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Abstract
1,1-Bis(tert-butylperoxy)-3,3,5-trimethylcyclohexane (TMCH), an industrial initiator and cross-linking agent comprising

two active peroxy bonds, becomes unstable when specific acids—namely phosphoric acid (H3PO4), sulfuric acid (H2SO4),

nitric acid (HNO3), or hydrochloric acid (HCl)—are added to it. The incompatible reactivity of TMCH with these specific

acids was monitored through differential scanning calorimetry (DSC) and thermal activity monitor III (TAM III). Ther-

mophysical parameters, including exothermic onset temperature, decomposition heat, and peak temperature, were esti-

mated through DSC dynamic testing to obtain the exothermic ranking. Isothermal testing was conducted using TAM III to

estimate the thermokinetic parameters of the mixture of TMCH and a specific acid. A high reaction enthalpy was observed

when TMCH was mixed with H2SO4, HNO3, or HCl due to the characteristic acid-catalyzed reactions. Furthermore, HCl

initiated an earlier onset temperature for TMCH decomposition, and the mixtures of TMCH with HNO3 and HCl presented

multiple thermal curves with complex exothermic peaks. In summary, the thermokinetic parameters and reaction models of

TMCH with specific acids were evaluated to classify the runaway potential.

Keywords 1,1-Bis(tert-butylperoxy)-3,3,5-trimethylcyclohexane (TMCH) � Incompatible reactivity � Acid-catalyzed
reactions � Multiple thermal curves � Thermokinetic parameters

List of symbols
Cp Specific heat capacity (kJ mol-1 K)

dT/dt Self-heating rate (�C min-1)

Ea Apparent activation energy

(8.314 J K-1 mol-1)

ki Rate constant ((mol L-1)-n?1 s-1), i = 1, 2…
k0 Frequency factor ((mol L-1)n-1 s-1)

k(T) Specific rate constant at temperature T ((mol

L-1) -n?1 s-1)

m Mass (g)

N Reaction order (dimensionless)

ni Reaction order of the ith stage (dimensionless)

R Universal gas constant (8.314 J K-1 mol-1)

Q Heat flow (W g-1)

T Absolute temperature (�C)
T0 Apparent exothermic onset temperature (�C)
Tmax Maximum temperature (�C)
Tp Peak temperature (�C)
t Time (s)

t0 Initiated time of reaction (s)

tf Time of reaction completed (s)

z Autocatalytic constant (dimensionless)

a Degree of conversion (dimensionless)

b Heating rate (�C min-1)

DH Enthalpy of reaction (J g-1)

DHd Heat of decomposition (J g-1)

[TMCH] Concentration of TMCH (mol L-1)

Introduction

Thermal unstable chemicals, such as organic peroxides

(OPs), readily mix with acids, alkalis, or metal ions.

However, these unstable chemicals are known
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contaminants that cause thermal runaway scenarios when

exposed to heat. Even a low concentration of contaminants

and low heat accumulation can trigger such a complex heat

phenomenon with these chemicals. During this uncontrol-

lable thermal reaction of OPs, a large amount of energy is

released, which may result in an explosion [1–3]. The

complex heat phenomenon is due to peroxy functional

groups, which are crucial for activating an oxidation

reaction, and the cleavage of peroxy bonds, which are

lightly susceptible to thermal and photolytic reactions,

which generate enormous amount of heat [4–9].

Studies have reported that OPs exhibit high thermal

sensitivity, catalytic activity, and energetic bonding. Thus,

a free radical chain reaction occurs, and the rate of

exothermic reaction increases. However, thermally run-

away potential may be occurred when OPs were added

with incompatible impurities. If a regulative disposal

management of such impurities is not adopted, then such

mixtures may be formed and thus decomposition reactions

may occur. These mixtures formed can react with liberated

oxygen molecules and form peroxide solvents, thus leading

to a complicated decomposition reaction [10–12]. OPs are

a subset of catalytic materials that deserve unusually

industrial importance but they also have instability con-

cerns that make them the most thermally decomposing

chemicals.

1,1-Bis(tert-butylperoxy)-3,3,5-trimethylcyclohexane (TMCH) is

a cross-linking agent used to synthesize styrene and polyethylene

and to initiate polymerization, that is, TMCH is used as an activator

in process manufacturing. The formation of free radicals induces a

rapid autocatalytic decomposition, thus causing an exothermic

runaway reaction that is followed by combustion or explosion.

