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Abstract: The widespread use of single-base propellant may contribute to serious pollution of the
environment. The study of single-base propellant pyrolysis could provide an in-depth understanding
of the combustion mechanism, reveal the key steps and reaction kinetics of the combustion process,
and reduce the damage when using single-base propellant to the environment. In the present study,
the pyrolysis behaviors, pyrolysis characteristic parameters, kinetics, thermodynamics, and volatiles
of single-base propellant pyrolysis in an argon atmosphere were studied. The results showed that the
main temperature ranges of pyrolysis and heat variation were 400-700 K and 450-520 K, respectively.
With the increase in the heating rate, the maximum/average reaction rate of pyrolysis increased, the
maximum instantaneous heat flow and the heat flow integral increased, the pyrolysis and combustion
performance increased, and the thermal stability decreased. The average global activation energy and
pre-exponential factor of the pyrolysis were 202.82 k] and 9.48 x 102!, respectively. Thermodynamic
analysis showed that the single-base propellant pyrolysis was a spontaneous endothermic reaction
with a low energy barrier and fast reaction rate, which was beneficial to the formation of active
complexes. In addition, information on the main volatiles was obtained, including Hy, CHy, CoHy,
CyHg, H,O, HCN, HCOOH, NO,, HONO, and CO,.

Keywords: pyrolysis; single-base propellant; energy-containing materials; kinetics; thermodynamics;
volatiles

1. Introduction

Energy-containing materials are chemical substances with high energy density and
controllable energy release properties. With scientific development in this area, the applica-
tion of energy-containing materials is no longer limited to the military field, but has become
widely used in commercial and civilian fields [1]. Single-base propellant is a representative
type of energy-containing material, whose main components are nitrocellulose and some
additives, such as stabilizers, plasticizers, and anti-corrosive agents (e.g., Diphenylamine
(DPA), Dibutyl phthalate (DBP), Akardite II (AK II), or Dinitrotoluene (DNT), etc.), which
are used to improve the performance and stability of the propellant. Due to the high energy
density, low complexity, low sensitivity, and ability to release a large amount of energy dur-
ing combustion, single-base propellant is widely used and plays a significant role in many
fields. For example, single-base propellants are commonly used as the primary propellant
in solid rocket engines, which are suitable for spacecraft and missiles with various ranges,
payloads, and mission requirements [2]. Furthermore, single-base propellants can be used
in tank shells, artillery ammunition, and other military applications. Their high energy
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output and reliable combustion characteristics make them a vital component of ballistic
weapon systems [3]. Moreover, single-base propellants are often used in various civilian
explosive devices. Their high energy density and controllable combustion behavior make
them widely applicable in blasting, demolition, and cinematography work [4]. Last but not
least, single-base propellants are widely used for ignition power in the airbag systems of
transportation vehicles [5].

However, it is worth noting that the combustion process of single-base propellant
may be harmful to the environment. Small solid particles and aerosols are produced
during the combustion process of single-base propellant. These volatiles not only emit
suffocating odors, but may also enter rivers in the form of surface runoff or precipitation,
resulting in pollution of water resources and harmful effects on aquatic ecosystems. In
addition, the combustion of single-base propellant produces tail flames and exhaust gases,
including carbon dioxide, water vapor, nitrogen oxides (NOy), and carbon monoxide.
Some of these gases are greenhouse gases and may have adverse effects on the global
climate. Nitrogen oxides and carbon monoxide may reduce air quality, leading to acid
rain and air pollution issues. When the burning residues of single-base propellant fall to
the ground, the chemicals in the residues seep into the soil or groundwater, which may
lead to environmental problems such as the contamination of soil and the destruction
of ecosystems in the region. All the above hazards to water resources, soil resources,
and atmospheric resources will ultimately impact human health, and may even increase
susceptibility to issues such as cardiovascular disease, goiter, and cancer [6]. Therefore, the
investigation of the combustion mechanism and the prediction of the reaction products of
single-base propellant are of great significance.

Pyrolysis is the step prior to combustion. Complex organic molecules can be py-
rolyzed into simple products such as gases, small solid combustible particles, and soot,
which will further participate in the combustion reactions, releasing more energy. Thus,
pyrolysis determines combustion and plays a crucial role in the subsequent combustion
behaviors [7-9], and pyrolysis data can be used to calculate kinetics and thermodynamics,
which can also provide important information about pyrolysis. By studying the pyrolysis
behaviors of single-base propellant, a deeper understanding of the combustion mechanisms
and processes can be achieved, and the safety performance can be assessed, which will
be helpful in optimizing the design of single-base propellant and improving combustion
efficiency. By studying the heat release during the pyrolysis process of single-base pro-
pellant, preliminary guidance can be provided for evaluating the energy density, burning
rate, and combustion stability. In addition, the magnitude and rate of heat release directly
affect the combustion behavior of single-base propellant, so this parameter is also of great
significance for controlling potential combustion and explosion risks. The results of ki-
netic analysis of the single-base propellant pyrolysis process can be used to reveal the key
parameters of the process, such as the reaction rate, activation energy, and reaction path,
so as to help predict and control combustion behaviors. Thermodynamics can provide
information on the variation of thermodynamic parameters of single-base propellant at
different temperatures, which is essential for evaluating stability, storage performance, and
heat release capacity. In addition, through the analysis of pyrolysis products, it is possible to
further investigate the degree of pollution and the influence scope of the use of single-base
propellant on the atmosphere, water, and soil, to reduce the impact of the use of single-base
propellant on the environment, and to formulate corresponding environmental protection
strategies and measures. Therefore, it is of great significance to study the pyrolysis, heat
change, kinetics, thermodynamics, and pyrolysis products of single-base propellant.

