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Abstract
Colloidal ferric oxide/aluminum nanothermite mixture was incorporated into ammonium percholorate (AP). Nanothermite 
particles experienced an increase in AP decomposition enthalpy by 120% using DSC. Decomposition kinetic study was 
performed using integral isoconversional models including Kissinger and KAS models. Nanothermite particles offered 
decrease in AP activation energy by 55 and 44% using KAS and Kissinger models, respectively. AP nanocomposite is run-
ning through three decomposition steps according to extent of conversion: first-order decomposition with Ea = 41.08 kJ.
mol−1 (α = 0: 0.25), two-dimensional decomposition with Ea = 71.90 kJ.mol−1 (α = 0.25: 0.6), and one-dimensional diffusion 
reaction with Ea = 97.10 kJ.mol−1 (α = 0.6:0.9).
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Introduction

Ammonium percholorate (AP) is the most frequently oxi-
dizer for energetic systems [1]. AP can experience self-sus-
tained combustion reaction [2, 3]. AP experience complex 
combustion process due to different chemical decomposition 
reactions that could take place [4]. Catalyst particles could 
play a significant role in AP thermal decomposition; metal 
oxides, i.e.,  Fe2O3, can experience advanced catalytic effect 
[3, 5–8]. Ferric oxide nanoparticles can offer low activa-
tion energy and enhanced reaction propagation [9]. In the 
mean time, reactive metal fuels can offer enhanced AP per-
formance. Nanoparticle dispersion to the molecular level 
can secure high interfacial surface area and reactivity [10]. 
Decomposition kinetics could be conducted via thermal 
analysis technique such as Differential Scanning Calorimetry 
(DSC) and Thermal Gravimetric Analysis (TGA). Isocon-
versional methods evaluate the relation between activation 
energy and the degree of conversion [11]. Nanothermite par-
ticles could have a great effect on decomposition parameters; 

they could change the decomposition mechanism to metal 
fuel oxidation with high combustion temperature. AP encap-
sulation with nanothermite particles could offer superior cat-
alytic activity with an increase in decomposition enthalpy. 
Kinetics of energetic material decomposition is essential to 
retrieve information of reaction mechanism, and shelf life 
estimation [12]. Kinetic parameters of decomposition reac-
tion can be evaluated via Isoconversional method including 
Kissinger and KAS and models, respectively [13, 14]. This 
study reports on the development of nanothermite particles 
in continuous manner. Facile integration of colloidal nano-
thermite particles into AP matrix was accomplished via sol-
vent/anti-solvent technique. Morphology of developed AP 
nanocomposite was investigated using Scanning Electron 
Microscopy SEM; particle dispersion was assessed with 
Electron Diffractive X-ray EDAX. Kinetic parameters of AP 
nanocomposite were investigated using KAS and Kissinger 
models in an attempt to investigate the mechanism of reac-
tion propagation at different extent of conversion [15, 16]. 
To the best of the author's knowledge, this is the first time 
to integrate colloidal nanothermite particles into AP ener-
getic matrix. This approach can eliminate nanoparticle dry-
ing and the re-dispersion of dry aggregates. The developed 
nanocomposite experienced superior decomposition kinetic 
parameters; as enhanced interfacial surface area could be 
accomplished [17].

 * Sherif Elbasuney 
 s.elbasuney@mtc.edu.eg; sherif_basuney2000@yahoo.com

1 School of Chemical Engineering, Military Technical College 
(MTC), Cairo, Egypt

2 Nanotechnology Research Centre, Military Technical College 
(MTC), Cairo, Egypt

http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-022-11523-0&domain=pdf


13436 A. Hamed et al.

1 3

Experimental work

Materials

Ferric nitrate nonahydrate (Aldrich, 98%) was the 
employed metal salt precursor for synthesis of fer-
ric oxide. Ammonium perchlorate (99%, Aldrich) was 
employed. The employed solvent and anti-solvent are 
acetone (99.5%, Aldrich) and Toluene 99%, (Aldrich), 
respectively.

Synthesis of  Fe2O3 NPs

Colloidal ferric oxide nanoparticles were synthesized via 
hydrothermal processing; further details about fabrication 
of ferric oxide particles can be found in the following ref-
erences [18, 19]. Aluminum nanoplates of 100 nm were 
employed as reactive metal fuel.

