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Abstract Liquid organic peroxides (LOPs) have been
widely used as initiators of polymerization, hardening, or
cross-linking agents. We evaluated a beneficial kinetic
model to acquire accurate thermokinetic parameters to help
preventing runaway reactions, fires or explosions in the
process environment. Differential scanning calorimetry
was used to assess the kinetic parameters, such as kinetic
model, reaction order, heat of reaction (AH,), activation
energy (E,), frequency factor (Inky), etc. The non-isother-
mal and isothermal kinetic models were compared to
determine the validity of the kinetic model, and then
applied to the thermal hazard assessment of commercial
package contaminated with LOPs. Simulations of a 0.5-L
Dewar vessel and 25-kg commercial package were per-
formed. We focused on the thermal stability of different
liquid system properties for LOPs. From the results, the
optimal conditions were determined for avoiding violent
heat effects that can cause a runaway reaction in storage,
transportation, and manufacturing.
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List of symbols

Cp Specific heat capacity (J g~' K™")

CT Control temperature (°C)

E, Activation energy (kJ mol ™)

E, Activation energy of the 1st stage (kJ mol™")

E, Activation energy of the 2nd stage (kJ mol™")

ET Emergency temperature (°C)

fi Kinetic functions of the ith stage i = 1, 2, 3

flo) Kinetic functions

ko Pre-exponential factor (m3 mol ™! s_l)

k; Reaction rate constant (mol Lt sfl) i=1,2

n Reaction order or unit outer normal on the
boundary, dimensionless

NC Number of components, dimensionless

n; Reaction order of the ith stage, dimensionless
i=1,2,3

I Specific heat effect of a reaction (J kg™ ")

q Heat flow (J g~ 1)

R Gas constant (8.31415 J K~ mol™)

T Reaction rate of the ith stage (g secfl) i=1,2,
3,4

S Heat-exchange surface (mz)

SADT  Self-accelerating decomposition temperature (°C)

T Absolute temperature (K)

To Exothermic onset temperature (°C)

TCL Time to conversion limit (year)

TCR Critical temperature (°C)

TER Total energy release (kJ kg™ ")

T, Ambient temperature (°C)
Time to maximum rate under
conditions (day)

isothermal
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Twan Temperature on the wall (°C)

t Time (sec)

w Heat power (W g )

Z Autocatalytic constant, dimensionless
o Degree of conversion, dimensionless
Y Degree of conversion, dimensionless
p Density (kg m™>)

A Heat conductivity (W m~' K™)

2 Heat transfer coefficient (W m~> K1)
AHy Heat of decomposition (kJ kgfl)
Introduction

Liquid organic peroxides (LOPs), which have been widely
employed in the chemical industry, are used to manufac-
ture polymer materials. Tert-butyl hydroperoxide (TBHP)
and tert-butyl (2-ethylhexyl) monoperoxy carbonate
(TBEC) are commercial liquid organic peroxides which are
to be transported and stored under limited temperature [1—
5]. In terms of manufacturing and international manage-
ment, many serious explosions and high ambient temper-
ature occur because of thermal decomposition [1-5].

In particular, TBHP and TBEC are different LOPs: one
is a solution, and the other is inherently liquid under room
temperature. This study focused on the thermal stabilities
of different liquid system properties for LOPs. They also
are very dangerous goods for process manufacturing and
stored management. This study will show how to obtain
unknown LOPs by simple differential scanning calorimetry
(DSC) tests and swift thermal analysis technology.

Comparisons of non-isothermal and isothermal kinetic
models simulations led to a beneficial kinetic model of
thermal decomposition to predict the thermal hazard of
LOPs. The chosen approach was to establish an effective
model of the thermal decomposition that included the kinetic
parameters and thermal reactivity properties [6-8], such as
the kinetics of reaction, pre-exponential factor (Ink), reac-
tion order (n), activation energy (E,), heat of decomposition
(AH,), isothermal time to maximum rate (TMR,,), time to
conversion limit (TCL), and total energy release (TER), etc.
In, addition, the kinetic parameters and thermal reactivity
properties of LOPs could be applied as a reduction of energy
potential, and safer design during relevant operations and
storage conditions. This study acquired thermal decompo-
sition properties, such as In(ky), reaction order (n), E,,
TMRj,,, TCL, TER, and AH, by thermal hazard assessment
software. DSC experimental data were processed and then
the kinetics was evaluated by applying simulation [6-8].