In recent years, several studies have focused on the pyrolysis, kinetics, and thermody-
namics of single-base propellant and the analysis of reaction products. In order to study the
thermal properties of single-base propellant, Katarzyna et al. [10] used differential scanning
calorimetry (DSC) and thermogravimetric analysis (TG) to determine the basic physical
properties of single-base propellant and analyze the generated phenomena. The results
showed that the onset temperature (Tonset), maximum temperature (Tmax), and mass loss
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(m) of single-base propellant pyrolysis were 445.4 K, 456.8 K, and 82.15%, respectively. In
addition, the mass loss of single-base propellant during pyrolysis was independent of the
type and dosage of additives. This paper only provided a simple description and analysis
of the pyrolysis behaviors of single-base propellant, and the application significance in
practical scenarios still needs to be explored. Jelisavac et al. [11] used a kinetic model de-
rived from the Arrhenius equation to perform kinetic calculations of the pyrolysis process
of a stabilizer (Diphenylamine (DPA)) in single-base propellant. The results showed that
the pyrolysis experimental data and performance at high concentrations of DPA could
be well characterized by a first-order reaction. However, only the pyrolysis kinetics of
the stabilizer in single-base propellant was considered; the global kinetic parameters of
single-base propellant were not calculated. In order to study the stability of single-base
propellant in service, Bohn et al. [5] used the all-temperature fits method to calculate
the activation energy of additives in the pyrolysis process of three different single-base
propellants and predicted the corresponding possible service times. The results showed
that when the single-base propellant contained 0.74 mass-% DPA and 0.48% Akardite II
(AK1I), the pyrolysis activation energy released by DPA and Ak II was 135.5 k] /mol and
142.1k] /mol, respectively, and the possible service life was 15 years. When the single-base
propellant contained 1.25 mass-% and 2.04 mass-% Ak II, respectively, the pyrolysis ac-
tivation energy released by Ak II was 144.1 k] /mol and 140.0 k] /mol, respectively, and
the possible service life was 20 years and 27 years, respectively. It is worth noting that
another important parameter of the kinetics, the pre-exponential factor A, was not derived
in this paper. Via and Taylor [12] employed mass spectrometry to study the composition
of volatiles during the pyrolysis of single-base propellant. The results indicated that the
volatiles were composed of substances such as DPA, N-NO-DPA, 2,4-Dinitrotoluene (DNT),
2-N-DPA, 4-N-DPA, and 2,2"-introDPA. However, this paper only made a brief analysis of
the pyrolysis volatiles of single-base propellant, without in-depth and specific estimation
of the gas composition. Therefore, there are still some deficiencies in the existing articles in
revealing the mechanisms of pyrolysis, kinetics, thermodynamics, and volatiles of single-
base propellant.

In order to conduct in-depth research and analysis on the above problems, in the
present study, simultaneous thermal analysis experiments of thermogravimetric—differential
calorimetric scanning of single-base propellant were carried out with four heating rates in
an argon-filled environment. The variation characteristics of mass and heat during pyroly-
sis and the pyrolysis characteristic parameters were obtained based on the experimental
data. In addition, a classical kinetic method was used to calculate two important kinetic
parameters in the pyrolysis process of single-base propellant: the global activation energy
E and the pre-exponential factor A. The thermodynamic characteristics of the single-base
propellant pyrolysis were evaluated, and the thermodynamic parameters were calculated.
Last but not least, Fourier transform infrared spectroscopy and mass spectrometry were
selected to analyze the composition of volatiles in the pyrolysis process of single-base
propellant in detail.

2. Experimental and Theoretical Background
2.1. Experimental
2.1.1. Materials

The single-base propellant used in the experiments and analyses were all industrial raw
materials from the unified production batch, which were composed of 89.8% nitrocellulose
and 10.2% DBP. The detailed performance parameters that were tested are listed in Table 1.
In addition, in order to further verify the percentage of various elements in the samples,
elemental analysis was performed by an elemental analyzer (Elementar Vario EL cube),
and the detailed data obtained are shown in Table 2.
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Table 1. The performance parameters of single-base propellant.

Project Single-Base Propellant
Apparent density /kg m—3 600
Acidity /% 0.03
Ignition point/°C 174
Viscosity/Pa s 52
80 °C Thermal resistance test/K W1 >15

Table 2. The percentage of various elements in single-base propellant.

Elemental analysis (wt.% dry ash free)

Single-base propellant N C H e)
9.75 32.56 4.22 9.82

2.1.2. Thermogravimetric and Differential Scanning Calorimetry Analysis

The TG and DSC experiments were carried out synchronously and jointly by the Nechi
STA 449 F3 Jupiter synchronous thermal analyzer from Germany to track the changes
in mass and heat of single-base propellant with temperature and heating rate in real
time [13,14]. In the experiments, the temperature was increased from 300 K to 1000 K
at the heating rate of 5, 10, 15, and 20 K/min, respectively [15,16]. The filling gas of the
synchronous thermal analyzer was argon gas with a purity of 99.99%. In the sample
preparation stage before the experiment, samples were repeatedly weighed three times to
ensure that the quality was controlled at 3.5 mg (£0.05 mg).

2.1.3. Fourier Transform Infrared Spectroscopy Analysis

The Thermo-fisher-is 50 Fourier transform infrared (FTIR) spectrometer was connected
to the end of the synchronous thermal analyzer by a gas transmission line to receive and
identify the volatiles generated by the pyrolysis of single-base propellant. The spectral
range of the spectrometer was set to 4000-5000 cm !, the resolution was set to 0.09 cm !,

and the scanning speed was set to 0.158 cm/s [17].

