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Abstract: The non-isothermal TG/DSC technique has been used to study the
kinetic triplet and heat of ignition reaction of ammonium nitrate(V) (AN)/thiourea
(TU) pyrotechnic in the presence of Mn,O; catalyst nanoparticles under an argon
atmosphere at different heating rates (5 K-min™!, 10 K-min™', 15 K-min™' and
20 K'min™"). The activation energies for the ignition reaction of AN/TU were
calculated using the non-isothermal isoconversional Kissinger-Akahira-Sunose
(KAS) and Friedman equations for different conversion fraction (o) values in the
range 0.1-0.9. The pre-exponential factor and kinetic model were determined
by means of the compensation effect and the selected model was confirmed by
a nonlinear fitting method. The average activation energies in the absence and
presence of 5 wt.% Mn,Os nanoparticles were 110.1 kJ-mol ' to 117.3 kJ-mol ™' for
the reaction model Az (g(a) =[~In(1-a)]"?), and 86.5 kJ-mol™" to 101.8 kJ-mol™
for the reaction model A4 (g(a)=[~In(1-a)]"#). The evolved heat (AH) of ignition
reaction in the presence of Mn,O; was about 4 times that in the absence of the
nano-sized Mn,0s.

Keywords: ammonium nitrate(V), thiourea, non-isothermal kinetic, ignition
reaction, Mn,Os nanoparticles

1 Introduction

A pyrotechnic composition is typically a finely divided mixture of organic or
inorganic oxidizers and fuels designed to produce heat, light, sound, smoke or
their combination [1]. The oxidizers are usually oxygen rich ionic solids which
are used in pyrotechnic and propellant compositions to facilitate the process
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of ignition by producing oxygen [2]. Ammonium nitrate(V) (AN, NH4NO3)
is a well-known oxidizer used in pyrotechnic and propellant formulations [3-
5]. Pure AN is not an explosive compound but the addition of a small amount
of a suitable organic or inorganic compound makes the mixture capable of
explosion [6]. Due to its suitable properties [7] such as chemical stability, low
cost, low melting point (169.6 °C), low sensitivity to friction and shock, and
also the fact that it undergoes almost 100% conversion to gaseous products
upon reaction, AN has been extensively used in various energetic materials
compositions. Also, thiourea (TU) has been used as a fuel in pyrotechnic
compositions, such as in combination with potassium chlorate(V) [8].

The thermal decomposition and kinetic behavior of pyrotechnic compositions
can be significantly improved by the presence of metals and metal oxides,
especially if they are in nano-sized forms [9-11]. Among the metal oxide
catalysts, nanoparticles of transition metal oxides such as ferric(III) oxide (Fe,Os)
and manganese oxides (MnO, or Mn,0s) are highly effective in improving the
decomposition of oxidizers [12-14].

In this study, a new pyrotechnic composition (AN/TU) is presented and
the effect of synthesized Mn,O; nanoparticles on the thermal decomposition of
the mixture is evaluated systematically using TG/DSC analysis under an argon
atmosphere at different heating rates (5 K-min™!, 10 K-min™!, 15 K-min™', and
20 K'min™!). To the best of the authors’ knowledge, no study has yet been
reported on the reaction of AN/TU compositions. In the present work, the [CTAC
Kinetic Committee recommendations [15] were used for a reliable estimation
of the kinetic parameters. The activation energies were computed using the
isoconversional Kissinger-Akahira-Sunose (KAS) and Friedman equations [ 16-
18]. The pre-exponential factors and kinetic model functions were determined
by means of the compensation effect and the selected model was confirmed
using a nonlinear fitting method. Also, the enthalpy of the ignition reaction was
calculated using the ASTM E537 method [19].

2 Experimental

2.1 Materials

All the chemicals used in this study were of analytical grade (purity >99%)
purchased from Merck Company and used as-received without further
purification. De-ionized water (0.054 puS-cm™') was used for preparation of
aqueous solutions.
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2.2 Synthesis of the materials

2.2.1 Synthesis of Mn,O; nanoparticles by co-precipitation method

The preparation of Mn,O; (Mn(III) oxide) nanoparticles was based on our
previously reported method [20]. Manganese(Il) sulfate and oxalic acid solutions
(both 0.05 mol-L™!) were mixed thoroughly by stirring at a constant temperature
of 60 °C, followed by drop-wise addition of ammonia solution under continuous
stirring until the solution pH reached 9.3. Stirring was continued for 1 h at the
same temperature. The resulting brown precipitate was filtered and washed
thoroughly with water. The precipitate was dried overnight at 95 °C. The dry
powder was ground in a zirconium carbide mortar for 15 min to produce a fine
powder. Finally, the fine powder was calcined in a furnace at 500 °C for 4 h.

