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Abstract

Azo compounds are usually used as initiators and blowing agents. They are also typically self-reactive materials capable of
undergoing a runaway reaction during storage or transportation, which can cause serious fires and explosions. To prevent
the thermal hazard of azos occurring in a real process, transportation, or storage, azo initiator 2,2'-azobis (2-methylpro-
pionamide) dihydrochloride (AIBA), which has few studies on relevant research in thermal safety, was selected to be
investigated. First, the features of thermal decomposition under non-isothermal condition of AIBA were attained through
differential scanning calorimetry and simultaneous thermal analysis. Second, the collected data were substituted into
mathematical analyzer to evaluate the basic thermal hazard for AIBA. In addition, based on Semenov theoretical model
and thermokinetic parameters, the critical ignition temperature (7¢;) was extrapolated for consideration of surroundings
temperature under specific cooling system (7s). The results provided process control data and the consequences of thermal
runaway for AIBA. In addition, the related numerical methods for prevention of thermal runaway reaction could be
calculated during process deviation. Therefore, the assessment conclusions also showed that process parameters must be
measured and controlled strictly to generate the desired reaction. The results showed that the various Ty were all less than
70 °C. Therefore, it is essential to avoid a temperature beyond the Ty or cooling system failure.

Keywords Azo compounds - 2,2'-Azobis (2-methylpropionamide) dihydrochloride (AIBA) - Differential scanning
calorimetry - Semenov theoretical models - Critical ignition temperature (T¢;) - Numerical methods

List of symbols E, Apparent activation energy (kJ mol ")
R Gas constant/8.31415 J K~' mol ™! E(o) Apparent activation energy factor at conversion
A Pre-exponential factor of Arrhenius equation (kJ mol™)
(min™") h Heat exchange capability index of the cooling
A(a) Pre-exponential factor at conversion (minfl) system (kJ m 2K} minfl)
Al(o) Amended pre-exponential factor by a product of ko Reaction rate constant (s~ ')
A(o) and f(a) (min~ ) n Reaction order (dimensionless)
Co Original concentration of the material (g cm73) m Mass of material (g)
C Concentration of the material (g cm ™ AHy Heat of decomposition (J g_l)
Cp Specific heat of material (J g_1 K_l) AH, Heat of decomposition at time (J g_l)
AH, Total heat of decomposition (J g_l)
. —1
r Reaction rate (s
(X Chi-Min Shu H d .( ) W min="
shucm @yuntech.edu.tw dg eat production rate ( .mlrll )
qr Heat removal rate (kJ min™")
! Graduate School of Engineering Science and Technology, qr1 Heat removal rate by high cooling medium
National Yunlin University of Science and Technology (kJ minil)
(YunTech), 123, University Rd., Sec. 3, . .1
Douliou 64002, Yunlin, Taiwan, ROC qr2 Heat removal rate by cooling s.ystem (kJ min™ ")
, . o q Heat removal rate by low cooling system
Department of Safety, Health, and Environment Engineering, KJ min—"
YunTech, 123, University Rd., Sec. 3, ( m].n ) 2
Douliou 64002, Yunlin, Taiwan, ROC S Effective heat exchange area (m”)
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\% Volume of process instruments (m%)

T Process temperature (K)

Ty Apparent exothermic temperature (K)

Tp Temperature at the maximum heat release in
reaction (K)

Ts Surrounding temperature under cooling system
(K)

t Reaction time (min)

Tcr Critical ignition or extinction temperature (K)

Tcr Critical extinguishing temperature (K)

Tse Stable point of extinguishing temperature (K)

Tgr Stable point of ignition temperature (K)

Ts1. Stable point at lower temperature (K)

Tsu Stable point at higher temperature (K)

Tm Cutoff point between curves g, and ¢, at the
highest and lowest cooling efficient system (K)

XA Fractional conversion (dimensionless)

o Degree of conversion (dimensionless)

Introduction

Azo compounds (azos), materials that easily show unsta-
ble performance, are commonly used in radical polymer-
ization in solution. If the temperature of the surrounding
environment or process is under improper control, thermal
decomposition, generating heat release, may even court a
thermal explosion [1].