TMCH—a highly sensitive, exothermic, and unstable nature with

its complex and unstable structures—needs to be fully understood

the temperature induced the decomposition and increased exother-

mic rate. In contrast, contamination initiated decomposition and

released hazardous by-products. An appropriate thermal safety

evaluation should be applied while preparing, manufacturing,

transporting, storing, and discarding. Previous studies have primarily

focused on the heat of decomposition and the order of the reaction

for pure TMCH [13–15]. The high enthalpy of TMCH causes

thermal runaway; simultaneously, the evaporation and gasification

processes lead to the formation of unstable by-products. Tempera-

ture elevation has a salient accelerating effect on the reaction rate.

Hence, when working with TMCH, the temperature should be

carefully monitored to avoid initiation of the exothermic reaction.

Moreover, the metal-ion-catalyzed reactions of TMCH with CuCl2
and FeCl3 were readily cleaved to the peroxide bond by electron

reduction, thus causing high heat flux during thermal decomposition

[16–19]. In addition to heat sources and elevated temperatures,

contaminants such as rust or metal ions can initiate thermal

decomposition of TMCH and accelerate thermal runaway reactions.

An unexpected exothermic reaction is one of the most

common hazards, which could be prevented if the

exothermic mechanisms are clearly understood. Thermal

analysis is crucial to improve the safety management for

TMCH. To classify the thermal hazards that occur when

strong acids are mixed with TMCH, we evaluated thermal

decomposition characteristics and acid-catalyzed reactions

when TMCH reacted with four acids separately—phos-

phoric acid (H3PO4), sulfuric acid (H2SO4), nitric acid

(HNO3), or hydrochloric acid (HCl). Furthermore, dynamic

scanning calorimetry (DSC) and isothermal calorimetry

tests were conducted to analyze the thermal decomposition

characteristics and various acid-catalyzed hazards. Ionic

acids have a tendency to donate hydrogen ions during

reactions in which heat and gases are generated. The

kinetic variables in the acid-catalyzed reactions of TMCH

were crucial in determining the rate of a reaction. The

enthalpy (such as the heat of decomposition) and the

reaction rate determine the rate of heat released; this

released heat must be monitored to control the incompat-

ible behaviors of TMCH. Both calorimeters, DSC and

thermal activity monitor III (TAM III), were used to cal-

culate the dynamic heat flow (Q), apparent onset temper-

ature (T0), time to maximum rate under an isothermal

conditions (TMRiso), and reaction induced period (ti). The

kinetic data, such as apparent activation energy (Ea), fre-

quency factor (k0), and reaction order (N) of TMCH under

various isothermal conditions during acid-catalyzed

decomposition, were evaluated using TAM III. On the

basis of these results, thermokinetic models were devel-

oped to determine the reaction rate of TMCH with the

aforementioned acids and the influence of impurities on the

reaction rate.

Experimental

Materials

In the present study, commercial-grade TMCH (ACE

Chemical Corp., Taiwan; 88.0 mass%) and various specific

acids (H3PO4, H2SO4, HNO3, and HCl) were used as the

reaction media to assess the thermal reactions and associ-

ated thermokinetic parameters. Moreover, when ionizing

acids or oxidizing agents are present in a reaction, free

radicals can be generated in bulk and at a rapid enough

pace for the reaction to be violent. The normality of the

specific acids was maintained at an equivalent concentra-

tion of 6.0 N to analyze the thermal compatibility of

TMCH.
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Differential scanning calorimetry

Temperature-programmed screening experiments were

conducted using a Mettler TA8000 system coupled with a

DSC821e measuring cell [20] in the range 30.0–300.0 �C
and at heating rates of 0.5, 1.0, 2.0, 4.0, 8.0, and

10.0 �C min-1 for dynamic thermal heating. The pro-

grammable temperature-control system applied in the DSC

system realized heating and cooling temperature from 0.01

to 100.0 �C and detected the temperature range of a target

sample in the range - 150.0 to 700.0 �C. The sample was

loaded and sealed in a gold-plated, high-pressure crucible

(Mettler ME-26732) that could withstand pressure up to

15.0 MPa. The thermal curves were obtained using the

STARe thermal analysis software to evaluate the thermal

decomposition behaviors of the sample. The temperatures

of the reference sample and target sample varied differently

because the target sample released energy during thermal

decomposition, which resulted in heat generation in the

cell. Therefore, the temperatures in the reference sample

and target sample cells were not equal after the heating test.

