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Abstract

The thermal decomposition behavior of electrically controlled solid propellant (ECSP) with hydroxyl ammonium nitrate as
oxidizer and polyvinyl alcohol as binder was investigated through thermogravimetric analysis and differential scanning
calorimetry coupling technology at the heating rates of 15, 20, 25, 30, and 35 K min~" in nitrogen. Results indicated that
the Tiniga and Tpax values of the thermal decomposition of ECSP increase with heating rates. The activation energy E,
from the results of TG data at various heating rates was calculated by model-free isoconversional Flynn—Wall-Ozawa
(FWO) and Kissinger—Akahira—Sunose (KAS) methods. The activation energies obtained through the FWO method were
close to those obtained through the KAS method, and the values for activation energy were located between 42.82 and
48.49 kJ mol~'. An appropriate reaction mechanism conversion model for ECSP was determined by Malek and Coats—
Redfern methods. Thermal decomposition kinetics of the ECSP obeyed the random nucleation and subsequent growth

model, called Avrami—Erofeev function.

Keywords Solid propellant - Thermogravimetric analysis - Activation energy - Kinetic model

Introduction

Hydroxyl ammonium nitrate (HAN, NH;OHNO3) has the
advantages of low toxicity, high density, high specific
impulse, and low freezing point [1-3]. It is recognized as
an important ingredient in liquid gun and rocket propellant
[4, 5] and considered the main oxidizer and solvent for
electrically controlled solid propellant (ECSP) given its
electrical conductivity and solubility. ECSPs are a com-
position that can be ignited by applying electrical voltage
and extinguished by withdrawing electrical voltage. Pro-
pellant burning rates may be increased/throttled by
changing the electrical power supplied [6-8]. In addition,
the main gas species of HAN-based ECSP combustion are
nitrogen, water, and carbon dioxide, which is eco-friendly
[9]. Allowing for the above-mentioned advantages, ECSPs
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have been applied in altitude control, rocket booster, mis-
sile defense, and space propulsion ignition systems
[10-13]. However, several features of the decomposition
process of ECSPs hinder their electronic controllability.
For example, under certain circumstances, an ECSP can
melt or soften during combustion; therefore, it does not
extinguish as quickly as desired after the electrical current
has stopped [14]. Thus, knowing the thermal decomposi-
tion process and kinetic parameters of HAN-based ECSP is
necessary to develop an effective electrically controlled
propulsion system. However, no data on the kinetics of the
thermal decomposition of this compound are available.
The thermal decomposition of solid propellants is a
complex process of various physicochemical reactions.
Research on the thermal decomposition of solid propellants
provides improved insights into the reaction kinetics and
mechanisms. Thermogravimetric analysis (TG) and dif-
ferent scanning calorimetry (DSC) are powerful systems
for investigating something more descriptive such as the
whole decomposition process of energetic material by
increasing the temperature and evaluating its thermal
properties. On this basis, information on activation energy
and kinetic models can be estimated [15-18]. Shaw and
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Williams [19] obtained the activation energy in the range
from 61 to 71 kJ mol ' and a pre-exponential factor (A) in
the range of 3.05 x 10'°-4.94 x 10" s™' for HAN-H,O
mixtures (5.2-9.1 M solutions). Rafeev and Rubtsov [20]
obtained an activation energy (E,) of 64 kJ mol™! for
thermal decomposition of a solid HAN. Schoppelrei and
Brill [21] used lumped first-order reaction model to simu-
late the decomposition of HAN. They proposed that the
activation energy of HAN decomposition depends on the
aqueous solution concentration. Esparza et al. [22] exam-
ined the thermal decomposition of aqueous HAN solution
(24 mass% HAN) using thermogravimetric analysis
instrument with first-order kinetics assumed. They con-
cluded that the activation energy and pre-exponential factor
is 62.2 & 3.7 kJ mol " and 2.24 x 10* s, respectively.
Model fitting and model-free (isoconversional method) are
the main methods of thermodynamic research. In the model
method, knowing the kinetic model in advance and then
obtaining the kinetic parameters using the model is nec-
essary. However, an appropriate reaction model is difficult
to acquire in advance. The isoconversional method can
provide activation energy values without the necessity of
knowing the kinetic model as the kinetic parameter is
determined as a function of the degree of conversion, and
this method does not suggest a direct evaluation of the pre-
exponential factor or kinetic model [23]. However, the
isoconversional method can provide an effective compro-
mise between the oversimplified single-step Arrhenius
kinetic treatments and the prevalent occurrence of multi-
step dynamic processes. For example, the Flynn—Wall—
Ozawa (FWO) and Kissinger—Akahira—Sunose (KAS)
methods have been widely used for kinetic analysis of the
pyrolysis process of different fuels, including coal and
fermented cornstalk [24], marine macroalga [25], explo-
sives [26], and composite solid propellants [27].