2.2.2 Preparation of micro-sized ammonium nitrate and thiourea
Ammonium nitrate(V) and thiourea were milled separately in air using a Fritsch
ball mill, model Mini Mill 11, using a vessel and balls made of zirconium carbide
(ZrC). The ball-milling was carried out using the following conditions: rotation
speed, 300 rpm; powder-to-ball weight ratio, 1:20; milling time, 10 min. The
fine powders produced were dried at 80 °C for 2 h and then sieved using a 45 pm
sieve before preparing the test samples.

2.3 Preparation of the samples for thermal analysis

A mixture of fuel-rich AN/TU (50/50 wt.%) was prepared by intimately mixing
the powders in a mortar for about 30 min. The synthesized nano Mn,O; was
added to the AN/TU (50/50 wt.%) mixture in a 5:95 mass ratio and the mixture
was thoroughly mixed in the mortar for about 30 min.

2.4 Characterization of the nanoparticles

The X-ray diffraction (XRD) pattern of the nanoparticles was obtained using
a Bruker D8 Advance powder diffractometer using Ni filtered Cu K|, radiation
(L=1.54056 A). The surface morphology of the products was characterized
using a COXEM scanning electron microscope (SEM) with an accelerating
voltage of 25 kV. Prior to the test, the powder samples were gold coated for
30 s in an ion sputtering unit (COXEM) to reduce the effect of charging. The
Brunauer-Emmett-Teller (BET) surface area of the synthesized nanoparticles
was determined by N, adsorption using a COSTECH sorptometer instrument,
model KELVIN 1042 (Italy).
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2.5 Thermal analysis conditions

The TG measurements were carried out using a Perkin Elmer simultaneous
thermal analyzer, model STA 6000 (USA). Alumina sample vessels were used
(70 pL volume) with alumina powder as the reference material. An argon
atmosphere was created during the analysis (flow rate of 20 mL-min™'). For
kinetic studies of the thermal decomposition, thermal analysis experiments were
performed at heating rates of 5 K-min™!, 10 K-min™!, 15 K-min™', and 20 K-min™".
In each experiment, approximately 3.5 mg sample was taken and heated from
ambient temperature (25 °C) to 900 °C.

3 Results and Discussion

3.1 Characterization of the synthesized Mn,O; nanoparticles

The XRD pattern of the nano-sized Mn,O; synthesized by a co-precipitation
method is shown in Figure 1. From the XRD diffractograms, it is clear that
the synthesized metal oxide nanoparticles are purely crystalline in nature. The
diffraction peaks at 20 of 23.0°, 32.9°, 38.3°, 45.1°, 49.5°, 55.3°, and 65.7°
confirm the cubic structure of the Mn,O; particles [21].
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Figure 1. The XRD patterns of nano-sized Mn,0O; and its stick pattern

The crystallite size of the nanoparticles was calculated using Scherrer’s
equation [22]. The average crystallite size for Mn,O; nanoparticles estimated
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by this method and based on the highest peaks in the XRD spectrum (plane 222)
was 27.7 nm.

The surface morphology of the synthesized nano metal oxide was obtained
using a SEM (Figure 2). The image shows that the metal oxide consists of
agglomerated particles with an average particle size of less than 100 nm.

The BET measurement showed that the specific surface area of the Mn,Os
nanoparticles was 35.6 m*-g .

&
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Figure 2. SEM image of the Mn,Os nanoparticles
3.2 Thermal analysis

3.2.1 Thermal behavior of pure AN and TU

The TG/DSC curves for the thermal decomposition of pure ammonium nitrate(V)
and thiourea at a heating rate of 10 K-min' under an argon atmosphere are
presented in Figures 3 and 4, respectively. From the DSC thermogram shown in
Figure 3, the two first endothermic peaks observed around 56 °C and 126 °C are
due to phase transitions in AN and the sharp endothermic peak at approximately
168 °C can be assigned to the melting point of AN [23]. A broad endothermic
peak related to decomposition is observed at a peak temperature of 265 °C. The
TG curve also shows that after AN melts, decomposition occurs with a mass
reduction of about 100% according to the following reaction (Eq. 1) [23]:

NH,NO; (1) — NH; (g) + HNO; (g) (1)

Copyright © 2017 Institute of Industrial Organic Chemistry, Poland
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Figure 3. TG/DSC curves for ammonium nitrate at heating rate of 10 K-min™!
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Figure 4. TG/DSC curves for thiourea at heating rate of 10 K-min™!