Moreover, dynamic temperature-programmed screening

was conducted to estimate the apparent onset temperature

(T0), peak temperature (Tp), maximum temperature (Tmax),

and heat of decomposition (DHd) and to obtain an esti-

mated reaction profile.

Thermal activity monitor III

TAM III, an isothermal calorimeter, is a thermally sensitive

and dedicated stability-detecting device that can detect in

the temperature range 5.0–150.0 �C and can be used in

numerous domains, such as pharmaceuticals, material and

life sciences, and physical chemistry [21–22]. The average

temperature fluctuation of TAM III is ± 10 lK, and the

drift over 24 h is within ± 100 lK. The stability of the

TAM III thermostat provides a pseudo-perfect environment

for isothermal and temperature scanning measurements

(microcalorimeter). In this study, mineral oil was used in

the thermostat of TAM III to warrant chemical and phys-

ical equilibrium [24, 23]. The injection of each sample in

an ampoule contained 100.0 mg of TMCH with 10.0 mg of

H3PO4, H2SO4, HNO3, or HCl. The calorimetric screening

was used by TAM III to evaluate the exothermic behaviors

of 88.0 mass% TMCH and 88.0 mass% TMCH that were

reacted with four selected specific acids under isothermal

conditions at 60.0, 70.0, 80.0, and 90.0 �C.

Kinetics treatment and reaction model
evaluation

Thermal Safety Software (TSS) was used (TDPro and

ForK) to simulate the N-th order reaction, autocatalytic

reaction, and thermokinetic parameters. The crucial step

while simulating the amplification process is the selection

of the thermokinetic model. These models can be applied

to reduce thermal hazards and enhance the safety of a

system of interest [24]. Thermokinetic models were

developed on the basis of specific properties of chemical

reactions. The properties were obtained using experimental

data of distinct material structures. Moreover, the

thermokinetic parameters of chemical reactions were

computed.

The thermokinetics of a material can be classified as

single or multistage reactions and divided into independent,

parallel, and continuous stages that are described using the

Arrhenius equation with reaction conversion functions f(a),
as presented as follows [25, 26].

A simple concentration change of TMCH for the degree

of conversion (a) is related to the ratio in a period of time

(t):

TMCH�t ¼
� �

TMCH�0 � 1� að Þ: ð1Þ

The concentration reduction rate of TMCH during self-

decomposition or catalytic reaction can be expressed using

the following simplified N-th order equation:

d TMCH½ �
dt

¼ �k Tð Þ � TMCH½ �n � f að Þ: ð2Þ

For a normal chemical reaction rate:

k Tð Þ ¼ k0 � exp
�Ea

RT

� �
: ð3Þ

For the N-th model, A)
k1

B.

Thus; f að Þ ¼ 1� að Þni : ð4Þ

For the autocatalytic model, A)
k1
B and Aþ B)

k2
2B.

Thus; f að Þ ¼ 1� að Þni � az: ð5Þ
1� að Þ
a

¼ ni

z
: ð6Þ

The variations in the TMCH concentration and degree of

conversion f(a) for an N-th order reaction by using the

thermal analysis technique can be described as follows:

f að Þ ¼ DH
DHd

¼
r
t
t0
Qdt

r
tf
t0
Qdt

; 0� a� 1: ð7Þ

By combining the thermal analytic solutions with result

of Arrhenius kinetic equation, the reciprocal of the self-
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heating rate can be obtained, which is the principle of DSC