In the United Nations (UN) classification of dangerous
goods, the azos stand as a class 4.1 hazardous category of
material. Fire and Disaster Management Agency (FDMA)
of Japan defined the azos as the 5th category of dangerous
substances, which include diazos, organic peroxides, esters,
nitrous, and the mixture containing one of the above sub-
stances [1-4]. Thus, the azo compound has a certain self-
reactive trait.

R-N=N-R is a synthesis reaction formula of azo com-
pound, wherein R is an aliphatic hydrocarbon group or an
aromatic hydrocarbon group; two R groups may be the
same or different. Aliphatic azos are made from the cor-
responding hydrazine through oxidation or dehydrogena-
tion reaction [3-7]. Aromatic azos, which are generally
prepared by the coupling reaction of diazo compound, are
mainly used for dyes, and aliphatic azos are used more in
the polymerization initiator. The azo initiator, which is
selected to research, 2,2'-azobis (2-methylpropionamide)
dihydrochloride (AIBA), is widely used in chemical pro-
cesses. Although there are a series of studies on the indi-
vidual and multiple thermal hazards of azos [5-9], there is
less research on AIBA in the past literature. Most of the
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research focused on thermal hazard by single calorimetry
technique or less on numerical analysis of data under the
conditions of processing, storage, or transportation of
AIBA.

In essence, azos do not need oxygen in the air or water
vapor but can react by themselves, and are often accom-
panied by an exothermic and gas-product formation.
Chemical stability of such self-reactive materials is poor.
The slow decomposition will indiscernibly occur even at
ambient temperature.

During reaction, storage, or transportation, when the
heat production rate (Q,) surpasses the heat removal rate
(QO,), the heat released in the reaction process leads to an
increment in temperature (7). As the process temperature
reaches the apparent exothermic onset temperature (7)), the
system may eventually cause the reaction to gradually
become unbalanced, and a runaway reaction may even be
started. At this instant, if the heat cannot properly be
removed, heat accumulation will cause a temperature rise,
increasing the progress of reaction and leading the reaction
system to combustion, bursting, or even explosion [10-12].

We used differential scanning calorimetry (DSC) com-
bined with thermogravimetric analysis (TG) to determine
the thermal runaway reaction of AIBA by several heating
rates (f§). Based on instrument data, numerical methods
were the primary technique for further analysis on reaction
kinetic of AIBA [13-17]. Mathematical models [18-21]
bring into kinetic assessment operation for quantification
and calculation, as well as to establish a specification of
assessment for development and preserve the process into
stable state. The estimate model was employed to assess
thermokinetic parameters, such as apparent exothermic
temperature (7,), reaction order (n), temperature at the
maximum heat release in reaction (7},), heat of decompo-
sition (AHy), pre-exponential factor (A), and apparent
activation energy (E,). Above-obtained data were applied
to classify and construe exothermic mode of AIBA under
large scale, and corresponding thermal safety measures can
also be analyzed. The mathematical approach combining
thermal hazard responses evaluation is a critical basis for
the rationality of thermokinetic parameters. To achieve this
objective, we used two kinds of isoconversional methods as
a preliminary estimate of the thermal hazard parameters
and imported two linear fitting methods to calculate the
required values that are further required for the process
amplification method. Scale-up simulation was imple-
mented by Semenov model [22], which can be applied in
real process situation, transportation, or storage conditions.
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Experimental and methods
Thermokinetic parameters of AIBA reaction

The basic thermal hazard characteristics of 98 mass%
AIBA were determined by DSC temperature screening
experiments with a software setting on a Mettler TAS8000
system subjoined with a DSC 821° measuring cell [23, 24].
Thermogravimetry, purchased from Hitachi STA 7200RV
(simultaneous thermal analysis), was utilized to analyze the
alterations of mass loss and thermal degradation behavior
for AIBA. Five heating rates of 0.5, 1.0, 2.0, 4.0, and
8.0 °C min~" were applied in DSC and STA [25].