2.1.4. Mass Spectrographic Analysis

The NETZSCH-QMS403D gas chromatography—mass spectrometry was connected
to the end of the infrared spectrometer through a quartz gas transmission line to further
quantitatively analyze the composition of volatiles. The ionization voltage of the equipment
was adjusted to 70 eV and the scanning speed was adjusted to 0.2 s [18].

2.2. Theoretical Background
2.2.1. Kinetic Methods

Kinetic analysis mainly focuses on the rate and reaction mechanism in the process
of material and energy conversion, which plays an important role in the study of solid
combustible pyrolysis [19,20], and provides an important theoretical basis in the fields of cata-
lyst design, reaction optimization, environmental protection, and energy conversion [21-23].
The pyrolysis kinetic equation of single-base propellant can be mathematically characterized
by Equations (1) and (2). Equations (3) and (4) are supplementary to Equation (1).

=@ (1>

_ [t AT - B = AE [T exp(=y)
8(0‘)—/0 m—g/o exp( RT)dT_ Rﬁ/ya " dy ()
K:Aexp(—%) ®3)
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fla) = (1-a)" 4)

In the above equations, f(«) and g(«) represent expressions for the differential and
integral forms of the kinetic reaction model, respectively. R is the general gas constant,
which is 8.314 J/(mol-K). T is the transient temperature of the sample. E and A are the
activation energy and the pre-exponential factor, respectively, which are the key objects of
interest in kinetic analysis. « and 8 are the conversion rate and the heating rate, respectively,
both of which are important independent variables in thermal analysis experiments and
kinetic analyses. In addition, y, = E,/RT, y = E/RT.

The Kissinger method has the characteristic of not relying on specific reaction mecha-
nisms or model assumptions [24,25]. Therefore, it is applicable to the kinetic calculations of
various types of pyrolysis reactions, including complex multi-step reactions. In the present
paper, the Kissinger method was chosen to estimate the kinetic parameters (such as acti-
vation energy E and pre-exponential factor A) during the pyrolysis process of single-base
propellant. The expression equation of this method is as follows.

Equation (5) can be obtained from Equations (1), (3), and (4), as shown below.

1—a)" ®)

T = Aexp(— )

By differentiating on both sides of Equation (5), the following results are obtained.

ndex —a)"
(1-a) = plgt i) +AeXP( RT)d(ldt) ]

[A

‘fl—"‘%d—f Aexp(— £ )n(1—a)"” 1‘2—‘2‘
T
[

419 =

— An(1— 0()"71 exp(f%)]

da
dt
when T =Tp, % [‘2—‘;‘] = 0. Therefore, the above equation can be changed into the following form.

E4L 1 E

—dt _ — n- -

Kissinger believes that n(1 —« p)n_l is independent of 5, which is approximately
equal to 1. Thus, Equation (6) can be evolved into Equation (7).

Ep

RTZ

= Aexp(~ o) 7)

Taking logarithms on both sides of Equations (7) and (8) can be obtained, which is the
Kissinger equation.

Biy AR _Ec 1.
(TZ) In E, Rsz[ 1,2,3,..] (8)

2.2.2. Calculation of Pyrolysis Characteristic Parameters

Pyrolysis characterization parameters (D) are quantitative data used to measure the
feasibility and thermal stability of solid combustibles pyrolysis and to explore the level of
pyrolysis [26-28]. In the present paper, the detailed characteristics of single-base propellant
pyrolysis at different heating rates could be presented through this data. The calculation
equation of D is shown in Equation (9), where T; and T,y represent the initial pyrolysis
temperature and the peak temperature, respectively, and T/, is the temperature interval
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when (dw/dt)/(dw/dt)maex = 1/2. In addition, the meaning of (dw/dt)ax is the maximum
rate of mass loss, while the meaning of (dw/dt)yean is the average rate of mass loss.

()
dt Jmax \ dt mean

D= 9
TiTmale/;Z ( )

2.2.3. Calculation of Thermodynamics

The results of thermodynamic analysis have a wide application value. Enthalpy and
entropy are important physical quantities to describe the thermodynamic system, which
together determine the thermal effect and spontaneity of the reaction. Enthalpy describes
the thermal energy changes of the system, and entropy reveals the change of the disorder
degree of the system. Through the analysis of enthalpy and entropy, we can gain insight
into the properties of thermodynamic processes and chemical reactions, so as to provide
support for the research of material properties, reaction mechanisms, and the optimiza-
tion of process conditions [29]. The equations for the above parameters are shown in
Equations (10) and (11), where T}, is the maximum temperature during the reaction,
A is obtained based on the Kissinger method, & is the Planck constant with a value of
6.626 x 1073475, and Kp is the Boltzmann constant of 1.381 x 10723 J/K.

AH = E, — RT, (10)
AS = ~(RT, + RT, in( 2T /7, (1)

3. Analyses and Discussion of Results
3.1. The Analysis of Thermogravimetric Experiments

Thermogravimetric (TG) analysis can be used to determine the pyrolysis characteristics
of single-base propellant, including information on the pyrolysis temperature range, weight
loss, and weight loss rate. These data are helpful in understanding the mass changes that
occur in single-base propellant during the heating process, to determine the thermal stability
and reactivity, and to determine potential safety risks.

