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Thermal decomposition of a highly thermostable explosive dihydroxylammonium 2,4,8,10-tetranitro-
benzopyrido-1,3a,6,6a-tetraazapentalene (BPTAP) was studied using conventional thermal analysis
techniques (Thermal Gravimetric Analysis and Differential Scanning Calorimetry). To obtain more
comprehensive insight into the kinetics mechanism of BPTAP decomposition, thermoanalytical
experiments were performed under non-hermetic and hermetic conditions. Several widely used
thermoanalytical data processing techniques based on model-free kinetics (Flynn—Wall-Ozawa,
Kissinger, Freidman, numerical optimization) were studied and compared. Furthermore, to fully
understand the thermal safety property of BPTAP, the kinetic model and the kinetic parameters were
evaluated based on the non-isothermal DSC data by using a non-linear optimization method. The kinetic

models of thermal decomposition of BPTAP under non-hermetic and hermetic conditions were
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Accepted 11th July 2019 different, which were identified as the generalized autocatalysis reaction and two parallel generalized
autocatalysis reactions, respectively. On the basis of the aforementioned study, two important safety

DOI: 10.1039/c9ra03385h parameters including the time to maximum rate under adiabatic conditions and self-accelerating

rsc.li/rsc-advances

1. Introduction

High energy materials (HEMs) are widely used in military and
civil technology. When looking for new compounds, it is crucial
that the HEMs should exhibit high detonation parameters and
low sensitivity to mechanical stimuli and temperature. In many
HEMSs applications, high thermal stability is important in
military, space, and civilian uses. A frequent civilian applica-
tion, for example, is the use of such explosives in shaped
charges that explosively perforate downhole well pipes and
penetrate surrounding rock to improve oil recovery. The
explosive in these downhole penetrators should have a high
detonation velocity (vp, km s~') and detonation pressure (Pg;,
kbar) and must withstand high temperatures and still initiate
and perform reliably. The same is true for military and space
applications in which explosives are subjected to high temper-
atures. Therefore, thermostable materials constitute a very
important group of HEMs. This group includes long-known
compounds such as: 1,3,5-triamino-2,4,6-trinitrobenzene
(TATB),* 1,3,7,9-tetranitrodibenzo-1,3a,4,6a-tetraazapentalene
(z-TACOT),? 2,6-bis(picrylamino)-3,5-dinitropyridine (PYX).* The
research carried out in many laboratories led to the synthesis of
new thermostable HEMs, such as: 2,4,8,10-tetranitro-
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decomposition temperature for BPTAP in DEWAR were calculated and discussed.

benzopyrido-1,3a,6,6a-tetraazapentalene (BPTAP),* 5,5,6,6'-tet-
ranitro-2,2’-bibenzimidazole =~ (TNBBI),®  5,5-bis(2,4,6-trini-
trophenyl)-2,2'-bi(1,3,4-oxadiazole) (TKX-55)° and N,N'-bis(1,2,4-
triazol-3-yl-)-4,4’-diamino-2,2’,3,3',5,5',6,6'-octanitroazobenzene
(BTDAONAB).” BPTAP is a highly thermostable compound
which was described for the first time in 2006.* Its structure is
shown in Fig. 1. BPTAP is insensitive to initiation by spark and
friction and has a drop height of 59 cm; it is easy and cheap to
prepare in a three-step process without any purification and
recrystallization, and has a fast v, (7.43 km s~ ') and a high P¢;
(294 kbar). Based on the reported excellent properties of BPTAP,
we anticipated that it will be a very promising energetic material
to be used for military and civil purposes.

The main threat associated with the production, storage and
use of high energy materials is thermal explosion, which occurs
as a result of the accumulation of heat released in the decom-
position reaction.® This threat is particularly relevant in case of
thermostable materials, designed to operate at increased

NO,

O,N

Fig. 1 Structure of BPTAP.
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temperatures. It is necessary to examine their decomposition
process in order to estimate the hazards associated with the
thermal explosion of these HEMs. During the decomposition,
a series of parallel and subsequent (consecutive) chemical
reactions and physical processes may take place. Therefore it is
important to understand the impact of conditioning on the
course of the decomposition process and determine the kinetic
parameters of the decomposition reactions and their changes
along with the increase in the level of conversion. Up to now, the
studies about the thermal risk behaviors of BPTAP have rarely
been reported.