[12]. The self-heating rate was estimated using the DSC

data of the physical–chemical properties and the TSS

kinetic simulation data. The kinetics of the reaction was

estimated by substituting the self-heating rate (dT dt-1) in a

computing program. The variations in the self-heating rate

of TMCH could be calculated as follows by applying the

Arrhenius kinetic model, which yields a simplified thermal

analytic solution for the self-heating rate:

dT

dt

� �

TMCH

ffi DHd

m � cp
� k Tð Þ � TMCH½ �n � f að Þ

¼ DT � k0 � exp
�Ea

R � T

� �
� TMCH½ �n � f að Þ: ð8Þ

Results and discussion

Thermal dynamic analysis using DSC tests

The DSC experimental results of dynamic thermal heating

program were acquired by thermal spectrum analysis to

reveal energy release or heat of decomposition, apparent

onset temperature to initiate an exothermic reaction, and

thermophysical data. Table 1 and Fig. 1 display the

experimental data and thermal curves of pure TMCH

decomposing at various heating rates of 0.5, 1.0, 2.0, 4.0,

and 8.0 �C min-1 using DSC dynamic program. A chem-

ical is considered to be hazardous when the heat of

decomposition exceeds 200 J g-1 due to the thermal

instability of the chemical. One exothermic peak was

observed when TMCH decomposed at elevated tempera-

tures. In addition, the calorimetric testing results for

TMCH mixing with four specific acids, which being the

acidic stimuli, are listed in Table 2 and Fig. 2. An earlier

T0 was initiated when TMCH reacted with HNO3 or HCl;

additionally, for the case in which TMCH reacting with

HNO3 has a relatively high exothermic peak after the first

exothermic peak. The steepest exothermic peak emerged as

TMCH was added with H2SO4 at a higher temperature. The

thermal curves are similar on both pure TMCH and TMCH

added with H3PO4 illustrating that the acid-catalyzed effect

of H3PO4 in TMCH was insignificant. Most acid-catalyzed

decompositions for TMCH and acidic stimuli evidently

resulted in violent exothermic hazards.

Isothermal scanning test performing by TAM III

To assess the nature of induction time of reactive materials,

equilibrium at the test temperature is of more importance to

the quality of the isothermal data. Incompatibility testing is

able to recognize hazards associated with gross impurities

or characteristic reactions in a short-time frame. As for the

thermokinetic parameters, such as TMRiso and maximum

heat flow, they were computed using TAM III. TMRiso was

employed to appraise the emergency response and

Table 1 Calorimetric data

obtained from the dynamic

heating experiments of

88.0 mass% TMCH conducted

by DSC at 0.5, 1.0, 2.0, 4.0, and

8.0 �C min-1

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

TMCH 6.9 0.5 101.6 125.7 142.2 1219

6.0 1.0 113.3 130.6 151.6 1212

5.0 2.0 116.4 136.1 157.5 1276

4.0 4.0 121.3 144.1 167.0 1288

2.9 8.0 127.0 151.3 175.4 1297

0 50 100 150 200 250 300
– 25

– 20

– 15

– 10

– 5

0

0.5 °C min– 1 TMCH 88.0 mass%

1.0 °C min– 1 TMCH 88.0 mass%

2.0 °C min– 1 TMCH 88.0 mass%

4.0 °C min– 1 TMCH 88.0 mass%

8 °C min– 1 TMCH 88.0 mass%

Q
/m

W

T/°C

Fig. 1 Thermal curves of heat flow versus temperature for

88.0 mass% TMCH decomposition at various heating rates of 0.5,

1.0, 2.0, 4.0, and 8.0 �C min-1 by DSC dynamic heating program

Table 2 Calorimetric data obtained from the dynamic heating

experiments of 88.0 mass% TMCH and its mixture of 6.0 N H3PO4,

H2SO4, HNO3, or HCl conducted by DSC

Tested chemicals Mass/mg T0/�C Tp/�C DHd/kJ mol-1

TMCH 4.0 121.3 145.1 1288

TMCH ? H3PO4 2.9 ? 1.1 123.4 148.0 1399

TMCH ? H2SO4 2.8 ? 1.0 119.0 121.1 1783

TMCH ? HNO3 3.1 ? 1.0 54.6 117.6 1720

TMCH ? HCl 3.1 ? 1.0 52.7 64.1 1646
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induction time in the TMCH bulk storage, and heat flow

could trace the variation of enthalpy with temperature and

time. Figures 3–6 delineate the TMRiso of TMCH and of

the mixture of TMCH and H3PO4, H2SO4, HNO3, or HCl.

