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Abstract
4-Amino-1,2,4-triazole picrate (4-ATPA) is synthesized to reduce the corrosiveness of picric acid (PA) to metals, which

simultaneously maintains the detonation performance of PA and the advantages of 4-amino-1,2,4-triazole. In this work, the

thermal stability of 4-ATPA is estimated using thermogravimetric analysis (TG) and accelerating rate calorimeter. The

dynamic TG experimental results suggest that the onset temperature is at the range of 189.0–220.0 �C under different

heating rates. The average apparent activation energy of 4-ATPA is 112.0 ± 1.1 kJ mol-1 using Flynn–Wall–Ozawa,

Starink, and Kissinger methods based on the multiple heating rates. The isothermal TG experiments indicate that 4-ATPA

will be decomposed 10.0% within 1 day if the temperature exceeded 150.7 �C and will be decomposed 10.0% within

10.0 h if the temperature exceeded 162.6 �C. The adiabatic tests depicted that the exothermic reaction initiates at 186.0 �C
and a rises sharply at 306.7 �C with the maximum self-heating rate of 4775.5 �C min-1. The exothermic event is

accompanied by a pressure rise of 39.7 bar, which confirms the vulnerability of 4-ATPA to undergo catastrophic explosion.

Keywords 4-Amino-1,2,4-triazole picrate � Thermal stability � Thermogravimetric analysis � Accelerating rate calorimeter �
Exothermic reaction

List of symbols
A Pre-exponential factor (min-1)

Cpb Heat capacity of test bomb (J g-1 K-1)

Cps Heat capacity of sample (J g-1 K-1)

Ea Apparent activation energy (kJ mol-1)

h Planck constant (6.626 9 10-34 J s)

k Arrhenius rate constant (min-1)

kB Boltzmann constant (1.3807 9 10-27 J K-1)

Mb Mass of test bomb (g)

Ms Mass of sample (g)

mm Measured maximum self-heating rate (�C
min-1)

mm,s Corrected maximum self-heating rate (�C
min-1)

Pmax Maximum pressure (bar)

pm Maximum pressure rise rate (bar min-1)

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

r Linear correlation coefficient (Dimensionless)

T Reaction temperature (�C)

Tend Termination decomposition temperature (�C)

Tmax Maximum temperature (�C)

TMRad Measured time to maximum rate under

adiabatic condition (min)

TMRad,s Measured time to maximum rate under

adiabatic condition (min)

Tonset Onset decomposition temperature (�C)

Tp Peak temperature (�C)

Tp0 Peak temperature when heating rate closed to

zero (�C)

Tstart Start decomposition temperature (�C)

Tz/y Temperature of decomposition z at a time y (�C)

T0.1 Temperature of decomposition 10.0% (�C)

T0.1/y Temperature of decomposition 10.0% in y h

(�C)

T0.1/10h Temperature of decomposition 10.0% in 10.0 h

(�C)

DG= Gibbs free energy (kJ mol-1)

DH= Enthalpy (kJ mol-1)

DS= Entropy (J mol K-1)
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DTad Measured adiabatic temperature rise (�C)

DTad,s Corrected adiabatic temperature rise (�C)

a Degree of conversion (dimensionless)

ß Heating rate (�C min-1)

U Thermal inertia (dimensionless)

Introduction

Picric acid (PA), one of the significant nitroaromatic

derivatives, is widely used in antiseptic, burn treatment,

and dyes industries [1–5]. However, PA is not an eco-

friendly substance, which cannot be biodegraded. More-

over, due to the formidable irritant of PA, long-term

exposure will cause diarrhea, nausea, vomiting, diarrhea,

and other symptoms [6–8]. Based on the low sensitivity

and higher energy than 2, 4, 6-trinitrotoluene, PA is also

used as energetic material [1, 9–11]. Seriously, PA can

easily form metal picrate salts, which are more sensitive

and hazardous than the acid itself [4, 12]. Therefore, PA

needs to be modified to improve security during produc-

tion, storage, and use.

4-Amino-1,2,4-triazole (ATR) is one type of high

nitrogen heterocyclic compounds, which combines the

negligible vapor pressure, low melting point, and wide

electrochemical windows of ionic liquids (ILs) [13–15].