The pyrolysis curves (reaction rate and conversion rate curves) of single-base propel-
lant heated in an argon atmosphere with heating rates of 5, 10, 15, and 20 K/min are shown
in this section (Figure 1). The trends and laws of the pyrolysis process can be obtained
intuitively by analyzing the curves, and more detailed data are listed in Table 3 to further
reveal the pyrolysis mechanism of single-base propellant.

Table 3. Details of single-base propellant pyrolysis.

Temperature

Corresponding to Conversion Rate Temperature
Heating Rate Maximum Reaction Rate Maximlfm Reaftion Corresponding to Average Reaction Corresponding to the Main Pyrolysis
(K/min) (K-1) Rat Maximum Reaction Rate (K1) Turning Point Temperature Range
ate Rate (K)
(K)
5 334 x 102 476.33 0.36 1.76 x 1073 510 K
10 3.55 x 1072 482.51 0.36 1.78 x 1073 510K
15 3.76 x 1072 485.95 0.40 181 x 103 510K 400-700 K
20 4.00 x 1072 489.23 0.46 1.82 x 1073 510K

As shown in Figure 1, the change in heating rate had no effect on the overall trends of
both kinds of curves but, rather, affected (increased or decreased) the slope of the conversion
rate curves in certain temperature intervals by changing the reaction rate. In addition, the
pyrolysis of single-base propellant started at approximately 400 K and continued until
approximately 700 K.
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Figure 1. The pyrolysis curves of single-base propellants: (a) the reaction rate curves, (b) the
conversion rate curves.

Through the analysis of the reaction rate curves, we learned that the reaction rate in
the single-base propellant pyrolysis process increased rapidly to the peak value at first (for
the heating rates of 5, 10, 15, and 20 K/min, the peak reaction rates were 3.34 x 1072 KL,
3.55 x 1072K"1,3.76 x 1072 K™, and 4.00 x 10~2 K™}, respectively) and then dropped
sharply with increasing temperature. The change in heating rate affected the reaction rate
significantly, which in turn changed the slope of the conversion rate curves. As can be
seen in Figure 1a, the increasing heating rate caused a clear shift of the reaction rate curve
to the higher temperature area. The reason for this phenomenon can be explained by the
temperature lag caused by the gradual failure of the heat transfer rate in the sample to keep
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up with the programmed temperature rise rate provided by the thermogravimetric analyzer,
which is known as the “temperature hysteresis phenomenon” in pyrolysis experiments.

Through the analysis of the conversion rate curves, we learned that the conversion rate
of single-base propellant pyrolysis increased continuously with the increasing temperature,
and the overall curves were smooth and consistent. It is worth noting that there was
a turning point on the conversion curve. When the experimental temperature was less
than the turning point temperature, the conversion rate corresponding to the working
condition with a lower heating rate was higher at the same temperature. On the contrary,
the conversion rate corresponding to the working condition with a higher heating rate was
higher, and the temperature at which the turning point occurred was measured to be 510 K.

The pyrolysis process of single-base propellant could be further analyzed by the data
in Table 3. With the increasing heating rate, both the maximum and average reaction
rates of the pyrolysis increased, which may be attributed to the increase in excited state
concentration, the enhancement of mass transfer, and thermal conduction effects. With
the increase in the heating rate, the temperature corresponding to the maximum reaction
rate moved to the higher temperature area, and the conversion rate corresponding to the
maximum reaction rate increased.

3.1.1. The Analysis of Pyrolysis Characteristic Parameters

Table 4 gives the pyrolysis characteristic parameters (D) of single-base propellant at
heating rates of 5, 10, 15, and 20 K/min. It can be seen that the pyrolysis characteristic
parameters were significantly changed with the increasing heating rate. When the heating
rate of pyrolysis increased from 5 K/min to 20 K/min, the initial pyrolysis temperature
and the temperature corresponding to the maximum reaction rate both moved towards
the higher temperature zone, which was in accordance with the characteristics of the
temperature hysteresis phenomenon mentioned in the previous section. In addition, the
increase in heating rate caused a decrease in the width of the half-peak temperature (T ;)
and increases in the values of (dw/dt);.x and (dw/dt)yeqn. Eventually, the above changes
were reflected in the values of D, which increased significantly. The changes in Ty /, showed
that the thermal conduction and mass transfer process in the sample plays an important
role in the pyrolysis reaction, and the changes in pyrolysis characteristic parameters were
consistent with the results obtained by TG analysis. When the heating rate increased, the
thermal stability of the single-base propellant decreased significantly, and the pyrolysis
and combustion performance increased significantly.

Table 4. Pyrolysis characteristic parameters (D).

B (K/min) T; (K) Toar K) Ty, (K) (dw!dDmax (% min=1)  (dw/dB) mean (% min—1) D (x10-13)
5 460.47 476.33 18.98 1.63 x 1073 0.82 x 1073 3.2107
10 465.48 48251 18.19 1.71 x 1073 091 x 1073 3.8089
15 470.99 485.95 17.38 221 x 1073 0.92 x 1073 51113
20 471.79 489.23 16.43 327 x 1073 0.94 x 103 8.1054

3.1.2. The Analysis of Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) analysis can be used to determine the thermal
effect of single-base propellant, including the changes in heat release or absorption. This is
of great significance for evaluating the combustion performance, explosion performance,
and safety of single-base propellant. The violent reactions that occur in energy-containing
materials at high temperatures are often accompanied by uncontrolled energy release.
Therefore, understanding the heat changes during the pyrolysis process of single-base
propellant is crucial for its safe design and operation.

