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Abstract In addition to organic peroxides, azo com-

pounds are important basic initiators applied in chemical

plants. In general, these compounds decompose at lower

temperatures than aldehydes, ketones, and ethers, some of

which decompose unimolecularly at higher temperatures so

that the first products are not as stable due to the bivalent

–N=N– composition, which has very active characteristics.

In this study, thermal stability tests of two azo compounds,

2,20-azobis (2-methylbutyronitrile) and 2,20-azobis-(2-4-

dimethylvaleronitrile), were evaluated via differential

scanning calorimetry to determine the apparent exothermic

onset temperature (T0), heat of decomposition (DHd), and

apparent exothermic peak temperature (Tp) for intrinsic

thermal safety analysis. Following the dynamic tests, vent

sizing package 2 (VSP2) was employed to determine the

maximum pressure (Pmax), maximum temperature (Tmax),

maximum self-heating rate [(dT/dt)max], maximum pres-

sure rise rate [(dP/dt)max], and adiabatic time to maximum

rate [(TMR)ad] under a credible case. Finally, we attempted

to obtain the apparent activation energy (Ea) and pre-expo-

nential factor (A) during decomposition via a non-isothermal

approach through Flynn–Wall–Ozawa equation and the ap-

proximate solution for the design of safer reaction conditions

with greater efficiency when azo compounds are used as

initiators. As a whole, a prudent approach for the integration

of thermal hazard data was developed that is necessary and

useful for determining a proactive emergency response

procedure associated with industrial applications on azo

compounds during thermal upsets.

Keywords Approximate solution � Azo compounds �
Differential scanning calorimetry (DSC) � Flynn–Wall–

Ozawa equation � Vent sizing package 2 (VSP2)

List of symbols

A Pre-exponential factor (min-1)

Ca Concentration of the sample (M)

Ca0 Initial concentration of the sample (M)

Ea Apparent activation energy (kJ mol-1)

DHd Heat of decomposition (J g-1)

P Pressure (bar)

Pmax Maximum pressure (bar)

(dP/dt)max Maximum pressure rise rate (bar min-1)

t Time (min)

T Temperature (�C)

T0 Apparent exothermic onset temperature (�C)

Tmax Maximum temperature (�C)

Tp Peak temperature (�C)

(dT/dt)max Maximum temperature rise rate (�C min-1)

a Degree of conversion of a component

(dimensionless)

b Scanning rate (�C min-1)

Introduction

Azo compounds are classified as Class IV in the UN clas-

sification because of the potential risk of decomposition
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from self-heating during storage and transportation [1, 2].

The compounds include the bivalent –N=N– composition,

which may be easily cleaved and release large amounts of

heat and gas under a high temperature or other hazardous

scenarios [3, 4]. The breaking of the bivalent bond compo-

sition leads to a rapid increase in temperature and pressure,

which triggers a runaway reaction that leads to a fire or

explosion while the cooling system fails or another upset

scenario emerges [5–7].

Liu et al. [2] initially observed the incompatible reaction

of 2,20-azobis (isobutyronitrile) (AIBN) and obtained the

exothermic behaviours, AIBN mixed with acid or alkaline

material, via differential scanning calorimetry (DSC) and

thermal activity monitor III. To emphasize the safe con-

cerns, the purpose of our study was further to focus on the

thermal behaviours of two typical self-reactive azo com-

pounds, 2,20-azobis (2-methylbutyronitrile) (AMBN) and

2,20-azobis-(2-4-dimethylvaleronitrile) (ABVN) for inher-

ent safety properties via hybrid methods [1, 3, 4]. The

structure of two azo compounds is depicted in Fig. 1. Upon

decomposition, AMBN and ABVN can release nitrogen

and other toxicities, isobutyronitrile and acrylonitrile, to

the environment, which could cause injuries because many

nitrile compounds evolve during meltdown and undergo

rapid decomposition from 100 to 107 �C [1, 8, 9]. In ad-

dition, fire or explosion may also occur. Because AMBN

and ABVN will slowly decompose at room temperature

[8, 9], they should be stored at temperatures below 10 �C
and removed from fire and any prominent external thermal

sources.