Meanwhile, ATR has other particular properties, such as

high nitrogen content, high positive enthalpy of formation,

and dense structure [16–18]. Due to the coordinated amino

nitrogen and heterocyclic nitrogen, ATR can form as a

coordinating compound. Therefore, based on the weakly

alkaline nature, ATR reacts with PA forming energetic

ionic compound 4-amino-1,2,4-triazole picrate (4-ATPA),

which solves the puzzle of large acidity of PA and main-

tains the high nitrogen content and low sensitivity of ATR

[19].

The synthetic route of 4-ATPA is shown in Fig. 1 [16].

The crystal structure was fully studied since be synthe-

sized. Jin et al. confirmed the structure of 4-ATPA by

single-crystal X-ray and NMR [16]. However, the thermal

stability of 4-ATPA has not been evaluated, which refers to

the potential hazards of the production, storage, trans-

portation and use through actual measurement and calcu-

lation. The use of reasonable methods for evaluating the

thermal stability of energetic materials has significant

meaning. Among the various evaluation methods, the basic

thermal stability test evaluation method (including ther-

mogravimetric analysis (TG), differential scanning

calorimetry (DSC), and differential thermal analysis

(DTA)), which has the advantages of little sample volume,

brief test period and high security, is the representative

evaluation pattern. In this paper, we apply this method to

evaluate the thermal stability of 4-ATPA. The main steps

are shown as follows:

1. To obtain the thermal decomposition characteristics of

4-ATPA, TG is employed under non-isothermal and

isothermal conditions, respectively.

2. To calculate the thermokinetic parameters, such as the

apparent activation energy (Ea) and the pre-exponential

factor (A), Flynn–Wall–Ozawa (FWO), Starink, and

Kissinger methods are adopted.

3. To estimate the process safety parameters in the case of

energy accumulation, accelerating rate calorimeter

(ARC) is used to simulate the thermal runaway

reaction.

Experimental and methods

Materials

Ninety-eight mass% 4-ATPA, which in the form of yellow

powder, is purchased from Hua Wei Rui Ke Chemical Co.,

Beijing, China. Before experiments, the sample is dried

under vacuum at 40.0 �C for 48 h for reducing the impact

of impurity water.
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Analytical methods

TG experiments are performed by STA7200RV (Hitachi

Instruments, Inc., Tokyo, Japan). The open alumina cru-

cible is adopted, which is loaded ca. 3.0 mg sample for

each experiment. Both non-isothermal and isothermal

experiments are under nitrogen atmosphere with a gas flow

in 200.0 mL min-1. The short-term thermal stability of

4-ATPA was evaluated in the range of 30.0–500.0 �C with

the heating rates of 1.0, 2.0, 4.0, and 8.0 �C min-1.

Moreover, the isothermal experiments are accomplished at

150.0–200.0 �C with the end criterion of 10.0% mass loss.

The simulation of the thermal runaway reaction of

4-ATPA is demonstrated by ES-ARC (Thermal Hazard

Technology, Inc., Bletchley, England). The adopted Ti-LCQ

test bomb (Thermal Hazard Technology, Inc.) has a 9.5 mL

volume, which is loaded 300 ± 10 mg sample for each test.

The standard heat-wait-search (H-W-S) mode is applied

based on the ASTM E1981-98(2012)e2 [20]. The experi-

ment is started at 160.0 �C and ended at 400.0 �C. The sys-

tem temperature is raised 3.0 �C for each step and the

adiabatic state kept at wait time. Then the system is allowed

enter into search mode with a threshold self-heating value of

0.2 �C min-1 after a 15.0 min as wait time.

Theoretical calculation

According to the recommendations of International Con-

federation for Thermal Analysis and Calorimetry (ICTAC)

Kinetic Committee [21, 22], three isoconversional methods

(FWO, Starink, and Kissinger methods) are applied to

calculate the thermokinetic parameters.

In general, the thermal degradation of 4-ATPA is

complied with Eq. (1), which is shown as follows [23, 24]:

da
dt

¼ k Tð Þ � f að Þ ð1Þ

where da/dt represents the conversion rate, k(T) is the

Arrhenius rate constant, and f(a) is the differential mech-

anism function.