Integration of thermite particles into AP

Integration of thermite NPs into AP matrix was performed 
via solvent anti-solvent technique at room temperature, at 
which the solvent was acetone and the anti-solvent was tolu-
ene and diethyl ether solvent mixture and the mass added of 
NPs of aluminum was 5% and for ferric oxide was 1%. Fer-
ric oxide NPs were harvested from their synthesis medium 
and re-dispersed in acetone using ultrasonic bath. Afterward 
aluminum NPs were dispersed in Ferric oxide colloid. AP 
particles were dissolved in nanothermite colloid; the anti-
solvent was introduced. AP nanocomposite was precipitated, 
filtered, and dried (Fig. 1).

Characterization of AP and AP nanocomposite

Morphology (shape and size) of virgin AP and AP nano-
composite was investigated using SEM ZEISS SEM EVO 
10 MA. Nanoparticle dispersion through AP matrix was 
assessed using EDAX detector.

(1)

(2)

(3)

(6)

(4)
Sonicator

AP

(5)

Filteration

Drying

AP

n–Al

n–Al

acetone

acetone

Final product

Re-dispersionChange PH

n–Fe203

n–Fe203

Fig. 1  Development of AP nanocomposite via solvent anti-solvent technique
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Thermal behavior of AP nanocomposite

Thermal behavior of AP nanocomposite was conducted 
using DSC Q20 by TA instruments, USA. Tested sample 
(1 mg) was introduced to aluminum pan crucible and heated 
under nitrogen gas flow of (50 mL  min−1) up to 500 °C at 
10 °C  min−1. Mass loss with temperature was further investi-
gated suing TGA Q500 by TA instruments, USA. Tested sam-
ple was heated at 10 °C  min−1 under  N2 flow of 50 mL  min−1.

Decomposition kinetics of AP nanocomposite

In this study, the impact of nanothermite particles on AP 
kinetic decomposition parameters were evaluated by using 
two methods. Integral isoconversional method was adopted 
using KAS (Eq. 1) [15].

 where �i is the heating rate, T is temperature at a known 
extent of conversion, R is the universal gas constant, and Eα 
is the apparent activation energy. Kissinger model (Eq. 2) 
was adopted for kinetic study. Further details on reaction 
propagation mechanism with extent of conversion can be 
found in the following reference [16].

 where Tm is the maximum decomposition temperature, A is 
the pre-exponential factor, and f(α) is the model of decom-
position [20, 21].

Results and discussions

Characterization of AP nanocomposite

Morphology (size and shape) of virgin AP was visualized to 
developed AP nanocomposite using SEM. While virgin AP 
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demonstrated orthorhombic crystals with 150 µm particle 
size (Fig. 2a), AP nanocomposite demonstrated fine crystals 
of 5 µm particle size (Fig. 2b).

SEM micrographs demonstrated the successful integra-
tion of thermite particles into AP matrix. Figure 2a dem-
onstrates the irregular crystal shape of AP of size range 
50–200 µm, and in Fig. 2b it is obvious the coagulation of 
AP particles, which could be attributed to the drying pro-
cess, and the well dispersion of Al/Fe2O3 nanoparticles on 
its surface. The reduction in particle size could be attributed 
to the facile re-crystallization via solvent anti-solvent tech-
nique. Elemental mapping using EDAX detector was con-
ducted for virgin AP to assess the purity of virgin AP par-
ticles (Fig. 3).

Elemental analysis revealed the existence of the main AP 
elements. AP elemental composition was 12.2% for nitrogen, 
0.5% for carbon, 56.6% for oxygen, and 30.7% for chlorine. 
AP nanocomposite elemental composition was 11.4% for 
nitrogen, 0.5% for carbon, 53.8% for oxygen, 0.9% for iron, 
4.3% for Aluminum, and 29.1% for chlorine; this result is in 
accordance with the prepared composition samples. Elemen-
tal mapping of AP nanocomposite validated the uniform dis-
persion of nanothermites into the AP matrix (Fig. 4).

Uniform dispersion of nanothermite particles mainly 
of Al and Fe through the matrix was verified. Enhanced 
nanoparticle dispersion is vital for enhanced catalytic 
performance.

Thermal behavior of AP nanocomposite

The impact of nanothermite particles on AP thermal behav-
ior was assessed using DSC. Nanothermite particles boost 
AP decomposition enthalpy by 125%. While virgin AP dem-
onstrated decomposition enthalpy of 918 J  g–1; AP nano-
composite demonstrated decomposition enthalpy of 2068 J 
 g–1 (Fig. 5).