In the current study, we determined the thermal stability

parameters of AMBN and ABVN to investigate the cor-

responding thermal hazard under non-isothermal and

adiabatic conditions. Thermal stability tests were con-

ducted using DSC to acquire thermokinetic parameters,

including apparent exothermic onset temperature (T0),

exothermic peak temperature (Tp), and heat of decompo-

sition (DHd). The runaway reaction under adiabatic con-

ditions was, in turn, mimicked by using vent sizing

package 2 (VSP2) to determine the temperature (T) and

pressure (P) with respect to time (t) during the process, as

well as the thermal stability data in the thermal runaway

reaction, including maximum pressure (Pmax), maximum

temperature (Tmax), maximum self-heating rate [(dT/

dt)max], and maximum pressure rise [(dP/dt)max]. As a

whole, the advanced experimental method from small scale

(mg) of DSC and large scale (g) of VSP2 was adopted to

evaluate the thermal stability parameters to design safer

process conditions, appraise all types of related thermal

risks, and establish the risk assessment techniques of the

new process [10–14].

Experimental and methods

Dynamic test

The experimental analysis was performed using Mettler

DSC821e and the analysis software STARe [15, 16]. DSC

was used for the preliminary thermal analysis of the sub-

stance to acquire data for the exothermic curve, released

heat, and thermal behaviours. In the DSC test, AMBN and

ABVN were imbedded in a gold crucible. The heating rates

were set at 0.5, 1, 2, 4, and 8 �C min-1, and the heating

range was between 30 and 300 �C.

Adiabatic test

VSP2, produced by Fauske & Associates, LLC [17, 18],

was applied to measure the adiabatic state which can

simulate the reactor in the process. Then the heat-wait-

search mode can provide the dynamic scanning test from

room temperature to apparent exothermic onset tem-

perature to obtain temperature and pressure trace versus

time in the test cell (ca. 112 mL) [17, 18]. The thermoki-

netic and pressure behaviours in the same test cell can

typically be tested without issues in its extrapolation to the

commercial scale because of the low thermal inertia factor

(U) of approximately 1.05–1.32.
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Fig. 1 Structure of two azo compounds. a AMBN, b ABVN [1, 2, 4]
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Results and discussion

DSC test results

The mass concentration of 98 mass% for AMBN and

ABVN was measured using the DSC821e with a differen-

tial scanning analysis function, which was used to deter-

mine the preliminary thermal stability and the exothermic

phenomenon of the thermal decomposition reaction. To

estimate the chemical kinetic parameters of the AMBN and

ABVN, we measured the thermal power profiles in a dy-

namic mode. As shown in Figs. 2, 3, different scanning

rates of AMBN and ABVN between 0.5 and 8 �C min-1

generated a different exothermic reaction after heating,

with a heating range between 30 and 300 �C.

According to the exothermic peak temperatures listed in

Table 1, T0 of AMBN and ABVN was approximately 81

and 61 �C, respectively, DHd was approximately 859 and

555 J g-1, and Tp was approximately 102 and 83 �C at

0.5 �C min-1. The average heat of reaction of the AMBN

and ABVN was 889 and 689 J g-1, respectively, and was

therefore classified as highly hazardous substances because

the exothermal reaction heats were[250 J g-1.

On the other hand, the researchers discovered, by using

DSC or accelerating rate calorimeter (ARC), that the en-

dothermic melting peak overlapped the exothermic de-

composition peak, resulting in the uncertainty of the initial

decomposition temperature for azo compounds in the past

studies [1–8]. In Figs. 2, 3, when the solid melted, a ther-

mal decomposition reaction followed in accordance with

the continuous parallel equation and heat scanning of the

solid sample occurred while the material was not clearly

separated yet [1–8]. Overall, after the catalytic decompo-

sition of AMBN and ABVN, a tremendous amount of heat

was generated.