Considering the impact of heating rate, Eq. (1) can be

rearranged to Eq. (2) based on the Arrhenius equation,

which is expressed as [23, 24]:

da
dT

¼ A

b
� exp � Ea

RT

� �
� f að Þ ð2Þ

where A is the pre-exponential factor, ß is the heating rate,

Ea is the apparent activation energy, and R is the universal

gas constant (8.314 J mol-1 K-1).

FWO method is a typical isoconversional method, which

is through diverse heating rate curves to determine the

thermokinetic parameters. The FWO formula is expressed

as [25, 26]:

lg bð Þ ¼ lg
AEa

RG að Þ

� �
� 2:315 � 0:4567

Ea

RT
ð3Þ

where G(a) is the integral mechanism function. Plotting 1/

T versus lg(ß) can form a straight line, and Ea is obtained

from the slope.

Starink method also demands multiple heating rates to

determine the thermokinetic parameters, which is shown as

follows [27]:

ln
b

T1:8
¼ Cs �

Ea

RT
ð4Þ

where Cs is constant. Ea is obtained by plotting 1/T versus

ln(ß T-1.8).

Kissinger method can be expressed as Eq. (5) [28]:

ln
b
T2

p

¼ ln
AR

Ea

� Ea

RTp

ð5Þ

where Tp is peak temperature. Therefore, Ea and A can be

obtained from the slope and intercept, respectively.

The thermodynamic parameters of 4-ATPA such as

entropy (DS=), enthalpy (DH=) and Gibbs free energy

(DG=) are also determined based on the results of the

Kissinger method. The relationship between A and DS=

can be expressed by Eq. (6), which is expressed as:

A ¼ kBTp0

h
exp

DS 6¼

R

� �
ð6Þ

where kB is the Boltzmann constant (1.3807 9 10-27 J K-1),

h represents the Planck constant (6.626 9 10-34 J s), and Tp0

is peak temperature when the heating rate closes to 0, which

can be determined by Eq. (7), as shown follows [29]:

Tpi ¼ aþ bbi þ cb2
i þ db3

i ð7Þ

where a, b, c, and d are coefficients. The values of the four

coefficients can be calculated using four groups of heating

rate bi and Tp. When b ? 0, the value of Tp is defined as

Tp0, which is equal to the value of coefficient a.

Then the DH= and DG= can be calculated using

Eqs. (8) and (9) once DS= is obtained [26].

DH 6¼ ¼ Ea � RTp0 ð8Þ

DG 6¼ ¼ DH 6¼ � Tp0DS
6¼ ð9Þ

Results and discussion

Thermal decomposition process

The short-term thermal stability of 4-ATPA is evaluated by

dynamic experiments. As shown in Fig. 2, the multiple
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heating rate curves of 4-ATPA under nitrogen atmosphere

are obtained. The decomposition reactions undergo two

stages. Step I is the main thermal decomposition stage,

which has approximately 90.0% mass loss. Step II is the

end of the thermal decomposition with ca. 10.0% mass

loss.

Generally, the short-term thermal stability is described

by the onset temperature (Tonset), which is obtained from

the intersection of the baseline mass and the tangent of the

mass dependence on the temperature curve as decomposi-

tion occurs [30, 31]. As shown in Table 1, Tonset of

4-ATPA under different heating rates is at the range of

189.0–220.0 �C. However, the actual thermal decomposi-

tion starts at a lower temperature (Tstart): Tstart is approxi-

mately 30.0–35.0 �C lower than Tonset. The results indicate

that Tonset overestimates the thermal stability since the

actual critical thermal temperature is passed through

quickly. The peak temperature (Tp) is another parameter to

character the short-term thermal stability. Obviously, the

peak temperature for stage I (Tp1) is at the range of

210.0–250.0 �C, which is ca. 80.0 �C lower than the peak

temperature for stage II (Tp2). T0.1 (the temperature at

which a mass loss of 10.0% is observed) also is adopted to

determine the short-term thermal stability. As revealed in

Table 1, the values of T0.1 and Tonset are almost the same.

Compared with Tonset, T0.1 is a parameter with practical

physical significance. However, both Tonset and T0.1 merely

represent the short-term thermal stability of 4-ATPA.

Long-term thermal stability assessment

The isothermal experiments are determined to overcome

the limitations of dynamic TG method and to obtain more

profound parameters for estimating the thermal stability.