The results presented in this manuscript constitute an
intensive study on the properties of BPTAP in terms of safety of
use. The aim of the work was to investigate the process of
thermal decomposition of BPTAP under non-hermetic and
hermetic conditions, determine kinetic model and kinetic
parameters of decomposition reactions, as well as to estimate
the safety of BPTAP use and storage.

2. Experimental section
2.1 Materials

All chemicals were analytical grade and commercially available
(Aladdin, Sigma-Aldrich). BPTAP was synthesized as described
in the publication by Huynh et al.® IR (cm™"): vy = 3091, ve—n
= 1641, vno, = 1540 and 1337, vo—¢ = 1452, v n = 1418, 6 =
1245. "H NMR (DMSO-dg) (85 °C) 6 9.27 (s, 1H), 9.30 (d, 1H) 9.38
(d, 1H). "*C NMR (DMSO-d,) (85 °C) d 103.1, 111.2, 118.9, 122.8,
130.9, 132.5, 135.2, 139.6, 140.9, 153.6, 157.8. The purity of the
sample is higher than 99% (HPLC).

2.2 Characterizations

The morphology of BPTAP was analyzed by ZEISS Scanning
Electron Microscopy (SEM) instrument (Germany).

Thermal Gravimetric Analysis-Differential Scanning Calo-
rimetry (TG-DSC) experiments were measured in the Al,O3
crucible at the heating rate of 5 °C min~" (NETZSCH STA 449C).
The Differential Scanning Calorimetry (DSC) experiments were
measured separately in a non-hermetic or a hermetic vessel,
under the heating rates of 2, 4, 6, 8 and 10 °C min™", respec-
tively (PerkinElmer DSC 8500). For all the DSC experiments, the
temperature range was from 250 to 450 °C, while the mass of
sample was about 1-2 mg and nitrogen was chosen as the

protect gas with a flow rate of 30 mL min .

2.3 Kinetics analysis approach

Chemical reaction rates are usually considered to be a function
of temperature 7 and chemical conversion «. The relationship
combined with Arrhenius equation can be described as eqn (1):

& = (e exp( )

(1)

where E(«) is activation energy depending on the conversion «,
A(«) is pre-exponential factor.

In order to know about the process rate and reaction prog-
ress at arbitrarily chosen values of temperature T or time ¢ and
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predict some other parameters under any thermal mode
(isothermal, non-isothermal, adiabatic, etc.), the model-free
method, which does not require an explicit assumption of the
form of fla) and does not assume the constancy of A and E
during the course of process, was employed in this work, firstly.
The assumption for model-free analysis is the reaction rate at
a constant value of conversion is only a function of temperature,
which can be clearly described by the following eqn (2) that is
obtained by taking the logarithmic derivative of eqn (1).

E(a)

da .
In T In A(e)f () — RT (2)

It should be noted that the pre-exponential factor A can be
found by model-free analysis only assumption of known func-
tion f{a), which very often is used in the view of reaction of n™
order in model-free analysis. The thermoanalytical signal is
equal to the reaction rate, multiplied by the total effect of
reaction, which is the total enthalpy for DSC. NETZSCH Kinetics
Neo'’-a popular thermokinetics software, was employed for
model-free analysis.

And then the kinetics-based simulation which is an
advanced and effective approach for solving complex challenge
was employed for reliable estimation of the thermal safety of the
HEMs. The first step is the evaluation of the kinetic model from
the experimental data. As long as the precise reaction kinetics is
obtained, safety parameters for the HEMs such as self-
accelerating decomposition temperature (SADT) and time to
maximum rate under adiabatic conditions (TMR) can be ob-
tained. Being free of essential simplifications, this approach
can be applied to a wide variety of practical problems.'»** Of
course, kinetics-based simulation approach is not for complete
replacement of the model-free method. On the contrary, they
mutually complement each other. In this paper, kinetics-based
simulation was accomplished by the thermal safety software
(TSS).*

The thermal safety software (TSS) series were employed to
process experimental data for the estimation of the reaction
kinetics and for the simulation of the reactions under various
operation conditions and so on. For the key step of the creation
for the kinetic model, a plausible reaction model was firstly
created by taking into account the results of model-free anal-
ysis. Then the model's parameters were estimated by non-linear
optimization method with the aim to provide the best possible
fit for the experimental data. The detailed information about
the kinetic model can be found in the ref. 14.

3. Results and discussion
3.1 Micrographs of BPTAP power

SEM characterization was applied to the BPTAP powder to show
the microscopic structure of the BPTAP. As shown in the Fig. 2,
the BPTAP powder exhibited a flower shaped crystal with an
average size of 30 pm, which was assembled by BPTAP micro-
sheets with lateral size of about 5 to 10 um.