In the present study, the thermal decomposition behav-
ior of HAN-based ECSP is studied through the TG-DSC in
a non-isothermal environment. The kinetic parameter,
namely, activation energy, is discussed through Flynn-
Wall-Ozawa and Kissinger—Akahira—Sunose methods in
detail, and the mechanism function is acquired through
Malek and Coats—Redfern methods using non-isothermal
TG data. These results are helpful for the understanding of
HAN-based ECSP thermal decomposition processes and
can provide important references for improving ECSPs.

Materials and methods
Materials

HAN was prepared via a double decomposition reaction
between hydroxylammonium sulfate (HAS) and barium
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nitrate. The resulting solution was concentrated to make
high condensed HAN/water liquid. Then, the dichlor-
omethane—ethyl alcohol solvent was added with stirring.
The solid HAN was manufactured after the mixture was
cooled at — 15 °C. Polyvinyl alcohol (PVA) was pur-
chased from Sigma-Aldrich Co., Ltd. The average relative
molecular mass and hydrolysis of the polymer are
146,000-186,000 and 99 + %, respectively. Ammonium
nitrate (AN) was purchased from Sigma-Aldrich Co., Ltd.
HAN was used as the main oxidizer, and PVA was used as
the binder. AN was added to HAN to increase the oxygen
content of the propellant and decrease the freezing point of
HAN. In preparing the propellant, PVA was first crushed
and washed with alcohol to remove impurities. PVA was
then dried. The purified PVA was heated for 4 h at 120 °C.
HAN was weighed proportionally and added to a glass
container. The PVA was added in batches under agitation
and the mixture was stirred under a vacuum for 1 h at
25 °C. Finally, a solid propellant was acquired after the
mixture was placed in a 50 °C oven for 6-8 days. The
formulation of HAN-based ECSP is summarized in
Table 1.

Thermogravimetric analysis

The thermal decomposition of each sample was analyzed
by TG-DSC coupling technology. Experiments were car-
ried out on a STA 449F3 thermal analyzer (Netzsch, Ger-
many). The mass changes of samples with the temperature
over the course of the pyrolysis reaction were measured
and recorded. All the samples were placed in an Al,O3
crucible, and the sample masses for all the experiments
were obtained in the range of 2-3 mg. The experiments
were conducted under non-isothermal conditions and
heated from 300 K to 775 K at different heating rates (15,
20, 25, 30, and 35 K min_l) under a nitrogen atmosphere

at a flow rate of 100 mL min~".

Kinetic model
KAS and FWO models

The kinetics of heterogeneous decomposition of a solid-
state substance can be investigated through the TG, and the

Table 1 Formulation of electri-

cally controlled solid propellant Materials mass%
prepared with HAN S-HAN-5% 85
PVA 15

“HAN/AN = 95/5 by mass
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reaction rate is described optimally by the basic kinetic
equation [28, 29]:

do
—=k(T) - f(x 1
o = k(1) £ (2) (1)
where o is the extent of conversion, ¢ is the time, T is the
absolute temperature, k(7) is the reaction rate constant, and
flo) is the reaction model, which is a function of «. The
reaction rate constant is typically described in accordance
with the Arrhenius equation, which is a function of 7 and
expressed as

K(T) = Aexp (- %) 2)

where A is the pre-exponential factor, E is the activation
energy, and R is the gas constant. For non-isothermal TG,
the degree of conversion for a certain temperature o(7) is
described using the following equation [30, 31]:

o(T) = 0 M
nmoy — Myo

(3)

where mg, m,, and m. represent the initial mass, the mass
at time ¢, and the final mass of the samples, respectively.
The combination of Egs. (1) and (2) yields:

A exp(— %) f(@) @)

For a dynamic TG in a non-isothermal experimental
condition, the function of heating rate is described as
follows:

T=To+pt (5)

where Ty is the initial temperature, 7 is the time, and f is the
heating rate. The rate of conversion, do/dz, for the TG
experiment at a constant rate of temperature change,
f = dT/dt, may be expressed as

. %exp(— R—ET)f(oo (©)
G(a) = O J% :%Tﬂ/ exp(—%)dT (7)

where G(«) is the integrated form of the conversion
dependence function f(o).