To interpret the long-term thermal stability, the right cri-

terion is to be adopted, and another parameter Tz/y (which

denotes the degree of thermal decomposition z at a time y)

is proposed [30]. In this work, we apply T0.1/y to assess the

long-term thermal stability of 4-ATPA.

Figure 3 show the relationship between the isothermal

time and selected temperature for decomposing 10.0% of

4-ATPA. Obviously, as the temperature increases, the time

required for 4-ATPA to decompose 10.0% is rapidly

decreased. According to the simulation curve, 4-ATPA will

decompose 10.0% within 1 day if the temperature exceeds

151.0 �C. T0.1/10h is a more common and accurate param-

eter for evaluating the long-term thermal stability [31, 32].

The T0.1/10h value of 4-ATPA is ca. 163.0 �C, which is

significantly lower than the value of Tonset. The results

mean that the maximum operating temperature of 4-ATPA

should be reduced to 160.0 �C due to safety concerns.

Table 1 Characteristic

temperatures of 4-ATPA
ß/�C min-1 Tstart/�C Tonset/�C Tp1/�C Tp2/�C Tend/�C T0.1/�C

1.0 162 189 210 290 316 188

2.0 166 196 219 303 322 194

4.0 171 206 232 312 335 202

8.0 183 220 246 320 348 215
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Kinetics of thermal decomposition

Generally, the conversions at the range of 0.1–0.9 are

applied for calculation, since the conversion at the initial

and termination stages of thermal degradation is signifi-

cantly impacted by the selected baseline and the noise of

the system [33–35]. As can be seen in Fig. 4, lg( ß) for

KAS method and ln( ß T-1.8) for Starink method are

plotted against (103 T-1) and ln( ß Tp
-2) for Kissinger

method is plotted against (103 Tp
-1) to determine Ea,

respectively. The superior linear correlation with r[ 0.98

is obtained in all the cases. The Ea values that are deter-

mined from the slopes of the fitting equations for each

conversion are presented in Fig. 5.

As can be seen, the Ea value of 4-ATPA is mainly

degressive within the mentioned conversions range both for

FWO and Starink methods. Vyazovkin et al. have

demonstrated that the process can be considered as a sin-

gle-step model if the fluctuation range of Ea is minor and

no shoulders appeared in the reaction rate curve [21].

Obviously, the decomposition of 4-ATPA is a complex

reaction, which cannot be regarded as a single-step kinetic

model since the Ea value is dependent on conversion.

Table 2 lists the thermokinetic parameters of 4-ATPA

obtained by different methods. The average Ea is

112.4 ± 1.2, 110.7 ± 1.0, and 113.0 ± 1.1 kJ mol-1

obtained by FWO, Starink, and Kissinger methods,

respectively, which have little differences between the

three methods. Based on Eq. (5), the determined ln(A) is

25.3 ± 0.2 min-1.

The DS=, DH=, and DG= resolved by Eqs. (6)–(9) are

38.2 J mol K-1, 109.0 kJ mol-1, and 91 kJ mol-1,

respectively. Obviously, the value of DG= is much larger

than 0, which indicates the thermal decomposition reaction

of 4-ATPA will be initiated until adequate energy is

provided.

Adiabatic test and analysis

From the adiabatic test, the key parameters for quantizing

the runaway reaction of the energetic materials (such as

onset temperature, self-heating rate, and pressure data) can

be obtained. Figure 6 exhibits the variations of temperature

and pressure during the process. As can be seen, the

decomposition reaction of 4-ATPA under the adiabatic

condition is quite violent. The exothermic reaction com-

mences at 186.0 �C with an initial self-heating rate of

0.22 �C min-1. The runaway reaction ends up at 322.2 �C
after 87.3 min, and the adiabatic temperature increases

(DTad) is 136.2 �C. Meanwhile, the pressure increased to

38.4 bar throughout the entire exothermic process and the

final pressure reaches 39.7 bar. However, deviations exist
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in these values because some heat is absorbed by the test

bomb during the exothermic reaction; thus, the experi-

mental data needs to be amended.