Our aim was to develop a simple and swift green
technology that could replace the complex tests by the
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traditional self-accelerating decomposition temperature
(SADT) tests. The chosen approach was to establish a
procedure for liquid thermal explosion assessment that
included the safety parameters [9-21], such as the
SADT, control temperature (CT), emergency tempera-
ture (ET), and the critical temperature (TCR), for a
container or reactor containing LOPs. The method for
estimation of the liquid thermal explosion parameters
based on the Frank—Kamenetskii theory is well recog-
nized [22]. Analytical evaluations of the critical con-
ditions are also known for containers of the simplest
form and constant boundary conditions of the first,
second and third kind. For containers of complex form
consisting of elements with various thermophysical
properties, it may be rather difficult to obtain analytical
evaluations [9, 10].

Therefore, the study was applied to simulate 0.5-L and
25-kg containers with the aim of developing a reliable
procedure to replace the complex method for evaluating the
thermokinetic parameters and predicting the thermal haz-
ard of LOPs. The model may be applied to the optimal
conditions to avoid LOPs’ violent runaway reactions dur-
ing manufacturing, storage, and transportation.

Experimental and method
Samples

TBHP 70 mass% solution and TBEC 95 mass% liquid,
which were supplied directly from ACE Chemical Corp in
Taiwan, were stored in a refrigerator at 4 °C. Experiments
involved DSC non-isothermal tests at various scanning
rates of 1,2, 4, and 6 °C min—'. DSC isothermal tests were
held at conditions of 125-140 and 120-135 °C, for TBHP
and TBEC, respectively.

Differential scanning calorimetry

Temperature-programmed screening experiments were
performed with DSC (TA Q20). The test cell was used to
carry out the experiment for withstanding relatively high
pressure to approximately 10 MPa. ASTM E698 was used
to obtain thermal curves for calculating kinetic parameters.
Approximately 2—-3 mg of the sample was used to acquire
the experimental data. Non-isothermal tests of the scanning
rate selected for the programmed temperature ramp were 1,
2,4, and 6 °C min~". The range of temperature rise chosen
was from 30 to 300 °C for each experiment. Several iso-
thermal tests of the holding isothermal condition were
performed at 125-140 and 120-135 °C, for TBHP and
TBEC, respectively.
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Liquid thermal hazard simulation

We used a 0.5-L Dewar vessel and a 25-kg commercial
barrel package, as the reactor sizes to simulate the thermal
hazard. The values of radius, height, of shell thickness and
the reactors are listed in Table 1.

Results and discussion

Determination of thermokinetic parameters by DSC

Simulations of kinetic models can be complex multi-stage
reactions that may consist of several independent, parallel,

and consecutive stages [6-10]: Simple single-stage
reaction:

dOC —Ea

—Z — koerr 1

= = ko (2) (1)
Single-stage for nth order reaction:

dOC —Ea

— = koe® (1 — )" 2

T = ke (1~ a) )
Multi-stage for autocatalytic reaction:

fla) = (1= )" (o™ +2) (3)

where E, is the activation energy, k is the pre-exponential
factor, z is the autocatalytic constant, and n; and n, are the
reaction orders of a specific stage.

Reactions that include two consecutive stages:

dOC —E; d’)) —Ey
— =kie® (1 — )" ;= = kpe® (a0 — 7)™ 4
5 = faem (- )" = kee™ (2 — ) (4)
where o and y are the conversions of the reactant A and
product C, respectively. E; and E, are the activation
energies of the stages.

Two parallel reactions for full autocatalysis:

do r(o) =k (T)(1 — o)™

dr (o) = k(T (1 — o)™ (5)

ri(o) + ra(2);

where r; and r, are the rates of each stage, and n3 is the
reaction order of stage three.