Flynn-Wall-Ozawa (FWO) method

The FWO method is a model-free method; the reaction
mechanism may not be considered when using this method.
The FWO method is proposed using the following equation
[32, 33]:

0.0048AFE,

In(f) = ln< RG(2)

E,
—1.0516 — 8
) 5 )
where f is the heating rate, and T is the temperature (in
Kelvin) at conversion o. E, is activation energy (in
kJ mol~!) at different o.. E,, can be obtained from the slope
of the plot of In(f) versus 1000/T.

Kissinger-Akahira—-Sunose (KAS) method

The KAS method is also a model-free method, which is
based on the following equation [34]:

B AR E,
In(—= ) =1 - — 9
n<T2 "NEGWw ) RrT ©)
The plot In(/T%) versus 1000/T data points obtained
from curves recorded at several heating rates must be a

straight line. The slope is used to compute the activation
energy E,.

Malek method

When the activation energy E, is known, the probable
mechanism function can be obtained through the Malek
method [35-37]. In the case of correlation coefficients
close to one another, the Malek method is an effective
method. The standard curve equation of the mechanism
function can be written as

Sy - L)G)

7(05)G(0.5) (10)

The experimental curve equation can be written as

do
= (7 (é;‘)')

G(a) and f(o) are the theoretical mechanism functions.
Several reaction models [38] using G(«) and f{) are listed
in Table 2. The standard curves can be obtained by plotting
y(a) versus o from various functions G(«). The experi-
mental curve can be obtained by plotting y(«) versus o from
the thermal data at several heating rates. If the experi-
mental data are consistent with the data of the standard
curve, then the most probable mechanism function can be
acquired.

(11)

Coats—-Redfern method

This method involves the thermal degradation mechanism
and assumes that the Arrhenius parameters do not depend
on o. The activation energy E, and pre-exponential factor A
for each degradation mechanism can be obtained from the
slope and intercept of a plot of In[G(2)/T?] versus 1000/T.
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Table 2 Algebraic expressions for G() of solid-state processes

Mechanisms Symbol fa) G(o)

Diffusion models

1D diffusion DI 1724 o’

2D diffusion D2 [— In(1 — oc)r1 o +(1 — a)n(1 — )

3D diffusion-Jander equation D3 G2 — 0?31 — (1 — o)'P1! -0 -wu"?

Ginstling-Brounshtein D4 G — o)y~ B—17t G — )y P17t

Z.-L.-T. equation 3D G2 — )1 — o' - 117! (1 — o - 17

Nucleation models

Power law P2 2 o172 o172

Power law P3 3o o

Power law P4 4 9B o179

Avarami-Erofeev A2 2(1 — )[— In(1 — a)]"? [— In(1 — o)]'?

Avarami-Erofeev A3 3(1 — o)[— In(1 — 0))*? [— In(1 — o)]'?

Avarami-Erofeev A4 41 — )[— In(1 — oz)]3/4 [— In(1 — ot)]l/4

Avarami-Erofeev n=3/2 @3)1 — o[- In(1 — a)]? [— In(1 — o)]*?

J-M-A Equation An n(l — )[— In(1 — )"~ [— In(1 — o)]""

Geometrical contraction models

Contracting area R1 1 A

Contracting area R2 2(1 — oc)”2 1-0 - oz)”2

Contracting area R3 31 — oc)z/3 1-01 - a)'/ 3

Reaction-order models

First-order Fl1 1 —«a —In(1 — &)

Second-order F2 1 — a)? 11— t=1

Third-order F3 a-a? ama - o2 -1
Fn 1 - o) A= D _1/n-1

nth order n=1/4 41 — a)* 1—(1—w”

2/3 order / 2(1 — o)*? 1 —o'?