The enhanced decomposition enthalpy could be ascribed 
to the existence of aluminum as reactive metal fuel, and 
ferric oxide as catalyst particles [22]. Furthermore vig-
orous thermite reaction could be developed during AP 

Fig. 2  SEM micrographs of 
pure AP a, and AP nanocom-
posite b 
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decomposition [23, 24]. The endothermic peak at 240 °C 
could be correlated to crystalline structure phase change 
from orthorhombic to cubic; at this point AP particles 
become unstable and degradation could start to take place 
[25]. The maximum decomposition temperature for the sub-
sequent two main exothermic decomposition peaks has been 
reduced by 59 and 14 °C for high temperature decompo-
sition (HTD) and low temperature decomposition (LTD), 
respectively.

Catalytic decomposition of AP

AP decomposition takes place through two main stages. Ini-
tial decomposition process at 299 °C with the evolution of 
ammonia and perchloric acid followed the final decomposi-
tion process at 458 °C with the release of final decomposi-
tion products [26–30]. The most acceptable mechanism of 

AP decomposition is proton transfer mechanism (Fig. 6) [11] 
(Fig. 7.

Including ferric oxide nanocatalyst can absorb gas reac-
tive molecules on its surface and boost the reaction rate and 
decomposition enthalpy [31]. Furthermore, the two exother-
mic decomposition peaks were shifted to a lower decompo-
sition temperature and also the second decomposition peak 
started before the end of the first decomposition which con-
firms the rapid catalytic effect (Fig. 5). In addition, including 
n Al fuel increases the heat output. The proposed catalytic 
mechanism of AP decomposition after introducing  nFe2O3 
and nAl additives depends mainly on the  O2

− formation at 
the exterior surface of the catalyst. The negatively charged 
oxygen surface can act as proton trap for ammonium ion 
with the increase in the rate of  NH3 production [29, 32].
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Fig. 3  Elemental mapping of 
virgin AP using EDAX detector
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AP decomposition with result in the evolution free oxy-
gen rich; this oxygen would react with reactive nAl with the 
increase in total heat release [33].

Decomposition kinetics of AP nanocomposite

Activation energy and kinetic parameters were evaluated 
using KAS and the Kissinger models. AP nanothermite 
was heated at three different heating rate of 3, 5, 7 °C  min−1 
under  N2 flow of (50 mL  min−1) up to 500 °C using DSC 
(Fig. 8).

The first and second exothermic decomposition peaks 
shifted to high value with increase in heating rate [34]. Fur-
thermore; the extent of conversion (fraction reacted) with 
temperature curve was plotted (Fig. 9).

The solid-state decomposition mechanism of AP nano-
composite could be predicted by monitoring the degree of 
conversion at different temperature values. These param-
eters can be interpreted via best fitting to different decom-
position reaction mechanism models. Therefore decompo-
sition parameters and decomposition mechanism could be 
interpreted.

Kinetic study using KAS model

The activation energy at different extent of fraction reacted 
was calculated to retrieve the apparent activation energy. 
Table 1 indicates the kinetic parameters calculated by the 
integral isoconversional KAS model.

Nanothermite particles offered decrease in AP activa-
tion energy by 55%, Whereas virgin AP demonstrated an 
activation energy of 157.9 kJ.mol−1; AP nanocomposite 
demonstrated an activation energy of 71 kJ.mol−1 [35]. 

This finding confirmed the advanced catalytic effect of 
the nanothermite additives on the AP powder. The plot of 
activation energy at different conversion extent is demon-
strated in Fig. 10.

It is obvious that the fluctuated activation energy range 
at different extent of conversion indicated that AP nano-
composite decomposition encompass three main stages 
according to extent of fraction reacted (α). AP decompo-
sition could be performed in different steps of reactions 
due to different interactions possibility of the produced 
different gas phase constituents in the reaction media. In 
addition, added NPs to AP make the mechanism of the 
reaction is more complicated.

Kinetic study using the Kissinger model

The apparent activation energy was calculated by using the 
Kissinger model via the slope of the straight line ln

(

�

Tm,i
2

)

 

versus
(

1

Tmi

)

 (Fig. 11).
Again nanothermite particles experienced decrease in 

AP activation energy by 44%. While the apparent activa-
tion energy of virgin was reported to be 121.5 kJ.mol−1, the 
apparent activation energy of the synthesized AP nanother-
mite was 68.5 kJ.mol−1 [28].