Computation of thermokinetic parameters using

the Flynn–Wall–Ozawa equation

This method is applicable to the DSC integral-type thermal

curves. Flynn and Wall [19] and Ozawa [20] proposed the

isoconversional method, Flynn–Wall–Ozawa equation,

using TG/DSC curves to determine kinetic parameters of

reactions. The following equation can be represented on the

basis of the Doyle approximation [21] for heterogeneous

chemical reactions:

logðbÞ ¼ log
AEa

R

� �
� log gðaðTÞÞ½ � � 2:315 � 0:4567

Ea

RT

ð1Þ

In Eq. (1), g(a(T)) is a conversional function, Ea is the

apparent activation energy, R is the gas constant, and A is a
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Fig. 2 DSC thermal curves of heat flow versus temperature for

AMBN by DSC with b of 0.5, 1, 2, 4, and 8 �C min-1

20 40 60 80 100 120 140 160 180 200 220
–2.0

–1.5

–1.0

–0.5

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.5 oC min–1

1 oC min–1

2 oC min–1

4 oC min–1

8 oC min–1

Temperature/oC

 0.5 oC min–1

  1   oC min–1

  2   oC min–1

  4   oC min–1

  8   oC min–1

En
do

Ex
o

H
ea

t f
lo

w
/W

 g
– 1

Fig. 3 DSC thermal curves of heat flow versus temperature for

ABVN by DSC by DSC with b of 0.5, 1, 2, 4, and 8 �C min-1

Table 1 Experimental results for AMBN and ABVN via DSC test at

0.5, 1, 2, 4, and 8 �C min-1

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

AMBN

0.5 5 ± 0.2 50 81 102 859

1.0 51 88 108 902

2.0 51 94 115 955

4.0 54 101 121 781

8.0 56 107 130 952

ABVN

0.5 49 61 83 555

1.0 49 64 88 764

2.0 51 63 95 765

4.0 52 67 101 786

8.0 54 75 109 574
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pre-exponential factor. The principle of isoconversional

method is based on the assumption that the reaction rate at

a given degree of conversion is only a function of the

temperature. Therefore, for different heating rates at a

constant degree of conversion g(a(T)), a linear relationship

is observed by plotting log(b) versus T-1 and Ea is obtained

as the slope of the straight line.

The apparent activation energy analysis graphs for

AMBN and ABVN at scanning rates of 0.5, 1, 2, 4, and

8 �C min-1 using the kinetic equation are delineated in

Figs. 4, 5. From Table 2, the Ea values, computed from the

kinetic equation, are 143 and 128 kJ mol-1 for AMBN and

ABVN, A are 2.5 9 1016 and 4.1 9 1014, and the corre-

lation coefficients are 0.991 and 0.993, correspondingly.

Curve-fitting and well-established kinetic equations were

based on model-fitting and differential isoconversional

methods, respectively. There have been concerns with the

accuracy of the curve-fitting approach. From Figs. 2, 3, the

faster scanning results in a broader and smoother energy

curve, but a more unstable conversion rate of thermal de-

composition. Therefore, for the evaluation of AMBN and

ABVN thermokinetic parameters of thermal decomposition

via non-isothermal kinetics method, an improved result was

observed at scanning rates\4 �C min-1, which was deter-

mined from the processing of model-fitting or model-free

computed AMBN and ABVN’s thermokinetic parameters.

Evaluation of thermokinetic parameters

via approximate solution

This section considers the development of the mathematical

model of the nth-order system under a dynamic experiment.

Analytical expressions are also derived to be used in the

exothermic reaction in the systems with both linear and

Frank-Kamenetskii kinetics. The kinetic behaviours of a

wide range of an nth-order system can be well approximated

through the prototype step:

�ra ¼ � dCA

dT
¼ k0e�

Ea
RTCn

A ð2Þ

From the identification of thermal decomposition, the

conversion rate is defined as Eq. (3):

a ¼ Ca0 � CA

CA0

ð3Þ

Then, integration results in Eq. (4) under the Frank-

Kamenetskii approximate solution [22, 23]:

da
dT

¼ A

b
e�

Ea
RTf ðaÞ ð4Þ

f ðaÞ ¼ ð1 � aÞn ð5Þ
Z a

0

da
f ðaÞ ¼

Z T

T0

A

b
e�

Ea
RTdT ffi A

b

� �
RT2

Ea

e�
Ea
RT ð6Þ

To simplify the complex calculations, we consider G(a)

as Eq. (7), then Eq. (9) can be derived from Eqs. (7) and (8)

by:
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Fig. 4 Activation energy analysis graphs for AMBN at scanning

rates of 0.5, 1, 2, 4, and 8 �C min-1 under a at 20, 30, 40, 50, 60, 70,

and 80 by Ozawa–Flynn–Wall kinetic equation
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Fig. 5 Activation energy analysis graphs for ABVN at scanning rates

of 0.5, 1, 2, 4, and 8 �C min-1 under a at 10, 20, 30, 40, 50, 60, 70,

80, and 90 % by Ozawa–Flynn–Wall kinetic equation

Table 2 Apparent activation energy of AMBN and ABVN deter-

mined by Flynn–Wall–Ozawa equation and approximate solution

Equation Ozawa Approximate

solution

Literature

value

AMBN 143 137 141 [6]