The DSC thermogram of pure TU in Figure 4 shows two overlapping
endothermic peaks in which the first sharp endothermic peak (with its maximum
at 179 °C) is related to the melting point of TU. The broad endothermic process
(peak temperature 225 °C) is due to decomposition of TU [24]. The TG
thermogram for TU shows that similarly to AN, TU starts to decompose after it
melts. Among the possible gaseous products from the thermal decomposition
of TU, two product pairs including ammonia + isothiocyanic acid, and hydrogen
sulfide + carbodiimide can be generated according to the following reactions
(Eq. 2 and Eq. 3) [25]:
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SC(NH,), (s) — NH;(g) + HN=C=S (g) (2)
SC(NH,). (s) — H.S (g) + HN=C=NH (g) (3)

3.2.2 Thermal behavior of the mixtures
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Figure 5. TG/DSC curves for AN/TU (50/50 wt.%) at different heating rates
in an argon atmosphere
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Figure 6. TG/DSC curves for AN/TU/Mn,05 (47.5/47.5/5 wt.%) at different
heating rates in an argon atmosphere

The TG/DSC curves for the AN/TU mixture (50/50 wt.%) heated at different
heating rates (5 K-min™!, 10 K-min™!, 15 K-min, and 20 K-min™") under an argon
atmosphere are shown in Figure 5. The DSC curves indicate two consecutive
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endothermic peaks at about 126 °C and 153 °C, which can be assigned to the
phase transition temperature and melting point of ammonium nitrate(V) in the
AN/TU mixture. The observed exothermic peak is assigned to the ignition
reaction of AN/TU according to the following reaction (Eq. 4):

2NH4NO; (1) + SC(NHy), (1) — CO,(g) + SO2(g) + 2NO(g) +4NHs(g)  (4)

Despite the fact that the thermal decomposition of AN and TU are
endothermic, an exothermic pattern was observed during the reaction between
AN and TU in the DSC curves. As the heating rates increase, the exothermic
peaks for the ignition process shift to higher temperatures (220.5 °C, 232.5 °C,
241.1 °C and 244.6 °C, for heating rates of 5 K-min™!, 10 K-min™', 15 K-min™', and
20 K-min', respectively) and the corresponding reaction peak heights enhance.

The TG/DSC curves for the AN/TU/Mn,0; mixture containing 5 wt.%
Mn,O; nanoparticles (47.5/47.5/5 wt.%) at different heating rates (5 K-min!,
10 K'min!, 15 K-min, and 20 K-min™") under an argon atmosphere are shown
in Figure 6. Similar to the DSC thermogram of the AN/TU mixture, two weak
endothermic peaks were observed around 120 °C and 150 °C followed by a sharp
exothermic peak. We assigned the observed exothermic peak to the ignition
reaction of AN/TU in the presence of nano sized Mn,O;. As the heating rate was
increased (5 K-min™', 10 K-min!, 15 K-min™!, and 20 K-min™'), the exothermic
peak for the ignition process shifted to higher temperatures (219.2 °C, 231.7 °C,
239.7 °C, and 246.1 °C, for heating rates of 5 K-min™!, 10 K-min!, 15 K-min™!,
and 20 K-min!, respectively) and the intensity of the corresponding reaction
peak increased.