The kinetic parameters were determined from the DSC
experimental data at various scanning rates of 1, 2, 4, and
6 °C min_l, isothermal tests holding isothermal conditions
of 125-140 and 120-135 °C, for TBHP and TBEC,
respectively, as displayed in Figs. 1 and 2, respectively.
The experimental results of non-isothermal and isothermal
of DSC tests are listed in Tables 2 and 3, respectively. The
thermal decomposition of LOPs represents an unknown
mechanism of reaction, such as an nth order or autocata-
lytic reaction. Here, using the nth order and autocatalytic
simulations to calculate the thermokinetic parameters and
then to compare the results of non-isothermal and iso-
thermal of kinetic model simulation, we obtained the
beneficial mechanism of thermal decomposition for LOPs.
The simulation results are presented in Tables 4, 5, 6 and 7.

Tables 4, 5, 6 and 7 show that they can be matched very
well to the results of the autocatalytic simulations and the
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Fig. 1 DSC thermal curves of heat flow versus temperature for
TBHP decomposition with scanning rates of 1, 2, 4, and 6 °C min~!
and with isothermal temperatures of 125, 130, 135, and 140 °C

Table 1 Boundary conditions for 0.5-L Dewar vessel and 25-kg barrel packages

Package shape Size Boundary conditions/ #W m~YK
- - - Initial temperature/°C
Radius/m Height/m Shell thickness/m

0.5-L vessel 0.0285 0.18 0.00286 Top/3rd kind 20 1.4567*
Side/3rd kind 1.4567%
Bottom/Ist kind -

25-kg barrel 0.20 0.3 0.015 Top/3rd kind 20 2.8386"
Sides/3rd kind 2.8386%

Bottom/Ist kind -

? Yang et al. [20]
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Fig. 2 DSC thermal curves of heat flow versus temperature for
TBEC decomposition with scanning rates of 1, 2, 4, and 6 °C min~!
and with isothermal temperatures of 120, 125, 130, and 135 °C

Table 2 Results of DSC tests of TBHP and TBEC at various with
scanning rates of 1, 2, 4, and 6 °C min~!

Sample Sample Scanning Onset Peak of AHy
mass/ rate/° temperature, Temperature, /klJ/kg
mg C/min To/°C Ty/°C

TBHP 2.8 1 110 135 883.6
2.6 2 117 143 999.0
33 4 123 149 746.2
3.0 6 128 155 858.5

TBEC 3.0 1 111 135 843.6
29 2 117 142 921.7
3.0 4 122 148 876.2
29 6 127 154 953.2

Standard deviation: temperature accuracy: +0.1; temperature preci-
sion: +0.05 calorimetric reproducibility: £1%; sensitivity: 1.0 uW

Table 3 Results of DSC tests of TBHP and TBEC under different
isothermal conditions

Sample Sample Isothermal AHy//KJ/kg
mass/mg conditions/°C
TBHP 25 125 776.9
2.3 130 708.3
2.7 135 730.6
2.3 140 718.6
TBEC 29 120 652.1
33 125 697.8
32 130 750.6
3.0 135 622.0

Standard deviation: temperature accuracy: +0.1; temperature preci-
sion: £0.05 calorimetric reproducibility: 1%; sensitivity: 1.0 uW
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nth order simulation for TBHP and TBEC, respectively.
Moreover, Tables 5 and 7 show the samples that were
tested under the high isothermal conditions; the overheat-
ing effect was greater than non-isothermal DSC tests. Thus,
the result of isothermal kinetic-model simulation was
concerned with the overheating effect of the kinetic
parameters and they were excluded from further analysis.
Fortunately, from the comparisons of thermokinetic
parameters of non-isothermal and isothermal kinetic model
simulation; and from the TBHP and TBEC Kkinetic
parameters we could observe that the mechanism of ther-
mal decomposition correspond to the autocatalytic reaction
and the nth order, respectively, in this study.

The comparisons of the TBHP and TBEC DSC non-
isothermal and isothermal tests of the experimental data
and data derived from simulated nth order reaction and
autocatalytic reaction for heat production versus time are
shown in Figs. 3, 4, 5, 6 7, 8, 9, and 10, respectively.
Although both the TBHP use of simulated autocatalytic
kinetic models and the TBEC use of simulated nth order
kinetic models, respectively and to match original DSC
experimental data were proven to give superior results, not
all of the data are compatible with the model.