The results of DSC tests of single-base propellant in an argon atmosphere at heating
rates of 5, 10, 15, and 20 K/min are presented in this section. Figure 2 shows the heat
flow variation curves and the total heat release during the single-base propellant pyrolysis



Fire 2023, 6, 370

90f19

process, from which the changes in heat could be intuitively observed. The important
characteristic parameters of heat variation are shown in Table 5. Combining the DSC
data with the analysis results of the thermogravimetric (TG) data in the previous section,
the characteristics of single-base propellant pyrolysis could be further determined, and
important clues about the thermal stability and reaction activity of single-base propellant
could also be obtained.

55
=== 5 K/min
=== 10K/min
7 15K/min
Total Heat Release: 20K/min
354 ] I |5 K/min
454 [ 10K/min
] 15K/min
[ ]20K/min

[\®]
()]
1

Heat flow (mW)

%

o,

O X

N I T I
ERRRRERRERERRL AT AT IL LT LT L ({((

] ] ] ] ] ]
350 400 450 500 550 600 650
Temperature (K)

Figure 2. The heat flow variation curves and the total heat release of the single-base propellant.

Table 5. The characteristic parameters of heat variation.

Maximum Temperature
Heating Rate 8 Instantaneous Corresponding to Integral of Heat FWHM Main Heat
(K/min) Maximum Instant- Flow (m]) Variation Range
Heat Flow (mW)
aneous Heat Flow (K)
5 477 474.40 92.79 16.13
10 11.22 482.15 116.23 15.34
15 13.74 486.40 138.00 1378 450520 K
20 49.92 489.15 182.55 2.24

Through the analysis of the heat flow curves and the total heat release figure, it can be
seen that when the temperature reached approximately 450 K, the heat release of single-
base propellant pyrolysis started to rise and rapidly reached the peak value (the maximum
instantaneous heat flow at heating rates of 5, 10, 15, and 20 K/min were 4.77, 11.22, 13.74,
and 49.92 mW, respectively) and then began to decrease rapidly. When the temperature
reached approximately 520 K, the heat release rate was essentially stable. Subsequently,
as the temperature increased, the heat was released slowly at an almost steady rate until
the end of the reaction. According to the variation of heat release mentioned above, the
pyrolysis of single-base propellant mainly occurred after the temperature of 450 K. The
temperature range of 450-520 K was the main reaction range, in which the heat was released
rapidly and the reaction occurred violently. Therefore, it can be inferred that the pyrolysis
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of nitrocellulose (NC), the main component of single-base propellant, mainly occurs in this
temperature range. In addition, a small amount of heat was released continuously after the
temperature exceeded 520 K, and it can be inferred that the pyrolysis of the additives or
binder components of single-base propellant occurred during this time.

With the help of Table 5, the changes in heat flow during single-base propellant
pyrolysis can be understood in detail. It can be seen that as the heating rate increased, the
full width at half maximum (FWHM) of the heat flow curve decreased (for the heating
rates of 5, 10, 15, and 20 K/min, the FWHM were 16.13, 15.34, 13.78, and 2.24, respectively),
and the maximum instantaneous heat flow increased, which indicated that increasing the
heating rate of single-base propellant pyrolysis can cause the heat release to occur more
quickly, in a shorter period of time; that is, it can increase the intensity of the reaction. The
change in FWHM indicated that the reaction may have been more complex at a lower
heating rate, while a higher heating rate may have led to a more concentrated reaction. In
addition, a higher heating rate may reduce the localized temperature and concentration
gradients, making the reaction more uniform. This further indicated that this material is
sensitive to temperature changes, with the reaction rate being slower at lower temperatures
and becoming violent at higher temperatures. The above results could be confirmed by the
total heat release (integral of heat flow): an increasing heating rate led to the increase in
total heat release from 92.79 at 5 K/min to 182.55 at 20 K/min.

It is worth noting that, similar to the results obtained in TG analysis, the temperature
hysteresis phenomenon also occurred in the DSC. It can be observed from Figure 2 and
Table 5 that the temperature corresponding to the maximum instantaneous heat flow and
the overall temperature of the heat flow curve moved to the higher temperature region with
the increase in the heating rate. This corresponds to the findings of the previous section,
indicating that the analysis of TG and DSC was accurate and reliable.

3.2. The Analysis of Kinetics

Studying the kinetics of pyrolysis processes allows us to analyze substances from
a more comprehensive perspective. The study on the kinetics of single-base propellant
pyrolysis could lead to a deeper understanding of the mechanism and details of the reaction,
improve safety, and optimize the reaction conditions. This could provide a scientific basis
and technical support for the application and development of single-base propellant.
Therefore, the calculation and analysis of kinetics are of great significance.

There are two parameters of notable importance in kinetics, which are the activation
energy E and pre-exponential factor A. The activation energy is an important parameter
used to describe the energy barrier of a chemical reaction. According to the Arrhenius
equation [30], the relationship between the reaction rate constant and temperature can be
described by the activation energy. A lower activation energy means that the energy barrier
is more easily overcome and the reaction rate is faster, while a higher activation energy
indicates a slower reaction rate.

The pre-exponential factor is the pre-coefficient of the reaction rate constant, reflecting
the possibility of pyrolysis and the reaction rate of solid materials within a certain temper-
ature range. A larger pre-exponential factor means a faster reaction rate, while a smaller
one means a slower reaction rate. In addition, the pre-exponential factor can provide
information about the reaction mechanism. Generally speaking, reactions with a larger
pre-exponential factor tend to have a simpler mechanism, while a smaller pre-exponential
factor suggests more complex steps and processes may be involved. In summary, the study
of the activation energy and pre-exponential factor has important practical significance and
theoretical value. Therefore, these two parameters of single-base propellant pyrolysis were
investigated in detail in this section.

