reactant 0 o 4.0°C min™, experimental

A and product B, respectively [15].

We employed the coefficient of variation (CV), a sta-
tistical measurement of the dispersion of data points around
the sample mean, to compare the degree of variation from
one data series to another. CV represents the ratio of the
standard deviation (SD) to the sample mean (X). The lower
the CV of the data set, the smaller differences they have.
We compared the results of thermokinetic parameters of
nth order with those for autocatalytic, which were evalu-
ated from the simulation software, to estimate which was
the more probable simulation model of the decomposition
reaction of BTBPC and to estimate its thermokinetic
parameters. As presented in Table 4, the heat of decom-
position (AH4) has nothing to do with the type of kinetic
model, because they have the same heat value and SD in
nth order and autocatalytic reaction. Apart from this, the
lower the CV value, the more probable a decomposition
reaction is. Table 4 includes the thermokinetic parameters
of nth order reaction, such as Ink,, E,, n, AHy, and k, and all
have lower CV values than the autocatalytic parameters.
This indicates the nth order parameters are more precise
and closer to their mean value. However, the autocatalytic
parameters including n;, n,, and z were random and scat-
tered. Since the nth order reaction had smaller CV values
than those for the autocatalytic reaction, we have strong
evidence that the thermal decomposition reaction of
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Fig. 4 Heat production versus time with kinetics-based curve-fitting
on BTBPC at heating rates of 0.5, 1, 2, and 4 °C min~! by DSC

BTBPC is nth order. These values of the thermokinetic
parameters were almost the same as we obtained using the
built-in software STAR® of DSC, as demonstrated in
Table 2.

The values of thermokinetic parameters, such as Ink,,
E,, n, and AH,, have no significant correlation with heating
rates in the nth order. As listed in Table 4, the CV of all
thermokinetic parameters was less than 5 %, except that for
the rate constant (k) was about 45 %. It means that the
derived rate constants were influenced by the heating rate.
When the heating rate was higher, the rate constant became
smaller. There was a negative correlation between rate
constant and heating rate. The reaction rate became slower
and T, of reaction became higher at high heating rate.
However, its T, did not shift to a higher temperature (see
Table 2).

Figures 4 and 5 show the thermal curve of heat pro-
duction and heat production rate versus time evaluated with
kinetics-based simulation method. They clearly reveal that
when the heating rates were raised from 0.5, 1, 2, to
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Fig. 5 Heat production rate versus time with kinetics-based curve-
fitting on BTBPC at heating rates of 0.5, 1, 2, and 4 °C min~! by
DSC

4 °C min~!, the times at which the BTBPC decomposition
and release energy were detected about 116, 64, 30, and
20 min, respectively. As expected, not only was the time
shortened, but also the slope of these curves was sharper.

Thermal safety parameters analysis

TMR,y, TER, and TCL are important thermal safety
parameters during the process, storage, and transport of
energetic materials. The hazard potential of BTBPC can be
analyzed further by comparing the values of these param-
eters. Table 5 shows the dependencies of TMR,4, TER, and
TCL on temperature calculated on the basis of the kinetic
simulation models. At 0.5 °C min~' heating rate, the

Table 5 Thermal safety parameters of nth order reaction evaluated from simulation at heating rates of 0.5, 1, 2, and 4 °C min~

1681
150000
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Fig. 6 Simulation curves of TMR,q4 versus temperature on BTBPC at
heating rates of 0.5, 1, 2, and 4 °C min~! by DSC

calculated TMR,q4 could exceed 144,000 min (100 days) at
the temperature equal to or lower than 27.27 °C. At
100 °C, TMR,4 dropped to 5.37 min. When the heating
rates were 1, 2, and 4 °C min_l, the calculated TMR 4
could exceed 144,000 min (100 days) at higher tempera-
ture 34.55 °C. Moreover, at 100 °C, when the heating rates
increased from 1, 2 to 4 °C min~', the calculated TMR 4
was also increased from 6.26, 7.54, to 9.85 min. As pre-
sented in Fig. 6, if temperature is higher than 34.55 °C, the
f predicts a shorter TMR,q4. In contrast, in each heating rate
alone, the higher temperature will cause TMR ;4 to become
shorter.