For acquiring appropriate values for the correctness of
the subsequent calculation, we combined the differential
isoconversional of Friedman, and Flynn—Wall-Ozawa
methods with linear fitting of ASTM E698-11 and Kis-
singer methods for preliminary determining rudimentary
thermokinetic parameters. The calculated data can be used
as the basis for the process amplification simulation.

Isoconversional differential method-Friedman
method

The Friedman method uses a differential isoconversional
model, which is derived from the Arrhenius equation, to
determine thermokinetic parameters [26]. The data mea-
sured by calorimetry can be determined from natural log-
arithmic transformation on conversion rate (do/dr),
externalized for formula on reciprocal of corresponding
reaction conversion rate (o)t specific absolute temperature
[27]:

() =maseen (- o) 1)
r ; do
t‘“’zo/ dt:a_[ Ao exp (-~ £2) ¥

In Eq. (1), E(«) and A(o) are apparent activation energy
and frequency factor at conversion o; A’(e) is an amended
pre-exponential factor by a product of A(a) and f (o). f(o)
is reaction equation. The reaction equation will have dif-
ferent expression patterns depending on the reaction mode
of the sample itself, but the method does not need to
consider the form of the reaction, so f () can be expressed
as a constant. The calculating method of E, is indicated as
relational equation between parameters of — E(x) R™' in
slope and In(A(2)f()) in intercept. The coordinate of
x and y axes is characterized by In (do/df) and T(t)fl.

Isoconversional integration-Flynn-Wall-Ozawa
method

Flynn—Wall-Ozawa method avoids the possible negligence
produced from diverse assumptions concerning kinetic
form, which can be expressed as below [28]:

E.
In(f) = —1-0516<R;,> + constant (3)

If the effects of different heating rates are taken into
account, Eq. (3) can be rewritten as Eq. (4):

1 1.0516—2L = 1.0516 -4
n(fy) + RT., n(f,) + Rgaz
=1 1.0516—2 — ... (4
n(f;) + RTa (4)

The slope E, can be determined by plotting with In (f8) and
T~'. Isoconversional methods have a prominent advantage
over non-isoconversional methods. The results, in a wide
range of applications actual sample temperatures, may
deviate from preset non-isothermal or isothermal methods.
This is due to the thermal effect that induces sample self-
heating [28]. The method is better suited for a differential
type instrument, such as heat-flow data by DSC. The
method does not need to consider the models and process
of reaction which can be made a preliminary analysis to
verify the apparent activation energy [28].

ASTM E698-11 model

The suitability and application of the linear fitting method
have been confirmed in several papers for its method-
ological strength. Compared to the isoconversional
method, linear fitting method is applicable for known
reaction modes such as nth reaction, or where substances
are less complex in the reaction stage. If the reactions are
correctly matched, the conditions of the fitting and the
result can be relied upon. In this study, the Kissinger
method and ASTM E698-11 are deemed suitable for use.

The ASTM E698-11 method can be written in the fol-
lowing form [29]:

d(log f)

2.303R
g- (-25%) ) ©
D dlng)x(x)] _ din(x —&—izxexp(x)  where x = RE_TaP
(6)
_Ep E,
A= RTI% exp (RTP> (7)
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where o is the conversion of the AIBA groups and A is the
rate constant. The values of In(/7?) and T~ ' in the plot
can render the slope = — E/(RT).

Kissinger method

The A and E,, can be calculated from drawing the y axes of
In[B/T3] and x axes of 1/T, [30]:

B\ . (AR\ E,

Calculating relative speed and convenience of the
essential parameters are benefits of the linear fitting
method, such as ASTM E698-11 and Kissinger methods
which were applied in this study. Linear fitting method is
usually based on the Arrhenius model, which involves a
certain range of heating rates, generally set as
1-10 °C min~' and assuming a first-order reaction in
applied elementary chemical processes, such as decompo-
sition, catalysis, and degradation [30].