This method can be described using the following equation
[39]:

G AR\ E,
ln%:m(E) R (12)

Results and discussion
Thermal degradation of ECSP

To explore the thermal degradation process of ECSP, the
TG, DTG, and DSC were used to investigate the charac-
teristics of ECSPs at five heating rates. Figures 1 and 2
illustrate the TG and DTG curves of ECSPs at different
heating rates, respectively. The TG curve of the ECSP in a
nitrogen atmosphere at a heating rate of 15 K min~'
showed a major change in a mass of 88% in the tempera-
ture range of 106-202 °C. The results obtained were sim-
ilar when the heating rate (ff) was changed to 20, 25, 30,
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Fig. 1 TG curves of ECSP at different heating rates

and 35 K min~'. When the heating rate was changed to
35 K min_l, an initial mass loss was observed at the high
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Fig. 2 DTG curves of ECSP at different heating rates

temperature range of 112-144 °C. The DTG curve of the
ECSP showed a maximum decomposition rate at 176 °C,
184 °C, 201 °C, and 203 °C at heating rates of 15, 20, 30,
and 35 K min~", respectively. These results indicated that
the degradation of ECSP occurs nearly totally in a one-step
process as can be concluded by the presence of only one
peak in the DTG curve at heating rates of 15, 20, 30, and
35 K min~'. Two peaks emerged in the DTG curve at a
25 K min~" heating rate; one peak is close to the that of a
low heating rate (20 K min™"), and the other peak is close
to the that of a high heating rate (30 K min~'). The TG
curve showed the main stage. This situation may be a
transitional phenomenon from a low to a high heating rate.
With the increase in the heating rate from 15 to 35
K min™", the Tipiiar of the TG and Ty, of the DTG curve
shifted to the positive side of the horizontal coordinate axis
for the sample. The lateral shift of the TG and DTG curves
of the ECSP could be explained by the following reasons:
(1) The shape of the DTG changes with the heating rate
change from low heating rates (15 and 20 K min~") to high
heating rates (30 and 35 K min~"), thereby indicating that
the mechanism of the thermal decomposition of the ECSP
may have changed for changing the heating rate affects the
product distribution of HAN by altering the rates of the
various competitive decomposition reactions [40]. (2) The
shorter time was required to reach a certain temperature at
higher heating rate, and there existed a temperature gra-
dient from the outer surface and the inner core of the
propellant. A high heating rate indicates a considerable
gradient. By contrast, the internal and external tempera-
tures of the propellant are relatively small at low heating
rates. Therefore, considering the combined effects of the
heat transfer at different heating rates and the kinetics of
the decomposition that results in delayed decomposition,
the displacement of the curves can be observed
[15, 25, 41]. The DSC curves are illustrated in Fig. 3. Only

35
——15 Kmin™!
80 ——20 K min~!
25 T Exotherm ——— 25K min"
- ——30 K min™!
2 20l ——35 K min~!
2
% 15
= 10}
g
T 5F
0O
-5 1 1 1 1 1

1 1
0 100 200 300 400 500 600 700
Temperature/°C

Fig. 3 DSC curves of ECSP at different heating rates

one exothermic peak at various heating rates was observed
in the DSC curves of HAN-based ECSP. This peak was due
to the thermal decomposition of the propellant. The
exothermic peaks showed a remarkable dependency on the
heating rate. The temperature of the decomposition peaks
increased with the heating rate given the dependence of the
conversion degree (o) on time and temperature [42].

Calculation of the activation energy

Activation energy E, is considered the minimum energy
required for a chemical reaction to occur. For calculating
the activation energy, the isoconversional FWO and KAS
methods were used to determine the activation energy
because the mechanism function of the thermal decompo-
sition of the ECSP does not require being known in
advance. In the FWO method, the plot of In(f) versus
1000/T should be a straight line, and the activation energies
were calculated at different conversion rates (0.1 < a
< 0.9) in accordance with Eq. (8). In the KAS method, the
activation energy could also be calculated at different
conversion rates (0.1 < o < 0.9) on the basis of the slope
by plotting In(f/T%) versus 1000/T in accordance with
Eq. (9).