RSC Adv., 2019, 9, 22198-22204 | 22199
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Fig.2 The microscopic pictures of the BPTAP powder under different
magnifications.

3.2 Thermal behaviors of BPTAP

For the first stage study of the thermal behaviors of the BPTAP,
typical TG-DSC curves for the decomposition process of the
BPTAP in the non-hermetic vessel were obtained at the
temperature rate of 5 °C min~ " (Fig. 3). It can be seen that there
is only one mass loss in the temperature range from 333.9 to
410.5 °C during the decomposition of the BPTAP at heating rate
of 5 °C min~', which showed a mass loss of 55.5 wt% and
a summit peak locating at 380.3 °C in DSC curve.

Afterwards the DSC study for the BPTAP sample was carried
out in the closed and open vessels, respectively, to study and
compare the decomposition process of the BPTAP under the
non-hermetic and hermetic conditioning. As shown in Fig. 4,
the decomposition of BPTAP sample in the hermetic vessel
showed an exothermic process with onset temperature of the
decomposition (Tonser) Of 334.8 °C, peak temperature of the
decomposition (Tpear) of 379.7 °C and the enthalpy of conver-
sion (AH) of 2255.9 kJ g™, respectively. For comparison, the
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Fig.3 The TG-DSC curves for the BPTAP decomposition in the non-
hermetic vessel at heating rate of 5 °C min™™.
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Fig. 4 Typical DSC curves for the thermal decomposition process of
BPTAP sample at the temperature rate of 8 °C min~* in the hermetic
and non-hermetic vessel.

decomposition of the BPTAP sample in the non-hermetic vessel
exhibited an exothermic process with Topgec Of 345.7 °C, Tpeax Of
384.8 °C and AH of 1792.3 kJ g™ ", respectively. It can be seen
that the T,,se¢ Of the BPTAP sample tested in the hermetic vessel
was 10 °C lower than that of the BPTAP sample tested in the
non-hermetic vessel. This is probably because volatile inter-
mediates were formed during the thermal decomposition of
BPTAP in the hermetic vessel, which can increase the pressure
in the hermetic vessel and thus accelerate the decomposition of
the BPTAP.

3.3 Thermal decomposition kinetics of BPTAP

In order to further study the thermal decomposition kinetics of
the BPTAP, DSC experiments were performed under different
temperature rate in the non-hermetic and hermetic vessels,
respectively. As shown in the Fig. 5, the Topset, Tpeak and AH for
the BPTAP decomposition in the non-hermetic or hermetic
vessel were all increased with the higher heating rate. A one-
stage decomposition process was observed for all the
measurements. Using the obtained DSC results, the kinetic
analysis of the thermal decomposition process was determined
and further discussed in the following text, which involved two
steps including the application of the model-free kinetics for
preliminary analysis and then the creating of the reaction
kinetic model by non-linear optimization method.

3.3.1 Model-free kinetics. Model-free analysis allows to
find the activation energy of the reaction process without any
assumption of the reaction type for the process.

Four model-free kinetics methods including Flynn-Wall-
Ozawa, Kissinger, Freidman and numerical optimization®"*
were applied and compared the correlation coefficients by using
NETZSCH Kinetics Neo software. The results based on the
experimental DSC data in the non-hermetic vessel indicated
that the obtained correlation coefficients when using Flynn-
Wall-Ozawa, Kissinger, Freidman and numerical optimization
methods were —0.788, —0.671, 0.940 and 0.996, respectively,

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 DSC curves of the BPTAP decomposition in (A) non-hermetic
vessels and (B) hermetic vessels at temperature rates of 2, 4, 6, 8 and
10 °C min~?, respectively.

which indicated that the numerical optimization method can
provide the best results for the evaluation of the correlation
coefficient. Therefore, the numerical optimization method was
used and discussed in the following study.

Numerical optimization optimizes the activation energy and
pre-exponential factor numerically to achieve the best agree-
ment between simulated and experimental curves. There is no
assumption about the reaction type. Based on the experimental
DSC data under the different temperature rate in the non-
hermetic vessel, the conversion and heat production rate were
both calculated and fitted based on the numerical optimization
method. From the Fig. 6 we can see that the experimental and
simulated results exhibited a good fitting with the correlation
coefficient of 0.996, which is very helpful for the following study
of the activation energy, pre-exponential factor and the degree
of the conversion. Similar work has been done for the experi-
mental DSC data under the different temperature rate in the
hermetic vessel, which showed a relatively lower correlation
coefficient of 0.986 (Fig. S1t). This is probably because the
sublimation of BPTAP in the hermetic vessel may lead to
complex two-phase (solid and gas) decomposition reaction.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Experimental and simulated conversion and heat production
rate from the DSC data under the non-hermetic condition. (A)
Conversion vs. time for BPTAP under different temperature rate; (B)
heat production rate vs. time for BPTAP under different temperature
rate.