It is obvious that nanothermite particles offered a dra-
matic change in AP activation energy. Thermal decomposi-
tion AP is complicated process; decomposition mechanism 
could vary with extent of fraction reacted. To sum up, Kiss-
inger model is recommended for nanothermite particles 
AP to determine accurately its activation energy because 
the results of the three different heating rates had the same 
extent of conversion at 80%.

Fig. 5  DSC curve of virgin AP 
to AP nanocomposite
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Decomposition model of AP nanocomposite

Decomposition mechanism can be predicted via the rela-
tion of different kinetic decomposition parameters such as 
fraction reacted, rate of change of fraction reacted, and the 
temperature [36]. The mechanism of decomposition can be 
evaluated via the plot of fraction reacted with temperature 
(Fig. 12).

The mechanism of decomposition of AP nanocomposite 
started with first-order decomposition and ended with the 
diffusion decomposition mechanism. The previous result 
indicated that AP nanocomposite decomposes in steps. 
However; the mechanisms are shifted to be decelerating. 
The catalytic effect of nanothermite on AP powder was 
confirmed by the decreasing in the values of the apparent 
activation energy in comparison with the pure one, and 

Fig. 8  DSC curve of different 
heating rates for AP nanocom-
posite
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also the mechanism was shifted to be decelerating other 
than autocatalytic [37]. Furthermore the relation of con-
version extent and the rate of change of extent of conver-
sion is represented in Fig. 13.

It is obvious that the mechanism of decomposition is 
running in three steps as follows:

First step is first-order decomposition reaction with 
Ea = 41.08 kJ.mol−1 for (α = 0:0.25).
Second step is two-dimensional decomposition reaction 
with Ea = 71.90 kJ.mol−1 for (α = 0.25:0.6).
Third step is one-dimensional diffusion reaction with 
Ea = 97.10 kJ.mol−1 for (α = 0.6:0.9).

Conclusions

Colloidal nanoferric oxide was fabricated by using hydro-
thermal synthesis. Nanothermite Al/Fe2O3 particles 
were integrated successfully into AP matrix via solvent 
anti/solvent technique. Shape, size, and elemental map-
ping of AP/AP nanothermite were conducted using SEM 
instrument and revealed good dispersion of nanothermite 
into AP matrix. Nanothermite particles experienced an 
increase in AP decomposition enthalpy by 125% using 
DSC. Decomposition kinetic study of AP nanocompos-
ite was performed using integral isoconversional models 
including Kissinger and KAS models. AP nanocomposite 
is running through three decomposition steps according 
to extent of conversion: first-order decomposition mecha-
nism with Ea = 41.08 kJ  mol−1 (α = 0: 0.25), two-dimen-
sional decomposition reaction with Ea = 71.90 kJ  mol−1 
(α = 0.25: 0.6), and one-dimensional diffusion reaction 
with Ea = 97.10 kJ   mol− 1 (α = 0.6:0.9). Integration of 
nanothermites catalyzes the decomposition reaction of 
ammonium perchlorate.

Table 1  Kinetic parameters of AP nanocomposite using KAS model

α Eα/kJ.mol−1 Log A/s−1 K/s − 1 R

0.05 050.50 02.30 2.10 E-3 0.895
0.10 044.90 03.30 2.30 E-3 0.924
0.15 033.00 03.72 3.80 0.864
0.20 037.00 03.84 3.90 0.805
0.25 040.00 03.55 3.95 0.936
0.30 055.90 04.35 5.30 0.978
0.35 070.00 04.69 6.11 0.949
0.40 071.00 05.77 6.47 0.919
0.45 073.00 06.68 10.10 0.967
0.50 073.50 06.22 11.15 0.939
0.55 075.00 07.64 17.80 0.957
0.60 085.00 08.57 40.99 0.927
0.65 090.00 09.37 250.20 0.962
0.70 103.00 08.88 254.40 0.948
0.75 105.00 09.72 281.00 0.961
0.80 107.00 10.51 287.90 0.993
0.85 098.00 10.38 300.00 0.941
0.90 080.00 10.69 305.00 0.848
Mean 071.00 06.67 – –

Fig. 10  Activation energy of AP 
nanocomposite at different frac-
tion reacted using KAS model
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Fig. 11  Activation energy of AP 
nanocomposite using Kissinger 
model
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