Figures 4 and 5 depict the dependence of activation
energy on the conversion for o« = 0.1-0.9 for the ECSP
based on the isoconversional FWO and KAS methods,
correspondingly. Table 3 lists the values of activation
energy E, and standard deviations calculated through the
FWO and KAS methods. In Table 3, the R? of all curves
ranged from 0.9783 to 0.9977, thereby indicating that all
linear plots demonstrate favorable correlation. The rela-
tively small standard deviations for E, implied that the
activation energies obtained were close for both considered
methods. The FWO yields a slightly higher value (i.e.,
60.29-52.28 kJ mol ') than the 55.95-44.80 kJ mol~'
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Fig. 4 FWO plots of ECSP at different heating rates

-86
m =01
e =02
-88F «=03
v aa=04
¢ =05
< —9.0h <« =06
|: > a=07
g 0 =08
£ _gol o a=09
-94L
|
-96f ©
1 1 1 1 1 1 1 1 1
2.00 2.04 2.08 2.12 2.16 2.20 2.24 2.28 2.32 2.36 2.40

1000/T (K™

Fig. 5 KAS plots of ECSP at different heating rates

obtained through the KAS method. The average value of
the E,, of the ECSP was 48.49 and 42.82 kJ mol ™' through
the FWO and the KAS methods, respectively. The mean
activation energy calculated through the two methods is

approximate, thereby indicating that the results have
favorable reliability. The deviation in the average E,, values
for the ECSP between the KAS and FWO methods was
6.21%; the E, values between 42.82 and 48.50 kJ mol ™!
could be acceptable.

Figure 6 plots the relationship between the average
activation energy E, calculated through the FWO and KAS
methods at different conversions. The E, value at 0.1
conversion is the maximum, thereby indicating that high
energy is required in the initial stage of the reaction. With
the development of chemical reaction, the E, value
decreases from 46.99 to 39.79 kJ mol~" with the increase
in conversion ratio from 0.2 to 0.8. However, the E, value
rises to 48.54 kJ mol~' when the conversion ratio increa-
ses from 0.8 to 0.9, thus denoting that the degree of diffi-
culty in reaction increased at 0.9 or higher conversion.

Determination of the degradation mechanism

The theoretical curves y(o) versus o is plotted using
Eq. (10) on the basis of the different reaction mechanisms
G(x) summarized in Table 2. This situation occurs
because, when a < 0.1 or a > 0.9, the reaction is in the
initial or finished stage, and the activation energies are
much higher than that at the conversion ratio of 0.2-0.8;
the initial and finished stage of the reaction cannot repre-
sent the whole process of reaction. Thus, we selected the
reaction stage with a conversion ratio of 0.2-0.8 for
studying the thermal decomposition mechanism of the
ECSP. The experiment curves are plotted using Eq. (11) on
the basis of the TG data at the conversion ratio of 0.2—0.8,
which are from the TG curves at heating rates of 15, 20, 30,
and 35 K min~". In this study, the conversion range of the
temperature was within 0.2-0.8. Figure 7 displays the y(«)
versus o theoretical and experimental curves of the ECSP,
respectively. Figure 7 presents that the experimental curves
of the ECSP could not fit well with the theoretical curves.

Table 3 Activation energies of

ECSP obtained by FWO and * Fwo KAS Average

KAS methods E,/kJ mol ™! R? Eo/kJ mol ™! R?
0.1 60.29 £ 1.50 0.9832 55.95 + 1.60 0.9783 58.12 £ 1.55
0.2 49.50 + 0.68 0.9977 44.48 + 0.82 0.9969 46.99 + 0.75
0.3 4925 + 048 0.9969 4423 + 0.46 0.9957 46.74 £ 047
04 47.73 £ 0.59 0.9951 42.55 £ 0.65 0.9931 45.14 £ 0.62
0.5 45.84 + 033 0.9933 4052 + 031 0.9902 43.18 £ 032
0.6 4425 + 0.76 0.9897 38.85 + 0.74 0.9896 41.55 £ 0.75
0.7 43.60 + 1.03 0.9882 38.10 + 1.02 0.9827 40.85 + 1.03
0.8 43.69 + 1.75 0.9897 35.89 + 1.96 0.9771 39.79 + 1.86
0.9 5228 +2.24 0.9913 44.80 + 1.44 0.9856 48.54 + 1.84
Average 48.49 + 1.04 42.82 £ 1.00 45.66 + 1.02
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Fig. 6 Dependence of E, on o for non-isothermal data evaluated by
FWO and KAS methods
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Fig. 7 Masterplots of different kinetic models and experimental data
at 15, 20, 30, and 35 K min~' calculated by Eq. (11) for ECSP
thermal degradation

Nevertheless, the experimental curves are close to the
theoretical curves of A2, A3, and A4, and the experimental
curves are also located between the theoretical curves of
F1 and F2. This result indicated that the An and Fn func-
tions may be suitable for describing the thermal decom-
position process of the ECSP. However, determining the
type of mechanism that is most suitable requires further
research.