TER also has the same results as shown in Table 5. At
0.5 °C min~! heating rate, BTBPC released the maximum

1

Temp./ S = 0.5°C min~' B =1°C min~' B =2°C min~' B =4 °C min~'
c TMR,4/ TER/ TCLY  TMR,4/ TER/ TCLY  TMR./ TER/ TCLY  TMR,/ TER/ TCLY/
min kI kg™' day min kI kg™' day min kI kg™'  day min kI kg™ day

20.00  144000.00 0.65 3652.50 144000.00 0.39 3652.50 144000.00 0.26 3652.50 144000.00 0.25 3652.50
27.27  144000.00 3.37 3652.50 144000.00 2.00 3652.50 144000.00 1.33  3652.50 144000.00 1.25 3652.50
3455  128027.50 1097.00 1052.50 144000.00 15.13 1513.79 144000.00 8.13 2110.55 144000.00 7.13 2085.62
41.82 33817.28 1097.00 264.94 48841.66 1120.00 368.94 67037.18 1098.00 504.34  75729.22 1010.00  509.39
49.09 9496.41 1097.00 7098  13297.96 1120.00 95.83  17911.27 1098.00 128.56 20661.86 1010.00  132.59
56.36 2823.55 1097.00 20.15 3838.72  1120.00 26.42 5078.14  1098.00 34.81 5976.46  1010.00 36.62
63.64 885.59 1097.00 6.04 1170.42 1120.00 7.7 1521.86  1098.00 9.97 1825.73  1010.00 10.69
70.91 292.00 1097.00 1.91 375.61 1120.00 2.36 480.39 1098.00 3.01 586.99 1010.00 3.29
78.18 100.90 1097.00 0.63 126.47 1120.00 0.76 159.21 1098.00 0.96 197.99 1010.00 1.06
85.45 36.44 1097.00 0.22 44.54 1120.00 0.26 55.23  1098.00 0.32 69.86 1010.00 0.36
92.73 13.71 1097.00 0.08 16.37 1120.00 0.09 20.00 1098.00 0.11 25.71 1010.00 0.13
100.00 5.37 1097.00 0.03 6.26 1120.00 0.03 7.54 1098.00 0.04 9.85 1010.00 0.05

% The conversion limit value of TCL was set to be 10 %
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Fig. 7 Simulation curves of TER versus temperature on BTBPC at
heating rates of 0.5, 1, 2, and 4 °C min~! by DSC
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Fig. 8 Simulation curves of TCL versus temperature on BTBPC at
heating rates of 0.5, 1, 2, and 4 °C min~! by DSC

energy at the temperature equal to or higher than 34.55 °C.
However, when the heating rates are 1, 2, and 4 °C minfl,
the maximum total energy release temperature will be all
up to 41.82 °C. This is also presented in Fig. 7.

At the 10 % conversion limit value, TCL can be also
listed in Table 5. Including the heating rates of 0.5, 1, 2,
and 4 °C min~!, within the range 20-100 °C, BTBPC
exceeds the upper limit, 3652.50 days (ca. 10 years), at the
temperature equal to or lower than 27.27 °C. The same
with TMR,4 parameter; if the temperature is higher than
34.55 °C, a lower f will predict a shorter TCL. However,
because of the effect of apparent activation energy, no
matter what the heating rate is, a higher temperature will

@ Springer

cause TCL to become shorter. Figure 8 demonstrates that
the lower heating rate will reveal the degree of reaction
more completely.

Conclusions

Thermokinetic parameters and simulation-based reactive
hazard analysis for this study were obtained from the
kinetic model of BTBPC. The following conclusions were
reached from the research conducted.

[1]  All the exothermal curves at four low heating rates
of 0.5, 1, 2, and 4 °C min~' had only one single
strong and smooth exothermic peak under thermal
decomposition.

[2] When f§ was increased from 0.5 to 4 °C min !, T,
was about 118 °C, without significant change. Ty,
shifted from 129 to 148 °C, respectively. The
calculated rate constant (k) became smaller.

[3] We used T,y as Ty, in the Kissinger and Ozawa
equations to estimate E, Here, E, was ca.
142 kJ mol™'. It was better than employing T, as
T,,- This result was also closer to the result of built-
in software of DSC; E, was 143 kJ mol~!. However,
the calculated result from kinetic simulation method
was about 10 % higher; E, was 156 kJ mol L.

[4] According to the TSS and the built-in software STAR®
of DSC, the heat decomposition type of BTBPC is an
nth order reaction, not an autocatalytic reaction.

[5] When the heating rate was raised from 0.5 to
4 °C minfl, the time to detect decomposition was
shortened from about 116 to 20 min. The degree of
decomposition would also be more violent.

[6] When the temperature is higher than 34.55 °C,
bigger f predicts a longer TMR,4, which means
that both f and TMR,4 have a significant positive
correlation. Moreover, when the temperature is
lower than 27.27 °C, no matter what the heating
rate is, TMR,y will all exceed 100 days. Storing
BTBPC below 27.27 °C is a more reassuring and
safer approach if the material is not to be stored in
excess of 100 days.

[71 At the lower heating rate, the degree of decompo-
sition reaction of BTBPC reaching to 10 % is
predicted to be faster.
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