The relationship between the activation energy (E), In[Af{e)]
and degree of the conversion («) for BPTAP were shown in Fig. 7.
The conversions within the range 0.1-0.9 were used for calcu-
lation.™?° It can be seen from Fig. 7A that the E value between
a = 0.1 to o = 0.7 was not changed obviously based on DSC
experiment tests in the non-hermetic vessel, which implies that
the decomposition of BPTAP under the non-hermetic condi-
tioning is a single-step process. Then a rapid decrease of E
occurred from « = 0.7 to « = 0.9 and the lowest E is about
141.25 kJ mol *, which is probably attributed to the generation
of large amounts of product catalyst. However, there was
a dramatically change of the E value based on DSC experiment
tests in the hermetic vessel (Fig. 7B), which implies that the
decomposition of BPTAP under the hermetic conditioning is
a complex process.

3.3.2 Reaction kinetic model. Model-free kinetics can be
used to obtain the activation energy value for each conversion,
which doesn't require any ideas about reaction model and
initial guess for kinetic parameters. Therefore, it is powerful for
the study of the complex reaction and the estimation of the
complex experimental data. However, “Model-free” methods of
kinetic analysis don't give final results but postpone the
problem of identifying a suitable kinetic model until an esti-
mate of the activation energy has been made.* It doesn't give
any information about reaction mechanism. Accordingly,

RSC Adv., 2019, 9, 22198-22204 | 22201
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Fig. 7 Dependence of E and In[Af(«a)] on the degree of conversion ()
for the BPTAP sample based on DSC experiment tests in the non-
hermetic vessel (A) and the hermetic vessel (B).

kinetics-based simulation approach was applied to estimate
a reliable kinetic model of the BPTAP decomposition by
employing TSS software.

As shown in Fig. 5A, Tonset increases with the increase of
heating rates, this characteristic of dynamic DSC experimental
results clearly reveals autocatalytic nature of the reaction,* and
the results of the model-free analysis also implied that the
decomposition of BPTAP under the non-hermetic conditioning
is a single-step process. Therefore the model of generalized
autocatalysis is chosen for describing thermal decomposition of
BPTAP. It is represented by eqn (3):

E " L
r= AP Rr(1 — a)" <zoe’RT + a"z) 3)

where r and Q denote reaction rate and heat production of the
reaction, respectively. The kinetic parameters of the model
have been estimated by applying nonlinear optimization
method so as to provide best possible fit of experimental
results. Fig. 8 demonstrates the comparison between DSC
experiments and TSS simulation results of heat production
rate and heat production at various heating rates for BPTAP,
respectively.

According to Fig. 8, the TSS simulation results show
a reasonable fitting of the DSC experimental data under
various heating rate. It indicates that the reaction model is

22202 | RSC Adv., 2019, 9, 22198-22204
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Fig. 8 Comparison between experiment tests in the non-hermetic
vessel and simulation of: (A) heat production vs. time for BPTAP; (B)
heat production rate vs. time for BPTAP.

suitable for BPTAP. Therefore, the decomposition of BPTAP
under the non-hermetic conditioning is considered as the
generalized autocatalytic reaction. The kinetic parameters of
the reaction model for BPTAP are shown in Table 1. The E and
A values are in good accordance with the results using
numerical optimization method (Fig. 7). The decomposition of
BPTAP under the hermetic conditioning is determined as two
parallel generalized autocatalytic reactions. Fig. S2 and Table
S1f showed the TSS simulation results using the DSC experi-
ments taken in hermetic condition and the corresponding
kinetic parameters. The determined kinetic model and kinetic
parameters of the reaction process were used to estimate the
safety of material.