The Coats—Redfern method is an extensively used pro-
cedure for determining the reaction processes. To acquire a
relatively optimal thermal decomposition mechanism of
the ECSP, the Coats—Redfern method was used further to
determine the thermal degradation mechanism of the
ECSP. Combined with 11 types of mechanism functions of
An (n = 2—4) and Fn (n = 1-2), the corresponding values
of E,, A, and R* obtained through the Coats—Redfern
method were obtained. Furthermore, the values of E,
determined through the FWO and KAS methods were used
to restrict the E, value of the above-mentioned results. In

Table 4 Activation energies of ECSP in nitrogen atmosphere obtained by Coats—Redfern method

35/K min~!

30/K min !

20/K min~!

15/K min~!

InA/min~"! R?

R? E,/kJ mol™'

InA/min~!

E/kJ mol™!

InA/min~" R?

E./kJ mol™!

InA/min~! R?

E,/kJ mol™!

0.9915
0.9907
0.9897
0.9911
0.9875

24.03 £ 1.76
15.09 £ 1.33
10.51 £ 1.11
7.69 £ 0.99
5.76 £ 091

93.96 £ 5.58
60.00 £ 3.89
43.01 £+ 2.90
32.83 £2.33

26.04 £1.93
195.84 + 11.76

0.9947
0.9942
0.9936
0.9930
0.9922
0.9952
0.9972
0.9982
0.9983
0.9976
0.9964

23.80 £ 7.26
14.89 £+ 7.03
10.32 £+ 6.85

92.75 £ 1.51

0.9974
0.9972
0.9970
0.9968
0.9966
0.9975
0.9985
0.9986
0.9979
0.9964
0.9944

3431 £ 1.81
2191 £ 1.25
15.61 £+ 0.98
11.76 +£ 0.81

9.15 £ 0.71
70.94 £+ 3.47
76.20 £ 3.69
81.75 £ 3.92
87.58 £ 4.17
93.68 £ 4.42
100.05 £+ 4.70

129.25 £ 5.58

0.9963
0.9960
0.9956
0.9992
0.9952
0.9992
0.9987
0.9974
0.9953
0.9926
0.9894

34.59 £+ 2.25
22.00 £ 1.53

131.32 £+ 8.54

A2

59.21 £ 1.00
4244 £ 0.74
32.38 £ 0.60
25.77 £ 0.52

193.35 £+ 3.11
207.67 £+ 3.25

83.64 £ 3.74
60.85 + 2.83
47.16 £+ 2.26

38.03 £ 1.91
266.07 £ 11.12

85.02 £ 5.68
61.88 £+ 4.28
48.86 + 3.79
38.72 £ 2.83
273.76 + 18.74

293.48 £+ 19.83

A3

15.61 £+ 1.17
12.25 £ 1.17
9.06 £+ 0.81
74.19 £ 543
79.65 £ 5.75

Ad

7.51 £ 6.70
5.59 + 6.58
49.94 + 0.94
53.74 + 0.97

57.74 £ 1.01

A5

A6

50.25 £ 3.10  0.9922

54.06 £ 3.29
58.08 £ 3.48
62.30 £ 3.70
66.71 £ 3.92
7132 £ 4.15

F1

0.9943
0.9954
0.9956
0.9950
0.9938

210.36 £+ 12.57
225.68 £+ 13.40
241.79 £+ 14.36
258.69 £+ 15.30
276.33 £+ 16.32

285.44 + 11.79

F1.2

222.78 £ 3.38

305.89 £+ 12.53
327.38 + 13.34
34991 £+ 14.19
373.45 £ 15.09

85.41 £ 6.08
9145 £+ 6.44
97.78 £ 6.80

104.38 £+ 7.19

314.30 £+ 21.01
336.17 £+ 22.23
359.11 £ 23.52
383.04 £ 24.85

Fl1.4

61.94 £+ 1.05
66.34 £+ 1.10

70.93 £+ 1.16

238.69 £ 3.53

Fl1.6

255.37 £ 3.70

F1.8
F2

272.77 £+ 3.85

1

Springer



2194

Z. He et al.

Table 5 Kinetic parameters and decomposition equations obtained by Coats—Redfern method