Nonlinear fitting method

To clarify the thermokinetics for AIBA, a nonlinear fitting
method was applied for DSC thermal curve data treatment
[14, 31, 32]. The nonlinear fitting method assumes that the
conversion degrees are reflected in variables of systematic
status. This approach not only facilitates to establish a
more detailed reaction mechanism, but is also consistent
with the actual situation and some experimentally obtained
overall responses. In addition, the condition occurs when
investigating reactions in other self-reactive substances and
secondary reactions with more than two stages initiated at
elevated temperatures under accidental environments. The
nonlinear fitting method can characterize multiple phase
reactions that may contain several independent, parallel,
and continuous stages. The nth reaction rate models used in
this study are demonstrated in Egs. (9) and (10) [31, 32]:

Simple single-stage reaction A — B:
% = koei%f (O()

For nth-order model : f(x) = (1 — )" 9)
* {For autocatalysis model : f(2) = (1 — )" (¢ + 1) (10)

r =

where k, denotes the pre-exponential factor of reaction of
the nth stage, respectively. R is the gas constant
(R=28314] mol ™! Kil), o is the degree of conversion
(0-1), and 7 is the autocatalytic constant.
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Process amplification with simulation method
and critical condition calculation

Scale-up method is based upon the assumption that (1) the
temperature in the system is uniform, (2) there is no tem-
perature gradient, and (3) the temperature of the system is
greater than that of the environment. The heat exchange
between the system and the environment is concentrated on
the surface of the system [33]. This approach not only
builds up a more detailed reaction mechanism, but is also
in line with the actual situation, and some overall respon-
ses, such as heat generation in real process, can be obtained
[34]. The fractional conversion of concentration rate Xp
can be converted to Eqgs. (11) and (12) [22, 35]:
AH, mCy(T —T,) (T-T,)

AT AHga  mCy(T, — To) (T, - T,) (11)

C=Cy(1 = Xa) = G, ((TT;’__TTO)) =G (TZT_pT) (12)

where C is concentration of reactants, C, is initial con-
centration, AH, is total heat released by decomposition at
time, AH,. is total heat of whole reaction, m is mass of
reactants, and Cp is specific heat of reactants of interest
[35].

The equation of reaction rate (r) can be exemplified as
Eq. (13) [36]:

—dC N

r=—g = kC (13)
where k is rate constant, ¢ is a specific period in the
chemical process, and n is reaction order.

Substituting and combining Eq. (12) with Eq. (13) and
the Arrhenius equation:

k=C"'Aexp <— 1%) = <‘;—D [(TFA%T)] nATp (14)

Taking the transformation on natural logarithms on
Eq. (14) renders Eq. (15) on the following information:

dr ATP n _ n—1 E'd

(15)

The d77/dt by adiabatic condition is the magnitude of the
temperature rise within the reaction. Amplification model
demonstrates heat production rate (g,) composed with
volume of reactive material (V), — r, and AHg1. gy is
indicated as Eq. (16):

qs = AHtotalV(_r) (]6)

Replacing Eq. (13) into Eq. (16), g, can be rewritten as
Eq. (17):
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E,
= AHo VAC" - 17
dg total CXP( RT) ( )

The heat reduction rate (¢g,) caused by cooling system is
denoted as Eq. (18):

qr = hS(T - T) (18)

where h can be expressed as heat transfer capacity of
cooling system, § is total contact surface area for heat
exchange, and T is ambient temperature under current
system.

Derived from Egs. (17) and (18), the thermal balance of
system g, — g, can be represented as Eq. (19):

dTr

where p is density of reactants.
From Egs. (17) to (19), the thermal change in system
can be annotated as Eq. (20):

dT

E.
pVCp (E) = AH\ ;i VAC" exp (— ﬁ) —hS(T —Ty)

(20)
The reaction order n obtained by this study is 1.
Therefore, replacing Eq. (17) into Eq. (20) with n =1,
Eq. (20) can be rewritten as Eq. (21):
dr (Tp —T) E,
VCp| — | = AHyoa VAC, | —= —
pvilp (dt) total 0 |:(TP — To) exXp RT,
=hS(Tc — Ts)

(1)

Whether the reaction is in equilibrium under steady state
can be obtained by Egs. (22) and (23) [22]:

de|r=1. = GrlT=T, (22)
dgg | _ das (23)
dT 7T, dT T—T.

where T is the critical temperature.