Figure 4 shows that the heat effects of TBPH at the 4
and 6 °C min~' scanning rates are greater than those
observed at the other scanning rates. In addition, Fig. 7
shows that the heat effects of TBEC at the 1 and
6 °C min~' scanning rates are greater than those observed
at the other scanning rates. While analyzing the TBHP and
TBEC’s thermokinetic parameters by kinetic model simu-
lation, we obtained two numbers for the autocatalytic
thermokinetic parameters when using scanning rates of 1
and 2 °C min~' and two numbers for the nth order
thermokinetic parameters when using scanning rates of 2
and 4°C min~! in the thermal hazard simulation,
respectively.

In this study, the TMR;s,, TER, and TCL of LOPs were
acquired by simulating nth order and autocatalytic non-
isothermal simulations, as displayed in Figs. 11, 12, 13,
and 14. Figure 11 shows TMR;,, of TBHP obtained, values
of which were ca. less than 30 °C and exceeded the upper
limit of only 5 days, and shows the TER of TBHP imme-
diately reaching the maximum energy release. Figure 12
shows the TCL of TBHP is less than 20 °C, which is
beyond the upper limit of only 40 days.

Figure 13 shows TMR;,, of TBEC obtained, values of
which were ca. less than 30 °C and exceeded the upper
limit of only 5 days, and shows the TER of TBEC imme-
diately reaching the maximum heat production. Figure 14
shows the TCL of TBHP is less than 30 °C, which is
beyond the upper limit of only 25 days.

The analysis of thermokinetic parameters of the
thermal decomposition of LOPs depended on the
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Table 4 Comparisons TBHP of the thermokinetic parameters for the evaluation of nth order and autocatalytic models under non-isothermal

condition

Scanning rate/°C/min 1 2 4 6

Kinetic model N-th order  Autocatalytic ~ N-th order  Autocatalytic =~ N-th order Autocatalytic = N-th order  Autocatalytic
In(ko)/In/s 25.0949 21.0858 25.4198 22.7305 26.6397 20.7607 25.4393 21.0434
E,/kJ/mol 107.8848 94.0886 108.5878 97.5149 112.1476 90.1680 108.2816 90.6882
Reaction order (n)/nth 0.7245 0.9005 0.7193 1.1190 0.7222 0.9578 0.7634 1.1492
Reaction order (n;)/auto

Reaction order (1) N/A 0.6028 N/A 0.8599 N/A 0.5248 N/A 0.7345
Autocatalytic constant/z  N/A 0.4022 N/A 0.2632 N/A 0.1121 N/A 0.1680
AH4/kJ/kg 898.6937  890.1324 1022.0498  1006.9481 761.2197  750.7822 876.7006  863.6956

Table 5 Comparisons TBHP of the thermokinetic parameters for the evaluation of nth order and autocatalytic models under isothermal

condition

Isothermal temperature/°C 125 130 135 140

Kinetic model N-th order Autocatalytic ~ N-th order Autocatalytic ~ N-th order Autocatalytic ~ N-th order Autocatalytic
In(ko)/In/s 28.1751 22.1349 37.8305 22.0041 31.3871 22.6779 23.4791 22.4324
E,/kJ/mol 114.6169 90.6747 148.7842 91.2516 126.6329 91.8571 105.0637 89.9320
Reaction order (n)/nth 0.7119 1.8338 0.8255 2.9860 0.6850 24752 0.2442 2.9877
Reaction order (n;)/auto

Reaction order (1) N/A 0.5476 N/A 0.4582 N/A 0.7018 N/A 0.6320
Autocatalytic constant/z N/A 1.376E-03 N/A 3.247E-04 N/A 1.591E-04 N/A 1.001E—-08
AH4/kJ/kg 706.6694  708.2880 583.4044  684.5263 787.6206  820.4815 371.6517  529.8774

Table 6 Comparisons TBEC of the thermokinetic parameters for the evaluation of nth order and autocatalytic models under non-isothermal

condition

Scanning rate/°C/min 1 2 4 6

Kinetic model N-th order  Autocatalytic =~ N-th order  Autocatalytic =~ N-th order Autocatalytic ~ N-th order  Autocatalytic
In(ko)/In/s 23.6729 24.2285 23.9840 27.6629 24.7125 22.8402 23.5361 29.8458
E,/kJ/mol 103.2783 102.9039 103.7124  111.2674 105.3640 96.9755 101.5159 123.3809
Reaction order (n)/nth 0.6338 1.2002 0.6411 1.6449 0.6954 1.1446 0.6708 0.9508
Reaction order (n;)/auto