When TMCH added with H2SO4, HNO3, or HCl at the

isothermal conditions of 60.0, 70.0, 80.0, and 90.0 �C,
TMRiso was completed finished no more than 24 h. More-

over, the maximum heat flow increased significantly with

temperatures when TMCH was added with the acids but

minimized the TMRiso. Heat flow and TMRiso of TMCH

and of the mixture of TMCH and H3PO4 were insignificant

because of unsustainable energy to induce thermal

decomposition of TMCH among our test temperatures.

Both HNO3 and HCl might be hazardous stimuli for the

acid-catalyzed decomposition of TMCH. Figures 3–6 show

the thermal decomposition of pure TMCH and TMCH

added with the selected strong acids at various isothermal

temperatures 60.0, 70.0, 80.0, and 90.0 �C executed by

TAM III tests.

When TMCH was added with 6.0 N of HNO3 or HCl,

the heat flow initiated earlier than other acids at 60.0 �C;
similar trends were surveyed for decompositions at 70.0,

80.0, and 90.0 �C. In addition, two exothermic peaks in

0 2 4 6 8 10 12 14 16

0.00
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w
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3
PO

4

TMCH 88.0 mass% + 6.0 N H2SO4

TMCH 88.0 mass% + 6.0 N HNO
3

TMCH 88.0 mass% + 6.0 N HCl

TAM III-70 oC

Q
/W

 g
– 

1

t/hr

Fig. 4 Isothermal curves of heat flow versus time for 88.0 mass%

TMCH and its mixtures of 6.0 N H3PO4, H2SO4, HNO3, or HCl at

70.0 �C by TAM III
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(d) 88.0 mass% TMCH + 6.0 N HCl
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(a) 88.0 mass% TMCH + 6.0 N H3PO4

– 
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Fig. 2 Thermal curves of heat

flow versus temperature for the

decomposition of 88.0 mass%

TMCH added with various acids

of a H3PO4, b H2SO4, c HNO3,

and d HCl at a heating rate of

4.0 �C min-1 by DSC dynamic

heating program

0 5 10 15 20 25 30 35 40
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Q
/W
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Fig. 3 Isothermal curves of heat flow versus time for 88.0 mass%

TMCH and its mixtures of 6.0 N H3PO4, H2SO4, HNO3, or HCl at

60.0 �C by TAM III
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DSC curves were observed in the set of experiments when

TMCH was added with 6.0 N HNO3, along with the

dynamic heating results of DSC. The TMCH-HNO3

decomposition illustrated two exothermic peaks, in which

the first peak occurred within a half an hour in the testing

temperatures; furthermore, the second one has higher heat

flow and induced earlier at an isothermal scanning of

90.0 �C. Therefore, the decomposition of TMCH added

with 6.0 N HNO3 released a substantial amount of heat,

which had a significant thermal hazard of the acid-cat-

alyzed reaction. From the isothermal testing in Fig. 6,

TMCH adding with all acids have shown that the obviously

thermal decomposition induced higher than 90 �C.
Exothermic peakswere observed that TMCH adding with

HNO3 or HCl induced exothermic potential even at

60.0 �C under a storage condition.

Thermal behaviors of the autocatalytic reaction
and the N-th order reaction

The kinetics of an exothermic reaction is able to assess the

runaway potential of the reactive substance. ASTM stan-

dard E698 on thermal stability kinetics calls for determi-

nation of kinetic parameters by the peak temperature

method which requires the measurement of reaction peak

temperature as a function of linear-programmed heating

rate [11, 17, 27]. To calculate a value for the apparent

activation energy Ea and k0, the estimation is used as fol-

lows:Ozawa method:

log bð Þ ¼ log
k0 � Ea

R
� 2:315� 0:4567

Ea

R � Tp
: ð9Þ

Kissinger method:

ln
b
T2
p

 !

¼ ln
k0 � R
Ea

� Ea

R � Tp
: ð10Þ

Linear regression of the plots is conducted to measure Ea

(slope) and k0 (intercept):

Slope : �0:4567
�Ea

R
Ozawað Þ or

�Ea

R
¼

d �ln b
T2
p

� �h i

d 1
Tp

� � Kissingerð Þ;
ð11Þ

Intercept : k0 ¼
10bþ2:315 � R

Ea

Ozawað Þ or

k0 ¼
b � Ea

T2
p � R

Kissingerð Þ:
ð12Þ

Figure 7 plots ln(b Tp
-2) versus Tp

-1 to estimate Ea and k0
for 88 mass% TMCH that is reckoned using the ASTM

E698 method. The Ea, k0, and regression coefficient of pure

TMCH were 147.4 kJ mol-1, 3.994E?19 s-1 and 0.9957,

respectively.