Comparison of the DSC curves in Figures 5 and 6 shows that the peak height
for the ignition reaction in the presence of Mn,O; nanoparticles is about 4 times
that for the composition without the metal oxide. This behavior reveals that the
presence of Mn,O; nanoparticles in the mixture causes the reaction between
AN and TU to be more complete and/or the reaction products are changed. The
following equation (Eq. 5) is suggested for the reaction between AN and TU in
the presence of Mn,O; nanoparticles:
3NH4NO; (1) + SC(NH,), (1) Mn.0y COs(g) +SO2(g) + 5SH,O (g) +
+ 2NH; (g) + 3N2(g) (5)

The enthalpies (AH/J-g™!) for the ignition reaction of AN/TU in the presence
and absence of nano Mn,0; at different heating rates, calculated using the ASTM
E537 method, are given in Table 1. As can be seen, the average heats evolved
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from the ignition reaction of AN/TU are 360 J-g™! and 95 J-g! in the presence
and absence of nano metal oxide, respectively. The results indicate that the
type of reaction products was changed by the presence of Mn,0Os; in the mixture.
Table 1.  The enthalpies (AH, J-g!) and their uncertainties for ignition
reaction of AN/TU in the presence and absence of nano metal oxide

at different heating rates calculated using ASTM E537

Heating rate, Enthalpy, AH [J-g'] Enthalpy, AH [J-g!]
[K-min™'] in the presence of Mn,0; in the absence of Mn,0;
5 387 81
10 368 82
15 348 106
20 338 112
Average 360 £22 95+16
100 —prrrerrerreree B e
80 |
g 60 -
% —— TU Pure
= 40 1 — - = AN Pure
......... AN+ TU .
20 \
= = = AN+TU+Mn(III) oxide \_,. -
0 L
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Figure 7. TG curves of different samples at heating rate of 10 °C-min!

The theoretical calculations of the heat of reaction based on bond energy [26]
indicate that AH of reactions (4) and (5) are approximately —95 kcal-mol™' and
—414 kcal-mol ™, respectively. These results (i.e. increasing of reaction heat by
about 4 times in the presence of Mn,0s) are in agreement with the experimental
results (i.e. 360 J-g™' and 95 J-g"! in the presence and absence of nano Mn,05)
and verify the suggested reaction equations. However, the theoretical and
experimental values of the heat of reaction are different from each other and this
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can be related to the conditions of reaction.

The TG curves in Figures 5 and 6 show that before the start of AN/TU
reaction, there is a mass loss process which can be related to the thermal
decomposition of TU. This process can be also described by the TG curves
presented in Figure 7. Thus, the ignition reaction of AN/TU mixtures started
with the decomposition of ammonium nitrate.

3.3 Kinetics of the solid-state reactions
The rate of processes in the solid-state is generally described by the following
equation (Eq. 6):

== Aexp[2]-f(@) (6)

where o is the conversion fraction, ¢ is time, A (min') is the pre-exponential
(frequency) factor, E, is the activation energy as a function of o (kJ-mol™), R is
the universal gas constant (8.314 J-mol'-K™"), T'is absolute temperature (K), and
fla) is the reaction model function depending on the particular decomposition
mechanism [27, 28].

The activation energy (E,), the pre-exponential factor (4), and the reaction
model function f{«) are called the kinetic triplet. The kinetic triplet is required
for prediction of the thermal stability of the materials under various applied
temperatures and is needed to provide a mathematical description of the process
[29].

3.3.1 Calculation of the activation energy by Model-free
Isoconversional Method

According to the ICTAC Kinetic Committee recommendations [ 15], the activation

energies (E,) were calculated by the KAS and Friedman methods based on

DSC data at multiple heating rates (5 K'min™', 10 K-min™!, 15 K-min"', and

20 K'min!). The KAS and Friedman methods can be expressed in Eq. 7 and

Eq. 8, respectively:

ln(%} = Const — (:T“a) 7)
da Eqy
In[ B (GDail = In [F(@A] - o) ®)

The activation energy values can be obtained from the slope of plots of
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In(B/T;;) versus 1/T, (Eq. 7) and In[; (da/dT),,] versus 1/T,,; (Eq. 8) by linear
regression using the least-squares method.

Table 2.  The activation energies (E,, kJ-mol ") and their standard deviations
calculated using KAS and Friedman methods for the ignition reaction
of AN/TU in the presence and absence of nano sized Mn,O; at
different a values

AN/TU/Mn,0; AN/TU
a KAS Friedman KAS Friedman
E, 5 E, ) E, ) E, 5
[kJ-mol™] R [kJ-mol™] R [kJ-mol™] R [kJ-mol™] R