The Kissinger method was used in this section to calculate the activation energy and
pre-exponential factor of the pyrolysis process of single-base propellant at the heating
rates of 5, 10, 15, and 20 K/min. The activation energy and pre-exponential factor could
be calculated from the slope and intercept of the fitted curve of 1/T,; and In (8/ len-),
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respectively, as shown in Figure 3. Table 6 shows the detailed results of the calculation,
with an activation energy of 202.82 kJ and a pre-exponential factor of 9.48 x 102!, which
indicated that the pyrolysis of single-based propellants reacted at a relatively fast rate
and was sensitive to temperature. It is worth noting that the correlation coefficient R? of
the fitted curve was extremely high, so it can be considered that the kinetic results were
accurate and could be used under a wider range of conditions.

-9.2

e The fitted curves of 1/T; and In (B/T};%)
—9.6 4

—10.0 4

In (B/Tp%)

—1044  Intercept: 40.50 (£1.62)
Slope: —24,394.66 (+784.47)
R*=10.99

—-10.8 T T T T T T
0.00204  0.00205 0.00206  0.00207  0.00208  0.00209  0.00210

1/Tp;

Figure 3. The fitted curve of 1/T,; and In (8/ Tpiz).

Table 6. The detailed results of the Kissinger method.

Heating Rate 2 2
(K/min) Tpi In (B/Tp;%) UT,; Intercept Slope E (kJ]) A R
5 476.33 —10.72 2.10 x 1073
10 48251 —10.06 2.07 x 1073 9.48 x
. —24,394.66 202. :
15 485.95 —9.66 2.06 x 1073 40.50 202.82 1021 0.99
20 489.23 —9.39 2.04 x 1073

3.3. Uncertainty Analysis

For the kinetic calculations, the input parameters of the heating rate (8) and peak
temperature (Tp;) may deviate due to external factors or instrument limitations, which
can affect the calculation results of the E value. Taking into account the actual conditions
of the experimental instrument, we set the actual values of each group of § and Tp,; with
uncertainty deviations as randomly distributed within the range of f & 0.1 K/min and
Tpi £ 5 K, respectively. With the help of Monte Carlo simulation and Equation (8), we
conducted 10,000 calculations of sample data and obtained parameters such as the mean,
variance, and probability distribution, as shown in Figure 4 and Table 7.
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Figure 4. The probability distribution of the E value.

Table 7. Uncertainty analysis results.

Simulated Working Condition B1 & Tpin B2 & Tpin Bs & Tpiz Ba & Tpig
Average value (k]) 202.88 202.79 202.65 202.95
Standard deviation 494 495 4.62 4.57

Uncertainty degree (%) 2.43 2.44 2.23 2.22

According to the results, the uncertainty variations in  and Tp; had a negligible impact
on E (the uncertainties under the four simulated conditions were 2.43%, 2.44%, 2.23%, and
2.22%, respectively). Furthermore, the average E values calculated using the Monte Carlo
model under the four conditions were extremely close to the 202.82 k] obtained by the
Kissinger method, which indicated that the calculated activation energy results in this
study were accurate and reliable.

3.4. The Analysis of Thermodynamics

Thermodynamic analysis can be used to study energy transformations, phase transi-
tions, and equilibrium behaviors of substances under different conditions. Through this
method, the basic thermodynamic principles of the pyrolysis reaction could be revealed,
the efficiency and possibilities of the pyrolysis reaction could be evaluated, the temperature
effect of the pyrolysis reaction could be analyzed, and the reaction conditions could be
optimized. This section analyzed the variation of thermodynamic parameters with the
conversion rate during pyrolysis of single-base propellant at heating rates of 5, 10, 15, and
20 K/min, as shown in Figure 5. More detailed calculations are presented in Table 8.
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Figure 5. The variation of the (a) AH and (b) AS.
Table 8. The detailed results of the thermodynamic analysis.
AH (kJ/mol) AS (J/mol)
Conversion Rate . - - : : - . :
5 K/min 10 K/min 15 K/min 20 K/min 5 K/min 10 K/min 15 K/min 20 K/min
0.05 199.08 199.02 198.95 198.94 164.06 163.94 163.77 163.76
0.1 198.96 198.91 198.87 198.85 163.82 163.70 163.62 163.58
0.15 198.93 198.87 198.84 198.82 163.74 163.63 163.56 163.52
0.2 198.90 198.85 198.83 198.81 163.69 163.58 163.53 163.49
0.25 198.89 198.84 198.81 198.79 163.65 163.55 163.50 163.46
0.3 198.87 198.83 198.80 198.78 163.63 163.53 163.47 163.44
0.35 198.86 198.81 198.79 198.77 163.59 163.50 163.45 163.42
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Table 8. Cont.

) AH (kJ/mol) AS (J/mol)
Conversion Rate 5 K/min 10 K/min 15K/min 20 K/min 5 K/min 10 K/min 15 K/min 20 K/min
0.4 198.85 198.80 198.78 198.76 163.57 163.48 163.43 163.39
0.45 198.84 198.79 198.76 198.75 163.55 163.45 163.40 163.37
0.5 198.82 198.77 198.75 198.74 163.52 163.43 163.37 163.35
0.55 198.81 198.76 198.74 198.73 163.48 163.39 163.35 163.32
0.6 198.78 198.74 198.72 198.71 163.44 163.36 163.32 163.29
0.65 198.75 198.72 198.70 198.68 163.37 163.31 163.27 163.24
0.7 198.71 198.68 198.66 198.65 163.28 163.22 163.19 163.17
0.75 198.63 198.61 198.60 198.59 163.12 163.09 163.07 163.06
0.8 198.49 198.48 198.47 198.46 162.85 162.85 162.85 162.82
0.85 198.18 198.16 198.15 198.14 162.44 162.42 162.36 162.17
0.9 197.69 197.67 197.66 197.66 161.72 161.63 161.50 161.14
0.95 196.55 196.31 196.21 196.00 160.43 160.21 159.74 158.74
average value 198.61 198.56 198.53 198.50 163.21 163.12 163.04 162.93
198.55 163.08