When the g, subtracted ¢, is a negative value, (d7/
dr) > 0. The cooling system is unable to process the heat
generated in the system. As heat continues to accumulate in
the system, it is eventually evolving into runaway. With
above condition, Eq. (21) can be rewritten as Eq. (24):

(Tp — Tc) E,
AHpiq VAC, |——= — = hS(Tc — T
total 0 |:(TP _ To) exXp RT. ( C 5)

(24)
Combining Egs. (22) and (23), applicable conditions of
heat transfer efficiency AS can be calculated:

AH, 1 VAC, exp (;i“) [—1 + Eia(;‘}zm]

hS =
(Tp = To)

(25)

Results and discussion
Thermokinetic parameters of AIBA reaction

Thermogravimetry can be used to examine the association
between temperature and mass loss for the decomposition
or combustion reaction. Therefore, the thermal stability of
chemicals can be evaluated in a heating system. Figure 1
shows the mass loss versus time diagram of AIBA in N,
atmosphere at different heating rates, 0.5, 1.0, 2.0, 4.0, and
8.0 °C min~', by TG test. The time of thermal degradation
is lessened with temperature increase, and even the time of
thermal degradation of AIBA is less than 8.0 h at low
heating rate (0.50 °C minfl), which is defined that the base
of AIBA is thermally sensitive material. Moreover, when
heating exceeds 4.0 °C min~', the thermal degradation of
AIBA becomes quite violent. Therefore, during the storage
or transportation, AIBA should remain at lower tempera-
ture to avoid aging or thermal hazard from occurring.

Figure 2 demonstrates the mass loss rate against time
diagram of AIBA by TG tests. It can be seen that the AIBA
has two mass loss stages and also stands for a severe
decomposition reaction. The response amplitude of first
stage is a minor effect in the overall reaction, as shown in
Fig. 1. We regard the second stage as the main reaction to
obtain the thermokinetic parameter under the nonlinear
fitting method, and simulation result is well matched with
experimental data. It is reasonable to treat the second-stage
reaction as the main reaction and the basis for the subse-
quent process amplification calculation.

By the arithmetic results of isoconversional method, the
conversion of reaction progress o is in the range of values
on 0-1 and presented in Figs. 3 and 4. As the reaction
proceeds, AIBA has a short prompt reduction of E,. The
value of E, remains without much change, and then, it is

r Heating rate = 0.5 °C min™'
3500 Heating rate = 1.0 °C min™'
Heating rate = 2.0 °C min™!
3000+ Heating rate = 4.0 °C min "'
—— Heating rate = 8.0 °C min”'
25004
on
> 2000+
>
-
3 1500
on
H
1000 -
500 A
o]
T T T T T T
0 200 400 600 800 1000
Time/min

Fig. 1 TG thermal curves of AIBA at of 0.5, 1.0, 2.0, 4.0, and
8.0 °C min~"
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— .+ Heating rate = 0.5 °C min '
2000 Heating rate = 1.0 °C min '
Heating rate = 2.0 °C min '
—— Heating rate = 4.0 °C min .
1500 4 Heating rate = 8.0 °C min -
T
.8
g 1000 ~
Lo
o
Z
3
op 500
[_4
o
04 _ _LA L ma
T T T T T T 1

— 100 0 100 200 300 400 500 600
Time/min

Fig. 2 dTg thermal curves of AIBA at of 0.5, 1.0, 2.0, 4.0, and
8.0 °C min~"

300+ ——E, /kJmol !
InfA (@) f@)] ™)

250+ ——R*=0.999 when E, = 112.0 kI mol | ®
T 200
S 16
g
=
2 150
K

J4
100+

T T T T T T T T 0
0.0 0.2 0.4 0.6 0.8 1.0

Reaction progress/o

Fig. 3 Determination of the apparent activation energy of the
decomposition of 98 mass% AIBA with the Friedman thermokinetic
equation

reduced at the end of reaction. The minimum value of E,,
occurs at the end of the reaction. The value of E, varies
greatly to the beginning and end of the reaction. The values
of E, provided by reaction process are remaining stable. It
can be inferred that AIBA is basically a relatively simple
model on decomposition reaction, approximated as an nth
order reaction.