0.1 ] 104.64 |0.999| 85.84 [0.990| 108.25 ]0.992| 115.12 |0.998
0.2] 103.54 |0.999| 84.84 [0.992]| 108.92 ]0.993| 116.15 [0.999
03] 102.84 |0.999| 85.07 ]0.994| 109.36 [0.994| 116.75 [0.999
0.4] 102.25 |0.999| 85.16 [0.995] 109.73 10.994| 117.17 [0.999
0.5] 101.72 0999 85.76 10.995| 110.05 ]0.994| 117.53 [0.999
0.6 101.20 |0.999| 86.32 [0.995| 110.38 [0.995| 117.82 [0.999
0.7] 100.63 |0.999| 87.04 [0.994| 110.74 ]0.995| 118.13 [0.999
0.8] 9994 |0.999| 8822 ]0.993| 111.19 ]0.995| 118.36 [0.999
0.9] 99.00 [0.999| 90.54 ]0.992| 111.86 [0.996| 119.01 [1.000

101.8+1.80.999 | 86.5+1.8 {0.993 |110.1+1.1|0.994 |117.3+1.2|0.999

The activation energies for ignition reactions of AN/TU mixtures in the
presence and absence of Mn,Os nanoparticles were calculated based on DSC
peak area at different heating rates of 5 K-min™!, 10 K-min™!, 15 K-min’!, and
20 K-min! for different & values in the range of 0.1-0.9. The activation energies
obtained by the KAS and Friedman methods are listed in Table 2. As seen, the
average values of £, for ignition reaction of AN/TU/Mn,O; mixtures in the present
work calculated by the KAS and Friedman methods were 101.8 + 1.8 kJ-mol™
and 86.5 + 1.8 kJ-mol™!, respectively, which are close to each other and smaller
than the activation energy values related to the (50/50) AN/TU mixture, i.e.
110.1+1.1kJ-mol'and 117.3 £1.2 kJ-mol ! obtained by the KAS and Friedman
methods, respectively. The results reveal that Mn,Os nanoparticles exert catalytic
activity on the ignition reaction of the AN/TU mixture.

The mechanism of the catalytic action of Mn,Os can be discussed based on
the activity of the metal cation in forming a surface complex with nitrate anions.

Copyright © 2017 Institute of Industrial Organic Chemistry, Poland
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The catalytic activity of the metal oxides is related to their electron configuration
[30, 31]. The metal cations in Mn,O; with partially filled d-orbitals have unfilled
valence orbitals and relatively small size because of low electrical shielding.
Therefore, they have a high tendency to attract extra electrons or negative charges
and behave as Lewis acid sites [32]. On the other hand, the oxygen atoms in
the nitrate anion (NO5") have unshared electron pairs, and thus behave as Lewis
bases donating their unshared electron pairs to the empty valence orbitals of the
metal cations of the oxide catalyst to form a surface complex. Formation of the
M-O coordination bond weakens the O—N bond in the NO;~ group and thereby
facilitates the decomposition process of AN [20].

3.3.2 Determination of the kinetic triplet by Model-fitting Method

In order to select the reaction model, different kinetic functions [29] of the
common models in solid-state reactions were tested with the Kennedy and Clark
model fitting method as following (Eq. 9) [33]:

Bg@] _y , _ Ea
In [—(T_To) =lnd—7; )

According to Eq. 9, the plots of In[5-g(a)/(T—1T,)] versus 1/T at different
heating rates (f;) can be obtained by linear regression. The most probable
mechanism function g(a) is the function that affords the most linear plot with
a linear regression coefficient R’ closest to 1.000.

The compensation effect [19] was used for accurate determination of the
reaction model and pre-exponential factor, and the calculated E; and 4; values
from each of the models at different heating rates were substituted into Eq. 10
to determine the compensation effect parameters a and b.

lnA,-ZaE,--i-b (10)

The pre-exponential factor 4, was calculated by substitution of the calculated
E, from the model free method and the a and b parameters in Eq. 11:

InA,=aE,+b (11)

The calculated results are presented in Table 3. The E, and 4, values were
substituted into Eq. 12:
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-Eo

£(@) = B [Agelima) 171 (12)