Enthalpy change (AH) is a physical quantity used in thermodynamics to describe the
heat absorption and release in the process of a chemical reaction or phase transformation in
a system under constant pressure, which can be interpreted as the thermodynamic state
of the system. A positive enthalpy change indicates that the reaction is endothermic and
requires an external supply of heat to proceed, while a negative enthalpy change indicates
that the reaction is exothermic, releasing heat into the surrounding environment. It can be
seen from Figure 5 and Table 8 that AH remained positive at all heating rates and conver-
sion rates, which indicated that the pyrolysis of single-base propellant is an endothermic
reaction. When the heating rates were 5, 10, 15, and 20 K/min, the maximum values of
AH were 199.08, 199.02, 198.95, and 198.94 k] /mol, respectively, and the average values
were 198.61, 198.56, 198.53, and 198.50 kJ/mol, respectively. In addition, a relationship
exists between the activation energy E and AH called the energy barrier, which represents
the energy difference that needs to be overcome when the system changes from one stable
state to another in a chemical reaction. If the absolute value difference between the values
of E and AH in a certain reaction is not greater than 7 kJ /mol, the reaction has a lower
energy barrier and a faster reaction rate, which is beneficial to the formation of active com-
plexes. In the present study, the difference was 4.27 k] /mol, which was consistent with the
above description.

Entropy change (AS) is a thermodynamic process caused by the mixing and decompo-
sition of substances and the expansion and dissolution of gases. A positive value of entropy
change indicates an increase in the disorder of the system, while a negative entropy change
value indicates a decrease in the disorder of the system. As shown in Figure 5 and Table 8,
the AS values were positive at all heating rates and conversion rates, which means that
the pyrolysis products of single-base propellant were more disordered than the reactants,
indicating that the pyrolysis of single-base propellant is spontaneous. When the heating
rates were 5, 10, 15, and 20 K/min, the maximum values of AS were 164.06, 163.94, 163.77,
and 163.76 kJ/mol, respectively, and the average values of AS were 163.21, 163.12, 163.04,
and 162.93 ] /mol, respectively.

3.5. Composition Analysis of Pyrolysis Volatiles

Infrared spectrum and mass spectrometry analysis were able to provide information
on the composition of volatiles produced during the pyrolysis process of single-base
propellant. Analyzing the structure and chemical bond properties of these products was
helpful for determining the reaction mechanism and the main reaction paths of single-base
propellant pyrolysis. In addition, information on dangerous and toxic substances that may
be produced by single-base propellant pyrolysis at high temperatures, which pose potential
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threats to human health and the environment, could also be obtained through infrared
spectrum and mass spectrometry analysis.

3.5.1. Infrared Spectrum Analysis

The infrared spectrum of volatiles from thermogravimetric experiments with a heating
rate of 10 K/min is presented and analyzed in detail in this section.

According to the Beer-Lambert law [31,32], the content of volatiles is directly reflected
in the infrared spectrum in the form of the absorption peak intensity. We were clearly
able to distinguish the following substances from Table 9 and Figure 6, among which the
contents of CO, (2380 cm™ 1) and NO, (2340 cm 1) were the most abundant. The -OH
stretching in HyO was identified at 3730 cm~1, 3570 cm™1, and 3340 cm 1. The absorption
peaks at 2800 cm~! and 2200 cm~! indicated the stretching vibrations of the C-H and
nitrile group (CN), respectively, and the absorption peaks at 1910 cm ! and 1740 cm ™!
represented the stretching vibrations of CO bonds. In addition, nitro groups (-NO,) could
be observed at the absorption peak intensity of 1510 cm !, bending vibrations of ~CH could
be observed at 1340 cm !, and stretching vibrations of C-O could be observed at 950 cm ™.
Moreover, the absorption peaks at 710 cm ™! and 670 cm ™! represented the deformation of
O-NO, which was most likely HONO. It is noteworthy that nitrogen and carbon monoxide
were hardly found in the infrared spectrum. In addition, the presence of HCN, CHy, C;Hy,
and CyHg could be inferred from the results.

Table 9. Infrared spectrum analysis of single-base propellant.

Num Wavenumber Substance
1 3730, 3570, 3340 —-OH stretching (H,O)
2 2800 C-H stretching
3 2380 CO,
4 2340 NO,
5 2200 nitrile group (-C=N)
6 1910, 1740 C=0bond
7 1510 nitro group (-NO»)
8 1340 —-CH bending vibrations
9 950 C-O stretching
10 710,670 O-NO deformation (HONO)

014 -@-C0, (2380 cm™)
NO, (2340 cm™)
0.12 —p—0-NO in HONO (710 & 670 cm™)
—4—-CN in HCN (2200 cm™)
0.10 —>{~C=0 in HCOOH (1910 & 1740 cm™)
—%——OH in H,0 (3730, 3570 & 3340 cm™)
8 —O~ Compounds containing -NO, (1510 cm™)
< 0.08 5 —O-—CH in CH, / C,H, / C,H, (1340 cm™)
_g —@— Compounds containing C—O (950 cm™)
S 0.06
n
=
< 0.04 Enlarged
\N=b.
0.02 -
0.00 -
L] L] L] L] L] 1
350 400 450 500 550 600 650

Temperature (K)

Figure 6. Evolution image of the volatiles.
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3.5.2. Mass Spectrometry Analysis

The mass spectrum plotted based on the measured data is shown in Figure 7, which
was processed by interference elimination and normalization, making the display effect
clearer and more intuitive.