For AIBA, the ranges of E, from two isoconversional
methods are 100.0-112.0 and 99.0-200.0 kJ mol ™!, which
can be obtained from the data shown in Table 1. Table 2
shows the calculated results from four methods, which can
be compared. Among the E, values, the result from
Friedman model is different from the other three models.
Even experiments conducted under the same setting con-
ditions cannot be confirmed by the consistency of data

@ Springer

260 - - 10
240 —— E,/kJ mol

220 ] —+— R%=10.995 when E, = 120.0 kJ mol!
200 4
1804
160 4
140
120
100
80
60 -
40 92
20 4

04

/kImol ™!

<

E

—_— .
0.0 0.2 0.4 0.6 0.8 1.0
Reaction progress/o
Fig. 4 Determination of the apparent activation energy of the

decomposition of 98 mass% AIBA with the Flynn—-Wall-Ozawa
thermokinetic equation

Table 1 Non-isothermal data by DSC tests for 98 mass% AIBA at
0.5, 1.0, 2.0, 4.0, and 8.0 °C min™’

B/°C min™" T,/°C T,/°C AHT g™
AIBA
0.5 93.0 99.7 875.0
1.0 101.0 105.5 837.0
2.0 107.0 111.4 887.0
4.0 113.0 117.6 1097.0
8.0 121.0 126.1 1185.0
Table 2 Calculated results of E, value by four methods
Method E,/kJ mol ™!
Friedman 100-112
Flynn—Wall-Ozawa 99-200
ASTM E698-11 120
Kissinger 125

retention. A single scanning may cause an offset in
instruments. However, the deviation of the calculations and
experimentation was greatly reduced by Friedman model,
which did not require an accurate understanding of reaction
pathway. The results of Flynn—Wall-Ozawa are more
suitable for AIBA. Combining the results of ASTM E698
on Fig. 5 and Kissinger methods on Fig. 6, it can be
determined that E, = 125.0 kJ mol ™" instead of a range of
values.

Figures 7 and 8 show heat production versus time for
the experiments and simulations. The simulation results
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Equation Y=a+b*x
—-35+
Adj. R* 0.99791
Value Standard Error
—4.04 Ink Intercept  30.86161  0.945
Ink Slope —13.27151  0.35084
— 45
xQ
en
8 50
—554
—6.04
T T T T T T T T T

T T T T T T T T 1
260 262 264 266 268 270 272 274 276 2.78
Tax/1000 K !

Fig. 5 Evaluation of E, by ASTM E698-11 method for 98 mass%
AIBA atn = 1.0

-9 T T T T T
- 10} 4
11k 4
Py
Q
,S — 12} | Equation Y =a+b*x .
‘ Ad. B 0.9938
‘ Value Standard Error
— 13 4
Ink Intercept ~ 27.92371 1.53422
Ink Slope 15062445 59030092
—14 s 1 s 1 s 1 s 1
0.00245 0.00250 0.00255 0.00260 0.00265 0.00270
T/K!

Fig. 6 Evaluation of E, by Kissinger method for 98 mass% AIBA at
n=10

1200 4
1000 4
800 —— O-sim at heating rate = 0.5 °C min '
_ | O Q-exp at heating rate = 0.5 °C min”'
! =———(Q-sim at heating rate = 1.0 °C min’'
o 600 b e rato— 1.0°C i’
) V  Q-exp at heating rate = 1.0 °C min
2 1 Q-sim at heating rate = 2.0 °C min !
Q4004 < Q-exp at heating rate = 2.0 °C min"
Q-sim at heating rate = 4.0 °C min’
1 O Q-exp at heating rate = 4.0 °C min’'
200 ——— Q-sim at heating rate = 8.0 °C min"
4 O Q-exp at heating rate = 8.0 °C min !
0 e
T T T T T 1
0 5000 10,000 15,000 20,000 25,000
Time/s