Reaction mixtures encountered in thermal analysis

normally illustrate the complex mechanisms and the

overall rate of reaction comprises multiple reaction

schemes. In addition, the reaction is proposed to be N-th

order for each compound, but autocatalytic reaction may

sporadically encounter. The exothermic behaviors near the

processing or storage temperature should be determined.

The thermophysical parameters and the acid-catalyzed

reaction models for TMCH and its mixture of four specific

acids were estimated. In general processes, temperature

control and reaction rate should be paid attention to the

thermokinetic parameters of the operation and storage, as

given in Table 3, to sustain a normal process operation.

Figures 8–12 show the comparisons of the DSC exper-

iments and mathematical simulation results for heat
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Fig. 5 Isothermal curves of heat flow versus time for 88.0 mass%

TMCH and its mixtures of 6.0 N H3PO4, H2SO4, HNO3, or HCl at

80.0 �C by TAM III
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Fig. 6 Isothermal curves of heat flow versus time for 88.0 mass%

TMCH and its mixtures of 6.0 N H3PO4, H2SO4, HNO3, or HCl at

90.0 �C by TAM III
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production and heat production rate at 4.0 �C min-1. The

simulation results of only TMCH under an isothermal

condition conducted by TAM III combined with the N-th

order reaction model are demonstrated in Fig. 8. As TMCH

was added with 6.0 N H2SO4, three reaction stages are

observed in Fig. 9. The reaction initiated at the second
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(a) Fig. 7 Apparent activation

energy (Ea) and rate constant

(k0) plot of 88.0 mass% TMCH

evaluated by ASTM E691

including a Ozawa kinetic

method and b Kissinger kinetic

method, in which the peak

temperature of thermal curve is

varied with the heating rate

changes

Table 3 Evaluated kinetics of

the reaction model for

estimating 88.0 mass% MCH

with four specific acids, which

include 6.0 N H3PO4, H2SO4,

HNO3, or HCl by TSS

Tested chemicals Reaction profile Parameter ln (k0) Ea n1 n2*** z*** DHd

Unit ln/s-1 kJ mol-1 Dimensionless J g-1

TMCH 88.0 mass% N-th* First stage 37 142 3.4 – – 214

Second stage 39 154 1.0 – – 852

TMCH/H3PO4 N-th First stage 9 55 0.8 – – 229

Second stage 44 171 0.6 – – 518

Third stage 23 98 0.8 – – 654

TMCH/H2SO4 Auto. First stage 51 54 3.1 0.7 0.0008 526

Second stage 1 7 1.6 0.1 0.0017 392

Third stage 7 18 0.8 0.1 0.17 202

TMCH/HNO3 N-th/Auto. First stage 139 459 3.0 0.8 0.0001 337

Second stage 55 172 3.0 0.13 0.0052 606

Third stage 9 49 1.9 0.71 0.0032 243

Fourth stage 25 114 0.7 – – 117

Fifth stage 16 67 0.8 – – 445

TMCH/HCl Auto.** First stage 121 348 6.8 0.18 0.0017 545

Second stage 5 36 0.8 0.98 0.0025 70

Third stage 11 48 1.8 1.7 0.0032 104

Fourth stage 16 68 0.9 0.3 0.0032 376

*An N-th order reaction

**An autocatalytic reaction

***Strictly for the autocatalytic reaction
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stage of the reaction. The reaction in the first stage

appeared the maximum exothermic peak. Following the

completion of first and second stages of the reaction, the

third-stage decomposition was generated until the end of

the overall reaction.

On the basis of the reaction mechanism under dynamic

and isothermal conditions, the decomposition types can be

classified as both N-th order reaction and autocatalytic

reaction by evaluating the thermal curve, as shown in

Fig. 10. By contrast, the thermal curves of TMCH with

HNO3 or HCl indicated that no decomposition or low

reaction rate initially occurred (Figs. 10 and 11). As the

reaction progressed, an autocatalytic product was produced

that to accelerate the reaction and to reach the maximal

reaction rate. TMCH reacting with HNO3 showed the most

complexity of reaction behavior including five exothermic

stages. At the beginning of a reaction comprised of an

autocatalysis reaction (second stage) and an N-th order

reaction (fifth stage), the reaction rate of the second stage

was faster than that of the fifth stage. After a period of

time, the first-stage reaction occurred and generated the

largest exothermic peak. The third and fourth stages were

maintained unapparent exothermic types at the end of

thermal decomposition. Therefore, the first, second, and

fifth stages were the crucial stages of the TMCH-HNO3

reaction that was determined to be the multiple forms of

acid-catalyzed model.