Table1 Kinetic parameters of the reaction model for BPTAP based on
the kinetic model determined in the measurements taken in the non-
hermetic vessel

Parameters Units Autocatalytic
In(4) In(s™ ) 30.21
E, kJ mol™* 182.25
nq — 1.17
ny — 1.54
In(z,) — —3.55
E, kJ mol™* 0.74
m — 0.05
0 kJ kg™ * 1785.54

This journal is © The Royal Society of Chemistry 2019
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3.4 Safety analysis

It is known that the DSC experimental results can't be directly
applied to industrial production due to heat accumulation in
large amount of substance, while DSC experiments are carried
out with mg-scale samples. However, the kinetic model can be
employed for prediction and simulation to evaluate the thermal
safety, because the kinetics of any reaction doesn't depend on
the sample mass.”*

Based on the kinetic model and kinetic parameters of the
decomposition process determined in the measurements taken
in non-hermetic and hermetic vessels, applying kinetic simu-
lation by means of TSS software, thermal safety of BPTAP was
predicted, respectively.

Thermal safety of BPTAP can be implemented by estimating
adiabatic time to maximum rate (TMR). TMR is determined
from the self-heating rate (d7/dt) for a reaction course as the
time instant that corresponds to maximal value of (d7/d¢). The
dependency of TMR on the onset temperature estimated by
simulation based on the kinetic model determined in the
measurements taken in non-hermetic and hermetic vessels was
shown in Fig. 9, from which we can conclude that the starting
temperatures strongly influenced the time to the rate of the
temperature evolution under adiabatic conditions and the
temperatures when the occurrence of thermal decomposition
after 24 hours (Tg4,4)*** of BPTAP based on the kinetic model
determined in the measurements taken in non-hermetic and
hermetic vessels were 246.91 °C and 238.47 °C, respectively. It
can be seen that the T4,, of the BPTAP based on the kinetic
model determined in the measurements taken in the hermetic
vessel was lower than that of the BPTAP based on the kinetic
model determined in the measurements taken in the non-
hermetic vessel. This is probably because the Tynsec Of the
BPTAP sample tested in the hermetic vessel was 10 °C lower
than that of the BPTAP sample tested in the non-hermetic
vessel, which decreased the safety of BPTAP.

SADT, which is defined as the temperature of self-
accelerating decomposition for different packages of chem-
ical, is also an important parameter for safety assessment. More
specifically, it is the lowest temperature at which an overheating
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Fig. 9 TMR vs. temperature of BPTAP.
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Table 2 The detailed parameters of reactor description for the
determination of SADT in DEWAR

Geometry Barrel
External dimensions Radius (m) 0.041
Height (m) 0.1222
Void fraction 0
Barrel lid description Top lid Type Flat
Height (m) 0
Bottom lid Type Spherical
Height (m) 0.02
Shell Material Steel
Thickness (m) 0.001

in the middle of specific packaging exceeds 6 °C after a lapse of
the period of 7 days or less, which is measured from the time
when the packing center temperature reaches 2 °C below the
surrounding temperature.”® SADT for BPTAP in DEWAR (simu-
lation of the heat accumulation H4 test, UN Recommendations
on the Transport of Dangerous Goods, Manual of Tests and
Criteria®’) has been simulated by Termex software (one module
of TSS series). The detailed parameters of reactor description
were listed in Table 2. Based on the kinetic model determined in
the measurements taken in non-hermetic and hermetic vessels,
the SADT values of BPTAP stored in such barrel were calculated,
which amounted to 242 °C and 228 °C, respectively. The
determined temperature values are very high, which confirms
the high thermal stability of BPTAP.

4. Conclusions

In conclusion, thermal decomposition, kinetic parameters and
safety assessment of BPTAP under non-hermetic and hermetic
conditions were reported in detail. The thermal decomposition
of BPTAP exhibited one main mass loss process. By using and
comparing several widely used thermoanalytical data process-
ing techniques based on model-free kinetics, the relationship
between the activation energy E, In[Af(«)], and conversion « for
BPTAP was obtained. Based on the non-linear optimization
method, the non-isothermal kinetic models of the exothermic
process under non-hermetic and hermetic conditions were
evaluated. On the basis of the determined kinetic models, the
simulation results showed that the Ty ,4 values of BPTAP were
246.91 °C and 238.47 °C, respectively. The calculated SADT
values of BPTAP in DEWAR were 242 °C and 228 °C, respectively.
The determined safety parameters based on the kinetic model
determined in the measurements taken in non-hermetic and
hermetic vessels have certain differences. This is probably
because volatile intermediates were formed during the thermal
decomposition of BPTAP in the hermetic vessel, which can
increase the pressure in the hermetic vessel and thus accelerate
the decomposition of the BPTAP, to further decrease the
assessment safety of BPTAP.
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