Fig. 7 Comparisons of AIBA heat production versus time curves with
heating rates of 0.5, 1.0, 2.0, 4.0, and 8.0 °C min~' by experiments
and simulations

showed a reasonable fitting of the DSC data under different
heating rates. The formal nth model provides a reasonable
fit for the entire set of experimental data. The results pro-
duced well-fit curves of heat production rates as shown in
Fig. 8. The results closely mirrored the same thermokinetic
parameters, such as E, that were obtained by the nonlinear
fitting method, and are also similar to data from the four
methods given in Table 1. The schemes of heat production
and heat production rate against the time of AIBA reaction
at the five heating rates demonstrate that AIBA exhibits
complex reaction behavior that the obtained thermokinetic
parameters can be used to reliably forecast the thermoki-
netic parameters using the Semenov model. The related
thermokinetic parameters are listed in Table 3.

Calculation mode on process amplification
calculation mode

For applying experimental scale of thermal hazard data to
the actual process operation, such as design of cooling
system or storage and transportation characteristic, we
simulated heat generation from large-scale system g, and
external heat release mode g, based on Eqgs. (17) and (18).
The parameters to be replaced in the equations are known
as fixed values except the Ts. Ts can be substituted into
arbitrary value. In general, azos are commonly used at
temperature below 90.0 °C. We chose ambient temperature
as 323, 333, and 343 K. Adding the conditions of Egs. (22)
and (23), g, and g, will have intervals of heat balance
(g = gqv). From the above situations, the curves formed by
g; and g, have two intersection points defined as the
stable point of extinguishing temperature (7sg) and the
stable point of initiation temperature (7s;) as well as tan-
gent points defined as critical ignition or extinction

10
——— dQ/dt-sim at heating rate = 0.5 °C min’'
O dQ/dr-exp at heating rate = 0.5 °C min_
= dQ/dt-sim at heating rate = 1.0 °C min-
v dQ/dt-exp at heating rate = 1.0 °C min~
= dQ/dt-sim at heating rate = 2.0 °C min_
< dQ/dt-exp at heating rate = 2.0 °C min
= dQ/dz-sim at heating rate = 4.0 °C min
O dQ/dr-exp at heating rate = 4.0 °C min_
= dQ/dt-sim at heating rate = 8.0 °C min"
O dQ/dr-exp at heating rate = 8.0 °C min_

1

1

1

1

1

1

1

1

OO 0D OO @

1

dQdr'/kT kg™ s
N
1
I & DDAPD O OO0 O O DOTBOOOO

T T 1
10,000 15,000 20,000

Time/s
Fig. 8 Comparisons of AIBA heat production rate versus time curves

with heating rates of 0.5, 1.0, 2.0, 4.0, and 8.0 °C min~! by
experiments and simulations
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Table 3 Results of thermokinetic parameters evaluation for the AIBA
at 0.5, 1.0, 2.0, 4.0, and 8.0 °C min~"

Parameter Units Value
In (ko) In (s7h 29
E, kJ mol ™! 130
n Dimensionless 1
AH, Jg™! 1074

temperature (7¢c;) and critical extinguishing temperature
(Tcg), which are shown in Figs. 9—11 with different sur-
rounding temperatures. The numerical method can be
beginning from Eq. (25). The two solutions, Tcg and T¢y,
can be attained, and brought to Eq. (19) to obtain two AS
values. Finally, different AS is substituted into Eq. (24) for
acquiring other critical parameters.

By the tangent and intersection of g, and g, it can
determine the AIBA in large scale under different cooling
system efficiency (g;1, g2, and g,3). When the heat g, is less
than or equal to g3, which means the cooling system
efficiency must at least have reached this value. If the
temperature exceeds the value represented by the T¢y, ¢,.
< (g, the system will tend to be unstable state, or if the
temperature exceeds the value of Ty, the ¢, > ¢, and the
system will finally move back to steady state. When the
cooling efficiency measures up the ¢y, substantially the
gr > q,, €ven if the temperature is greater than Tsg and
TcE, the system will return to steady state.