Reaction order (71,) N/A 0.7300 N/A 1.5518 N/A 0.7208 N/A 0.0893
Autocatalytic constant/z  N/A 0.2150 N/A 0.1713 N/A 0.2248 N/A 0.2258
AHy/kJ/kg 844.9007  834.1474 918.7705  928.5947 900.7224  893.1634 945.6073  919.9869

reliability of the kinetic model. We applied the iso-
thermal and non-isothermal kinetic models for the
evaluation of thermokinetic parameters and compared
the results with the simulated thermal analysis. This
approach led to the development of a swift and precise
procedure for the evaluation of thermal decomposition

properties of LOPs.

Dewar vessel and 25-kg barrel package thermal hazard
simulations

To simulate the thermal hazard of LOP, the critical
parameters for the thermal hazard were determined
numerically from the chemical kinetics for several types of
reactor geometries and various boundary conditions,

@ Springer
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Table 7 Comparisons TBEC of the thermokinetic parameters for the evaluation of nth order and autocatalytic models under isothermal

condition
Isothermal temperature/ °C 120 125 130 135
Kinetic model N-th order Autocatalytic ~ N-th order Autocatalytic N-th order Autocatalytic N-th order Autocatalytic
In(ko)/1n/s 23.3295 42.1710 23.4560 22.3777 23.7062 28.6159 23.7494 32.7945
E./kJ/mol 101.2264  165.3285 101.8804 96.7390 103.2252  116.1235 102.1790  129.5870
Reaction order (n)/nth 0.9270 0.9692 0.7655 1.2364 0.7111 1.6767 0.7088 1.6311
Reaction order (n;)/auto
Reaction order (n,) N/A 8.515E—03 N/A 0.2884 N/A 0.4693 N/A 0.6540
Autocatalytic constant/z N/A 1.1964 N/A 0.0867 N/A 7.383E—-03 N/A 0.0945
AHy/kJ/kg 860.8048  823.6484 7749810  777.9756 859.5601  875.1620 799.7425  808.7396
1200 A —>— 6 °C min~'-experimental —0— 135 °C -experimental 130 °C -experimental
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/ min -e.xperm‘.lemal 200 4
1000 - 4 °C min™'-simulation ]
700
—P‘D 800 4
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0 - T | f . .
-isothermal nth order reaction heat production 0 '. ‘l Isothermal n order reaction heat production
20 0 20 40 60 8 100 120 140 160 180 a I
Time/min =200 T T T T T

Fig. 3 TBHP heat production versus time curves of the nth order
reaction with scanning rates of 1, 2, 4, and 6 °C min~! by experiment
and simulation
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——6 °C/min~!-simulation o— 4
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Fig. 4 TBHP heat production versus time curves of the autocatalytic
reaction with scanning rates of 1, 2,4, and 6 °C min~" by experiment
and simulation

including the possibility of setting boundary shells. For
liquid thermal hazard simulations, the following statements
were used [9, 10]:
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Fig. 5 TBHP heat production versus time curves of the experimental
data and nth order reaction simulation with isothermal temperatures
of 125, 130, 135, and 140 °C
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Fig. 6 TBHP heat production versus time curves of the experimental
data and autocatalytic simulation with isothermal temperatures of
125, 130, 135, and 140 °C
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Fig. 7 TBEC heat production versus time curves of the nth order
reaction with scanning rates of 1, 2, 4, and 6 °C min~! by experiment
and simulation
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Fig. 8 TBEC heat production versus time curves of the autocatalytic
reaction with scanning rates of 1, 2, 4, and 6 °C min~' by experiment
and simulation
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Fig. 9 TBEC heat production versus time curves of the experimental
data and autocatalytic simulation with isothermal temperatures of
125, 130, 135, and 140 °C
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Fig. 10 TBEC heat production versus time curves of the experimen-
tal data and autocatalytic simulation with isothermal temperatures of
125, 130, 135, and 140 °C