ABVN 128 123 133 [1]
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GðaÞ ¼
Z a

0

da
f ðaÞ ð7Þ

GðaÞf ðaÞ ¼ A

b

� �
RT2

Ea

e�
Ea
RTf ðaÞ ¼ RT2

Ea

da
dt

ð8Þ

Z a

0

da
GðaÞf ðaÞ ¼

Z T

0

Ea

RT2
dT ¼ �Ea

R

1

T
þ const ð9Þ

Therefore, the Ea value of AMBN and ABVN under the

nth-order reaction assumption can be estimated using

Eq. (9) with Frank-Kamenetskii approximate solutions.

Figures 6, 7 show the regions of exothermic characteristics

of the patterns generated in the reaction process that can be

exactly determined mathematically. Finally, the Ea values

calculated via the approximate solution are 137 and

123 kJ mol-1, A are 3.1 9 1018 and 5.1 9 1016, and the

correlation coefficients are 0.987 and 0.982 for AMBN and

ABVN, respectively, as listed in Table 2. This method

identifies the additional parameters needed to estimate the

Ea value applied in the reactant self-accelerating decom-

position temperature (SADT), which can identify the lowest

external temperature at which the reactive chemical might

produce any exothermic decomposition reactions when it is

stored in the tank or in the delivery process [24].

Comparison of the thermal hazard with DSC and VSP2

tests

Studies have shown that at 98 mass%, the AMBN and

ABVN exothermic phenomena occur when the reaction is
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at 78 and 66 �C, respectively. Because the temperature

constantly and cumulatively increases, 5 g of the samples

can result in a reaction temperature up to 264 and 237 �C

under adiabatic conditions for AMBN and ABVN, re-

spectively, and a reaction pressure up to 11.3 and 17.3 bar.

During runaway reactions, the temperature increases at a
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rate of 40,975 and 15,377 �C min-1 for AMBN and

ABVN, respectively, and the pressure increases at a rate of

12,324 and 8469 bar min-1, as shown in Figs. 8, 9, 10, 11.

Table 3 lists reliable parameters for industrial processes.

The thermal curve results were combined by DSC and

VSP2, as shown in Figs. 10, 11. In accordance with DSC

tests, the T0 followed the reaction characteristics and

rudimentary thermal hazards when azo compound was

decomposed under non-isothermal conditions. From the

VSP2 tests, this study could validate the correspondence of

DSC results by (dT/dt)max and (dP/dt)max under adiabatic

conditions. The exothermic behaviours of solid azo com-

pounds, such as AMBN and ABVN, was obvious in that

the self-heating and pressure rise rate increased for \1 s

from onset to apex. The potential hazard of reaction is

subject to dT/dt and dP/dt by adiabatic conditions. More-

over, the thermal hazard could be determined whether the

runaway reaction occurred for the assessment of loss pre-

vention concerns, alleviating the frequency of potential

disasters [25–30].

The T0, dT dt-1, and dP dt-1 of AMBN and ABVN were

confirmed at the same time for understanding the haz-

ardous characteristics by synergizing DSC and VSP2 test

data. The temperatures during the beginning of the de-

composition of AMBN and ABVN were approximately 80

and 70 �C, respectively. The runaway behaviours of DSC

and VSP2 matched approximately. In general, the timing of

temperature by VSP2 was slightly slower than DSC, which

was unavoidable. The difference between VSP2 and DSC

is that the DSC test cell was offered energy five heating

source continuously, even when the self-heating reaction

occurred at the same time.

Conclusions

The effect of the runaway reaction for AMBN and ABVN

was evaluated using DSC and VSP2 by dynamic and

adiabatic methods, according to the thermal decomposition

from various thermokinetic parameters as well as thermal

curves and the Ea values acquired from the Flynn–Wall–

Ozawa equation and approximate solution. In an actual

manufacturing process, in addition to the high reactivity of

AMBN and ABVN, the initiator content may become a key

substance, resulting in runaway excursions.
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