The variation of pressure versus temperature is pre-

sented in Fig. 7, indicating that the exothermic reaction

system pressure has two significantly different change

tendency stages: Stage I (T\ 259.1 �C) and stage II

(T[ 259.1 �C). In stage I, the pressure increases slowly,

which may be caused by two reasons: The air pressure

increases slowly with the temperature increase; the other

one is that 4-ATPA decomposes to produce little gas

products. In stage II, the pressure increases sharply, which

is raised to 31.7 bar within 3.0 s. This phenomenon may be

owing to the fierce decomposition of 4-ATPA and produces

a large amount of gas products.

Figure 8 reveals the variation of self-heating rate and

pressure rise rate versus temperature. Obviously, the self-

heating rate reaches the maximum value of 4775.5 �C
min-1 within 87.2 min. The pressure rise rate rises slowly

from the initial of 0.019 to 6.7 bar min-1 in stage I. Then

the pressure rise rate increases rapidly to the maximum

value of 1491.7 bar min-1. The results indicate the thermal

decomposition reaction of 4-ATPA under adiabatic con-

ditions is vigorous and may result in a great disaster.

Data correction

The heat produced from the exothermic reaction of ener-

getic materials is used to heat the material, the test bomb,

and surroundings. The scale of energy that is used to heat

the test bomb is defined as thermal inertia (U), which is

expressed as follows [36]:

U ¼ MsCps þMbCpb

MsCps

ð10Þ

where Ms is the mass of the sample, Cps is the heat capacity

of the sample, Mb is the mass of the test bomb, and Cpb is

the heat capacity of the test bomb. Hence, the test

parameters need to be corrected using U.

The corrected methods are shown as follows [37]:

DTad;s ¼ UDTad ð11Þ
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Table 2 Thermokinetic parameters obtained from various methods of

4-ATPA

Method Ea/kJ mol-1 A/min-1 r

FWO 112.4 ± 1.2 – 0.9851

Starink 110.7 ± 1.0 – 0.9880

Kissinger 113.0 ± 1.1 (1.01 ± 0.2) 9 1011 0.9946
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mm;s ¼ Umm ð12Þ

TMRad;s ¼
TMRad

U
ð13Þ

where DTad,s is the corrected adiabatic temperature rise,

DTad is the measured adiabatic temperature rise, mm,s is the

corrected maximum self-heating rate, mm is the measured

maximum self-heating rate, TMRad,s is the corrected time

to maximum rate, TMRad is the measured time to maxi-

mum rate.

The corrected data are listed in Table 3, indicating that

U has significant impact on the tested temperature param-

eters: The measured adiabatic temperature rise and maxi-

mum self-heating rate are 136.2 �C and 4775.5 �C min-1

and after being corrected are 1171.3 �C and

41,069.3 �C min-1. Meanwhile, the time to maximum

temperature rise rate decreased from 87.2 to 10.1 min,

which indicates that the thermal decomposition of 4-ATPA

will occur at a shorter time in the real case of energy

accumulation.

Conclusions

In this work, the thermal stability of 4-ATPA is carried out

by TG and ARC. The data from dynamic TG experiments

suggested that the onset decomposition temperature is at

the range of 189.0–220.0 �C under different heating rates

and the experimental curves are moved to the high-tem-

perature zone with the increase in heating rate. However,

the mass loss is found at the temperature lower than the

onset decomposition temperature; thus, the isothermal

experiments are applied to assess the long-term thermal

stability. The results indicate that 4-ATPA will be

decomposed 10.0% within 1 day at ca. 150.7 �C. The

average apparent activation energy obtained by three dif-

ferent methods for decomposition process is

112.0 ± 1.1 kJ mol-1.

The adiabatic tests suggested that the initial exothermic

temperature of 4-ATPA is 186.0 �C. The endpoint of the

violent decomposition reaction is at 322.2 �C within a total

time span of 87.3 min. The runaway reaction attained a

maximum self-heating rate of 4775.5 �C min-1. Mean-

while, the entire process is accompanied by a pressure rise

of 39.7 bar. Considering the heat loss of the experimental
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Table 3 Measured and corrected thermal decomposition parameters

under adiabatic conditions

Parameter Measured data Corrected data

U 8.6 –

DTad/�C 136.2 1171.3

mm/�C min-1 4775.5 41,069.3

TMRad/min 87.2 10.1
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process, the adiabatic temperature rise, maximum self-

heating rate, and the time to maximum temperature rise

rate are corrected to 1171.3 �C, 41,069.3 �C min-1, and

10.1 min.
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