1 1200 4
>, 207
_cg 1000{ ©—o—9o—96—0—90 000000
= 1
~
)
;"2 2 500
15 1
: :
~ S 600 TBHP total energy release (TER)
o 1 2
= 2 —&— 1 °C/min
= &
g 104 5 404 —e—2°C/min
E D
‘= 1
<
E 5
Q
=
Q 1
g
i
0+

Temperature/°C
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Fig. 12 Simulated TBHP time until 10% conversion at scanning
rates of 1 and 2 °C min~"
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Fig. 13 Total energy release under isothermal conditions of the
thermal decomposition of TBEC and the time until the maximum rate
were achieved at scanning rates of 2 and 4 °C min™'
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Fig. 14 Simulated TBEC time until 10% conversion at scanning
rates of 2 and 4 °C min~"

or
P Cp—= div(iAT) + W

ot (6)
Thermal conductivity equation
aoc,-
—=r i=1,...NC
a ! (7)

Kinetic equations (formal models)

W= Z Q°r; Heat power equation (8)
(i)

where T is the temperature, ¢ is the time, p is the density,
Cp is the specific heat, A is the heat conductivity, Qi is the
reaction calorific effect, W is the heat power, r is the
reaction rate constant, « is the degree of conversion for a
component, NC is the number of components, and i is the
component number.

The initial fields for the temperature and the conversions
were constant throughout the reactor volume [9, 10]:
T|l:O: TO (9)
%= %
The index O indicates the initial values of the temperature
and conversion.The boundary conditions of the first,
second, and third kind were specified as [9, 10]

Ist kind: T|,, ;= T.(r) Temperature (10)
2nd kind: ¢|,,,;= ¢(r) Heat flow (11)
. or .
3rd kind: —A 3l = 72(Twan — Te) Newton’s cooling law
n

s (12)

The indices “wall” and “e” relate to the parameters on the
boundary and the environment, respectively; ¢ is the heat
flow, and r is the unit outer normal on the boundary.

The results of the thermal hazard simulation for the
SADT, CT, ET, and TCR are presented in Table 8. The
thermal decomposition stability of 0.5-L Dewar vessels
was greater than that of the 25-kg barrel package. The

Table 8 The thermal hazard simulations for SADT, CT, ET, and TCR in the 0.5-L Dewar vessel and 25-kg barrel package

Sample Size Scanning rate/°C/min SADT/°C in literature SADT/°C CT/°C ET/°C TCR/°C
TBHP 0.5-L 1 >60" 52 42 47 52.32
2 52 42 47 51.34
25-kg 1 NA 44 34 39 44.15
2 44 34 39 43.43
TBEC 0.5-L 2 60° 54 44 49 53.74
4 53 43 48 53
25-kg 2 NA 46 36 41 45.79
4 46 36 41 44.83

* Syrgis [4]
o Pergan [5]
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stability and applicability worsened as the reactor size
increased. The results of thermal hazard simulation also
proved that the smaller size container has a better benefi-
cial exothermal effect for the containment of LOPs than a
huge package.

We developed a swift thermal analysis technology to
determine the thermokinetic parameters and the thermal
hazard of LOPs. These results could be applied toward
energy reduction and safer designs for use and in storage.
In addition to analyzing the thermal decomposition kinetic
parameters through comparing the non-isothermal and
isothermal kinetic model simulations, we found that the
results presented a reasonable model to enable calculation
of the kinetic parameters of thermal decomposition. The
validity of the results significantly depends on the reli-
ability of the applied kinetic model, which can be validated
by the proper selection of a kinetic model for a reaction,
and the correctness of the methods used for the kinetics
evaluation. The model can be applied to evaluating other
organic peroxides or chemicals.

Conclusions

The thermokinetic parameters and thermal hazard of LOPs
were studied using non-isothermal and isothermal kinetic
models of thermal decomposition. Modeling the therm-
okinetic and the safety parameters provided precise hazard
information concerning the avoidance of thermal accidents
during process manufacturing, storage and transportation.
We developed a beneficial analysis model for the therm-
okinetic and thermal hazard parameters of LOPs with the
swift thermal analysis technology.
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