Table 3.  The kinetic triplet of AN/TU reaction in the presence and absence of
nano metal oxide obtained by using model-fitting and compensation

methods
. Mecha-
Igni- nism
tion func- E; In 4; R E, InA4, RSS
reac- |[K-min™'] tion [kJ-mol™'] [[min!] [kJ-mol™'] [[min!]
tion ’
g(a)
S 5 = 171.1 40.9 10.991 4.1
2 S
Sl 10 < | 1274 | 302 (0982 3.0
S E k= 101.8 | 24.1
;E 15 -% 121.3 28.6 10.990 2.4
< 20 5 | 857 | 203 |0.991 1.4
o 5 =i 110.5 25.9 10.998 0.72
2 =
21 10 L | 1160 | 272 [0.998 1.2
- £ 110.1 26.0
= 15 'IlT 147.1 34.3 10.999 1.1
Z ~
< | 20 5 | 1346 | 31.4 [0.999 1.6

The calculated numerical values of f{a) were compared against the theoretical
dependencies obtained from the f{a) equations (e.g. Table 3) to identify the
best matching model. By applying this method to all of the reaction models,
the mechanism function of Avrami-Erofeev A4 (g(a) = [~In(1- a)]"* and
o) = 4(1- a)[~In(1— a)]**) and Avrami-Erofeev A; (g(a) = [~In(1—«)]"* and
fAo)=3(1-a)[~In(1-a)]*?) were found to be the best fits for the ignition reaction
of AN/TU/Mn,0O; and AN/TU mixtures, respectively. Plots of the theoretical
and experimental f{a) versus « at different heating rates for each of the reactions
are presented in Figures 8 and 9.

The RSS (residual sum of squares) values that the show minimum difference
between the experimental and theoretical values of f{a), presented in Table 3,
verify the chosen reaction model. Based on these results, it can be concluded
that the mechanism function with the integral forms g(a) = [~In(1—a)]"* and
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g(a) = [-In(1—a)]'? are related to the reactions of AN/TU in the presence and
absence of Mn,0; nanoparticles, respectively. The difference between the
reaction mechanisms proves that the presence of Mn,O; nanoparticles changes

the reaction route of AN/TU mixtures.

%1 AN/TU/Mn, O,
1.8
1.5
pray 2
3 1.2
“~ 0.9 —®— f{ ) theoritical
—0— 5 °C/min
0.6 —4— 10 “C/min
0.3 —_—15 iC m%n
—+— 20 “C/min
0.0
0.0 01 02 03 04 05 06 07 08 09 10
a
Figure 8. Plots of theoretical and experimental values of f(a) against various
conversions (o =0.05-0.95, with 0.05 increment) for reaction of
AN/TU mixture in the presence of nano sized Mn,O; at different
heating rates
1.8
1.6
1.4
1.2
= 1.0
Z 08 —— f{u) theoritical
—O0— 5 °C/min
0.6 —i— 10 °C/min
0.4 —— 15 *C/min
0.2 —— 20 °C/min
0.0
00 01 02 03 04 05 06 07 08 09 10
v
Figure 9. Plots of theoretical and experimental values of f(a) against various

conversions (a = 0.05-0.95, with 0.05 increment) for reaction of

AN/TU (50/50) mixture at different heating rates
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4 Conclusions

In this study, we synthesized nano-sized Mn,O; powder by a co-precipitation
method. The metal oxide nanoparticles were characterized by XRD, SEM, and
BET techniques and their effect on the ignition reaction of AN/TU mixture was
investigated by the TG/DSC technique at different heating rates. The enthalpy
studies indicated that the heat evolved from the ignition reaction in the presence
of Mn,O; nanoparticles was about 4 times that in the absence of the metal oxide.
According to the results obtained, the ignition reaction equations of AN/TU in
the presence and absence of Mn,O; were suggested and verified by theoretical
calculation of the reaction heat.

In order to reliably estimate the activation energy of ignition reactions,
the KAS and Friedman methods were used. The mean values of the activation
energies for o in the range 0.1-0.9 were 86.5 kJ-mol™' to 101.8 kJ-mol™' and
110.1 kJ'-mol™" to 117.3 kJ-mol™! for the ignition reactions of AN/TU in the
presence and absence of Mn,O; nanoparticles, respectively. The results revealed
that Mn,O; nano oxide has catalytic activity on the ignition reaction of AN/
TU mixtures. The catalytic activity of the Mn,O; was described based on the
electronic configuration of the metal cation.

The pre-exponential factor (4) and kinetic model function were determined
by the compensation effect that associates model free and model fitting data to
select the best model. By this method the Avrami-Erofeev mechanism functions
A4 and A; were assigned to describe the most probable mechanism for the AN/
TU ignition reaction in the presence and absence of the studied nano-metal
oxide, respectively.
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