The predominant reaction occurred at the second stage

of the reaction; the heat production and heat production

rate in the first stage of reaction were maintained at a low

level. From the reactions of 88.0 mass% TMCH added

with 6.0 N HCl, four-stage exothermic peaks can be clearly

observed from the waveform of the heat production rate, as

illustrated in Fig. 11. The reaction of the first stage has the

principal heat production, and after predominant reaction

of the first stage, the heat generation of 2nd to 4th stages

increased during this exothermic reaction. The reactions of

TMCH added with HNO3 were observed when the maxi-

mal heating rate was employed at the onset of the reactions.

In the thermal analysis of TMCH reacting with H3PO4,

both initial and second exothermic peaks exhibited the

form of an autocatalytic reaction, as presented in Fig. 8. As
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6.0 N H2SO4
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relevant to the N-th order reaction of TMCH, the TMCH-

H3PO4 acid-catalyzed decomposition presented an auto-

catalytic effect, and the reactants were subsequently con-

verted into products. As TMCH was added with 6.0 N

H3PO4, three autocatalytic reactions appeared. During this

thermal decomposition, the characteristic exothermic peaks

were derived from the first and second stages of the reac-

tion, and the third stage of the reaction emerged at the end

of exothermic peak. Typically, a reaction has an initial

reaction rate; however, as the reactants are being con-

sumed, the products autocatalytically proceed the reaction.

Under chemical processing conditions, autocatalytic reac-

tions may be a safe consideration in process designs

because of the induction of a further thermal runaway

reaction [28, 29]. Therefore, the predictions of the tem-

perature increase and reaction rate are important to ensure

the process safety, specially coping with autocatalytic

reactions [30].

Conclusions

Trace contaminants of ionizing acids could act as addi-

tional catalysts in the decomposition reaction of TMCH.

For developing an inherently safer design, the thermally

hazardous characteristics of TMCH and the characteristics

when TMCH is mixed with H3PO4, H2SO4, HNO3, or HCl

were comprehensively recognized in this study. The ther-

mophysical data and kinetic parameters of pure TMCH and

its mixture of aforementioned strong acids were estimated

that can classify the acid-catalyzed decomposition and

assess the reaction model. If TMCH runs into acidic stimuli

that is not only clearly altered the original reaction of

TMCH but also shortened the induction time to cause the

violent decomposition. The mixtures of TMCH with HCl

or HNO3 resulted in a higher reaction enthalpy in earlier

temperatures and triggered advanced thermal runaway

reactions by generating two prominent peaks during the

decomposition. Thermal hazard characteristics received

from TMCH added with H2SO4 or H3PO4 illustrated
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exothermic trends of thermal decomposition similar in

TMCH, but higher heat of decomposition of TMCH added

with H2SO4 or H3PO4 has been seen.

On the basis of the DSC and TAM III analysis results,

the apparent onset exothermic temperature of TMCH is

near the ambient temperatures when TMCH is mixed with

HNO3 or HCl. The temperature and concentration of con-

tainment were the major factors to be accounted for pro-

cessing or storing conditions. The heat of decomposition

values for the various mixtures is in the following order:

TMCH ? H2SO4[ TMCH ? HNO3[ TMCH ? HCl

[ TMCH ? H3PO4[ TMCH. The initial exothermic

peak exhibited features of an N-th order reaction,

whereas the second peak was due to an autocatalytic

reaction. Compared with all other mixtures, the mixture

of TMCH and HNO3 had the most complex profile and

had the most complex N-th order and autocatalysis

reactions. The kinetic variable must be taken into

account in TMCH acid-catalyzed systems to establish

the proper reaction kinetic models. This study

employed a calorimetric approach and a reaction model

to analyze the influence of impurities on a reaction

including TMCH.
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