450
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m/Z=12 C* 30
m/Z=14 C,H,"

350 94 miz=15 C,H," 28
m/Z=16 CH,"
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Figure 7. Mass spectrogram of the peak temperature.

Thirteen charge-to-mass ratio signals could be identified from the mass spectrogram,
which were m/z = 2, 14, 15, 16, 17, 18, 26, 27, 28, 29, 30, and 44, respectively. Combin-
ing the results with those of the infrared spectrum analysis in the previous section, the
composition of some volatiles could be further determined. The identification of m/z = 2
meant the existence of Hy. m/z = 12 was the proof of the existence of C*. m/z = 14, 15, and
16 demonstrated the presence of CoHy (=CH;), C;Hg (-CH3), and CHy, respectively. HO*
and H,O could be identified from signals of m/z = 17 and 18, respectively. m/z = 26
represented -CN and m/z = 27 represented HCN. The existence of substances containing
C-0O and C=0 in the volatiles was evidenced by m/z = 28, and the ion current at m/z = 29
indicated the existence of HCOOH (-CHO aldehyde group). In addition, CO, and NO,
were also clearly captured in the mass spectra (m/z = 44, m/z = 30 (-NO)). The ion current
at m/z = 30 also represented the existence of HONO. The specific comparison is shown in
Table 10.

Table 10. Specific comparison table for mass spectrometry.

Num mlz Substance
1 2 H,
2 12 Cct
3 14 CoHy*
4 15 C,Hg*
5 16 CHy*
6 17 HO*
7 18 H,O*
8 26 -C=N
9 27 HCN
10 28 C-0&C=0
11 29 HCOOH
12 30 NO,* & HONO
13 44 CO,*
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4. Conclusions

In the present paper, the pyrolysis behaviors, changes in mass and heat, pyrolysis
characteristic parameters, kinetics, thermodynamics, and composition of volatiles of single-
base propellant in an argon environment at four different heating rates were analyzed. The
results obtained can provide theoretical guidance for reducing the environmental hazards
caused by the use of single-base propellants. The main conclusions drawn in this paper are
as follows.

1.  The main temperature range of single-base propellant pyrolysis is 400-700 K. As
the heating rate increased, both the reaction rate and conversion rate curves moved
towards the high-temperature region, the maximum/average reaction rate and the
temperature/conversion rate corresponding to the maximum reaction rate increased,
the half-peak temperature decreased, and the turning point temperature remained
unchanged. In addition, when the heating rate increased, the thermal stability of
the single-base propellant decreased significantly, and the pyrolysis and combustion
performance increased significantly.

2. The main exothermic temperature range of single-base propellant pyrolysis is 450-520
K. With the increase in the heating rate, both the maximum instantaneous heat flow
and the integral of heat flow increased, and the full width at half maximum of the
exothermic curve decreased.

3. The average activation energy of the pyrolysis process of single-base propellants is
202.82 kJ, and the pre-exponential factor is 9.48 x 10 [21].

4. The thermodynamic parameters of single-base propellant pyrolysis were obtained.
The average values of AH and AS were 198.55 kJ/mol and 163.08 J/mol, respec-
tively. This indicated that the pyrolysis of single-base propellant is an exothermic
reaction with a low energy barrier and fast reaction rate, which is conducive to the
formation of active complexes. In addition, the pyrolysis of single-base propellant
occurs spontaneously.

5. The composition, evolution trend, and relative content of volatiles produced during
the pyrolysis of single-base propellant were obtained. The main volatiles included H,
CH,4, CHy, CoHg, H,O, HCN, HCOOH, NO,, HONO, and CO,, which are typical
greenhouse and toxic gases. In order to reduce the adverse environmental impacts
of the greenhouse gases produced, it is recommended to control the combustion
process of single-base propellant, improve the combustion efficiency, and use carbon
capture and storage (CCS) technology. In order to avoid environmental and biological
hazards from toxic gases, the formulation of single-base propellant should be further
improved, the temperature and oxidant content in the combustion process should be
controlled, and exhaust gas treatment devices should be used.

5. Future Work

Given the current research status of single-base propellant, the work presented in this
paper has a unique degree of innovation and practicality. The current research is considered
an extremely important and yet complex problem, and there are still many areas that need
to be explored and studied. Therefore, we have planned future work as follows.

1.  Optimization of Combustion Efficiency

The primary reason for the widespread use of single-base propellant is its uniquely
high energy output. Therefore, we intend to further optimize the combustion efficiency
and enhance the propulsion performance of single-base propellant, while minimizing the
environmental impact and reducing the production of harmful by-products, by exploring
new additives, binder formulations, and processing techniques.

2.  Establish accurate prediction models

The combustion behavior of single-base propellant is complex and poorly controllable.
However, there is currently a lack of accurate predictive models. Therefore, we intend to
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utilize methods such as machine learning to establish a predictive model that can accurately
forecast the combustion behavior of single-base propellant.

3. More comprehensively reveal the combustion mechanism

Currently, there are few studies on the combustion mechanism and possible chemical
reactions of single-base propellant. Therefore, we intend to focus on studying these aspects
in our future work, aiming to promote innovation and technological advancements in
this field.
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