Heating rates/K min~'  E,/kJ mol ' InA/min~" R? Decomposition equation
15-20 48.01 +1.20 12.01 £ 0.35 0.9968-0.9992  do/dr = 0.82 x 10%xp(—4.80 x 10RT)(1 — a)[— In(1 — a)]*?°
30-35 4273 + 040 1042 + 0.13  0.9897-0.9936  do/dr = 0.13 x 10%xp(—4.27 x 10YRT)(1 — a)[— In(1 — a)]**

accordance with Eq. (12), Coats and Redfern proposed the
kinetic parameters calculated by this method at varying
heating rates, as listed in Table 4. In the present study, the
same conversion values as those used in the Malek method
were used. An A5 reaction type provides the optimal
straight line, with which a high correlation coefficient of a
linear regression analysis at low heating rates (15 and
20 K min~") was observed. The activation energy calcu-
lated at 15 and 20 K min~' heating rates using the slopes
of A5 was 48.86 and 47.16 kJ mol ', correspondingly. For
high heating rates (30 and 35 K min~"), the mechanism for
ECSP degradation was proposed to be the A4 type. The
activation energy calculated for the heating rates of 30 and
35 K min~' was 42.44 and 43.01 kJ mol™', respectively.
The above-mentioned results indicated that the E, value
obtained through the Coats—Redfern method is close to the
activation energy  (42.82-48.49 kJ mol™')  obtained
through the FWO and KAS isoconversional methods.
Simultaneously, the correlation coefficient R? was high.
The thermal decomposition behavior of the ECSP at
25 K min~' might contain A4 and A5 reaction types.
Therefore, the most probable kinetic mechanism of the
ECSP follows a nucleation and growth model called
Avrami—Erofeev function. Then, the A4 and A5 functions
were used to calculate the pre-exponential factor (A),
which was described by [— In(1 — )] and [— In(1 —
)], respectively. The average E, and InA values at the
heating rates of 15 and 20 K min~' were 48.01 kJ mol ™"
and 12.01 min~"'. The average E, and InA values at heating
rates of 30 and 35 K min~' were 42.73 kJ mol™' and
10.42 min~". Therefore, the order reaction model function
flo) = 5(1 — a)[— In(1 — o)]*° was obtained for low
heating rates (15 and 20 K min~') and fo) = 4(1 —
o[— In(1 — o)]** for high heating rates (30 and
35 K min~"). These results indicated that the heating rate
has a certain influence on the thermal decomposition
mechanism of the HAN-based ECSP. When the heating
rate is relatively slow, the order of reaction is higher than
that at a high heating rate, thereby suggesting that the
reaction is increasingly complicated at this condition. The
E, values were lower at high heating rates than at low
heating rates, thereby indicating that at such a high heating
rate, low activation energy will be required for high con-
versions given the easy overcoming of mass and heat
transfer limitations [28, 43]. The thermal decomposition

@ Springer

reaction equation is obtained using Eq. (4). The results are
summarized in Table 5.

Conclusions

The thermal behavior and kinetics of the ECSP were
investigated through the TG at five heating rates (15, 20,
25, 30, and 35 min_l), and the decomposition of the ECSP
involves approximately 85% loss in mass in the ranges of
112- 238 °C. The E, values of the ECSP achieved through
the FWO and KAS method were between 42.82 and
48.49 kJ mol™" in the 0.1-0.9 conversion range. The
analyses of the results obtained through the Malek and
Coats—Redfern methods in the 0.2-0.8 conversion range
showed that the degradation mechanism of the ECSP in N,
moves to an An mechanism. The pyrolysis reaction models
of the ECSP can be described using A5 at the heating rates
of 15 and 20 K min~ !, whereas that of the ECSP can be
described using A4 at the heating rates of 30 and
35 K min~". The kinetic function differential form of A5
and A4 is flo) = 5(1 — a)[— In(1 — )] and flo) = 4(1
— a)[— In(1 — 2)]*"*, correspondingly.
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