From the above description, the ideal state of the cooling
system is g, > ¢,;. However, realization of higher cooling

qg
200+ Tppand Ty, /K Typand Ty /K AS/KT min ' K™ T 4,
418.13 (ex.)  323.12 (Low) 1.8921 —q
324.78 (ig)  437.22 (High) 0.0213 fz
180 —q,
. 3
4= 217El3min! 7=25L
1609 £ = 1250 ki mol ' ,=323K
=10 C,=1.10 -
~ 1404 ":lo LG gem
's q 065kl g
g 1204
2» TSH
= 1004
>
T 804
<
o0
S 604
404
204 Ty l
0 \ - T
T T N 1 T T T T T T T T T T T 1
280 300 320 340 360 380 400 420 440

T/K

Fig. 9 Balance scheme of heat production rate g, and heat removal
rate g, for decomposition reaction of 98 mass% AIBA with
Ts =323 K
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220 - Topand To/K Tgpand Tg/K  hS/kJ min' K T. — 4n
42276 (ex.)  333.12(Low)  2.3081 —q
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— 4x
180 ] A= 217EB3 min' y=25L ?
E, =125.0 kI mol™ 7,=333K
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- 1
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Fig. 10 Balance scheme of heat production rate g, and heat removal

rate ¢, for decomposition reaction of 98 mass% AIBA with
Ts =333 K
9y
_ Tepand T, /K Ty and Ty /K AS/kJ min”' K™! a1
240 425.76 (ex.)  344.25 (Low) 2.8771 T q,
220 4 34512 (ig) 43878 (High)  0.0813 2
4,
200 A= 217E13min" y=25L y 2
180 E, =125.0kJmol ' Ty=343K /
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= 1604 ¢ =1065klg !
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<
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Fig. 11 Balance scheme of heat production rate g, and heat removal
rate ¢, for decomposition reaction of 98 mass% AIBA with
Ts =343 K

efficiency often requires costly designs and equipment.
Under the compromise, the real process can select a
medium cooling system efficiency ¢,; there were three
intersection points between g,3 and g,, which represents a
stable point at lower temperature (7s;), stable point at
middle temperature (Ty;), and stable point at higher tem-
perature (Tsy).

The temperature in a normal operating system should
always be maintained below Ty, but when causing an
unexpected situation, such as a disoperation or invalid
device, the temperature exceeds Ty If the cooling system
does not respond in time, heat accumulation occurs (g,
< gy, and resulting system approaches an unstable state or
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runaway reaction. The reaction progresses to Tsy, at which
point ¢, > ¢, and the system traces back to a steady state.

Conclusions

DSC combined with a mathematical model is a useful
method for measuring the thermal hazard of, and avoiding
a thermal runaway reaction for, AIBA. Kinetic models can
also be integrated with calorimetric data to acquire a
variety of thermokinetic parameters. The calculation
results can approach more closely to the real situation.

The obtained thermokinetic parameters can be used in
the calculation of the process amplification simulation of
AIBA under different surrounding temperature during
various cooling efficiencies (see Figs. 9—11). When heat
discharge rate (hS) is determined by ¢,; and g3, Tc1, T,
Tsg, and Tcg = 324.78, 437.22, 323.12, and 418.13 K (98
mass% AIBA with Tg = 323 K), as the Tg increased on
333 K, Tcr, Tsp, Tsg, and Tcg = 334.45, 438.22, 333.12,
and 422.76 K. The critical temperature increased when the
Ts value was increased. The range of heat transfer coeffi-
cients (hS) was 0.0213-2.8771 kI min ' K™' at
323 K< Ts < 353 K for AIBA.

The decomposition reaction of AIBA analyzed by dif-
ferent DSC heating rates and thermokinetic parameters was
constructed from four different kinetic theories. These
results were used for predicting the exothermic mode of
AIBA at the medium scale (25 L). It will decrease the need
for large experiments, which are tedious and expensive.
The simulation of thermal behavior can assist in evaluation
and design basis for an actual process cooling system,
transportation, and storage of AIBA.
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