
Vol.:(0123456789)1 3

Journal of Thermal Analysis and Calorimetry 
https://doi.org/10.1007/s10973-021-11112-7

Kinetics of thermal decomposition of ammonium perchlorate 
with nanocrystals of  NixCo1−x  Fe2O4 (x = 0, 0.05, and 1) ferrites

E. A. Kammar1 · E. A. M. Gad2 · M. A. Mousa1 

Received: 7 February 2021 / Accepted: 16 October 2021 
© Akadémiai Kiadó, Budapest, Hungary 2021

Abstract
NixCo1−xFe2O4 (x = 0, 0.5, and 1) spinel nanoparticles (NPs) have been prepared using the ceramic method and 
 Ni0.5Co0.5Fe2O4 using green, microwave, and sol–gel routes. The as-prepared materials were characterized by XRD, FT-IR, 
SEM TEM, and  N2 adsorption/desorption techniques. The catalytic activity, thermal stability, and kinetic parameters of the 
effect of synthesized materials upon thermal decomposition of ammonium perchlorate (AP) were studied through differ-
ential scanning calorimetry (DSC) and thermogravimetric techniques (TG). The addition of 2 mass% of nanosized ferrites 
to AP shifted the thermal degradation temperature of AP to lower temperatures. The catalytic activity for AP thermal deg-
radation followed the order: NiCoF-gl > NiCoF-gr > NiCoF-mic > NiCoF-cer > NiF > CoF. The kinetic parameters for the 
ferrite-catalyzed reaction, using the isoconversional methods for NiCoF-gl, showed a decrease in the activation energy and 
preexponential factor of ammonium perchlorate thermal dissociation compared with the uncatalyzed one. The thermokinetic 
parameters for the catalytic decomposition process were determined and a mechanism was suggested for the kinetic reac-
tion. The DSC results showed that the decomposition temperatures of AP decreased with the addition of the ferrites. The 
heat releases of the AP/ferrite mixtures were 0.82, 0.89, 0.91, 0.98, 1.04 and 1.23 kJ  g−1 of AP, for CoF, NiF, NiCoF-cer, 
NiCoF-gr, NiCoF-mic, and NiCoF-gl, respectively, compared to 0.72 kJ  g−1 for neat AP.

Keywords Ammonium perchlorate · Thermal decomposition · Kinetics of thermal decomposition · Isoconversional 
methods · Decomposition mechanism

Introduction

Composite solid propellants are the chief resource of chemi-
cal energy in space vehicles and missiles. Ammonium per-
chlorate (AP) with the chemical formulation of  NH4ClO4 
is the broadly employed energetic material and a valuable 
oxidizer in the composite solid propellants [1–9]. The ther-
mal decomposition of AP is very sensitive to various addi-
tives which can usually promote the decomposition process. 
Comprehensive research about the thermal decomposition of 
AP was carried out by researchers [10]. Results indicate that 

a small quantity of catalysts can reduce the thermal decom-
position temperature of AP, especially that corresponding 
to the high-temperature decomposition (HT), increasing the 
apparent decomposition heat of AP, and rising the burn-
ing velocity as well as efficiency of propellant accordingly. 
However, till now the thermal dissociation mechanism of AP 
is not completely known. Therefore, many scientists have 
published many papers on the decomposition mechanism of 
AP and motivated researchers to improve new methods for 
speeding up the thermal decomposition and burning rate of 
AP. This can be done by mixing the AP with different types 
of compounds including metal oxides, such as CuO, NiO, 
 Co3O4 [11], MgO, and  Fe2O3 [12–15], spinel mixed-metal 
oxides, such as  ZnAl2O4,  MnFe2O4, and  CuCr2O4 [16–18]. 
Compared to the single metal oxide, the complex oxides 
with spinel structure with a general formula of  AB2O4, 
which contains two or more types of cations, showed a 
better catalytic activity [9, 19–21]. The A and B are di- 
and trivalent cations (2–3 spinels), respectively [22]. The 
presence of cations with different charges is at the basis of 
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most catalytic properties of spinels, allowing internal redox 
reactions which make easier reduction–reoxidation cycles 
of the catalyst. The distribution of different cations in the 
tetrahedral (A) and octahedral (B) sites essentially depends 
on their synthetic method. The effect of this distribution on 
catalytic properties is not negligible. When the spinel struc-
ture is interrupted by a surface, octahedral B sites are more 
exposed than tetrahedral A sites. As a consequence, B sites 
have been considered to represent the most effective cata-
lytic sites [23, 24]. There are marvelous studies about spinel 
oxides catalysts, particularly TMOs, for promoting AP ther-
mal decomposition. For example, it was shown by Xuechun 
Xiao et al. that mesoporous  ZnCo2O4 rods could decrease 
the high decomposition temperature of AP by 162.2 K [25]. 
Nafise Modanlou Juibari et al. demonstrated that  MnCo2O4 
nanoparticles prepared by the sol–gel method could reduce 
high decomposition temperature by 127 K [26]. Teng Chen 
et al. reported that  CoFe2O4 NPs fabricated by solvothermal 
method decreased the high decomposition temperature of 
AP from 712.9 K to 623.4 K [27]. Ebrahim Alizadeh-Ghesh-
laghi et al. investigated the catalytic activity of  CuCo2O4 and 
results showed that the high decomposition temperature of 
AP shifts downward about 103 K [28]. The presence of a 
partially filled-3d orbital in  CuCo2O4 structure, so easy to 
accept electrons and improve the transferring electrons from 
perchlorate ions to the ammonium ions, which exhibits its 
stronger catalytic activity than probably CuO and  Co3O4 as 
reported by Gheshlaghi et al. [29].

Since catalytic activity is primarily a surface phenom-
enon, the size reduction in the catalysts increases their 
catalytic activity [30]. This is because with decreasing 
the dimensions of the catalytic particles the surface area 
increases [19, 31–33]. In an oxide nanocrystal, the ratio of 
surface atoms to non-surface atoms is usually much larger 
than in a bulk material and surface species display local 
geometry differing from the bulk and strongly influencing 
chemical reactivity [34].

The catalytic efficiency of the spinel oxides also depends 
to a large extent on their compositions and their morpho-
logical structure, particle size, and surface properties which 
can be affected by the synthetic methods. The spinel oxides 
nanoparticles can be synthesized by numerous synthetic 
methods including hydrothermal [35] precipitation [36] 
sol–gel [37], and microemulsion [37].

The purpose of our present work is to fabricate nano-
structures of  NixCo1−x  Fe2O4 (x = 0, 0.5, and 1) through dif-
ferent methods (ceramic, green, microwave, and sol–gel) to 
investigate and compare the catalytic activity of the prepared 
mixed metal oxides on the thermal decomposition of ammo-
nium perchlorate. The characterizations of the synthesized 
samples were researched by FT-IR, XRD, SEM, TEM, and 
BET techniques. The DSC and TG techniques were used 
for studying the burning rate and the kinetics of thermal 

degradation of a neat AP and catalyzed AP with  NixCo1−x 
 Fe2O4 (x = 0, 0.5, and 1) spinel nanoparticle. The suitable 
reaction mechanism and the thermodynamic parameters of 
the catalyzed reaction are reported.

Materials and methods

Cobalt nitrate (Co(NO3)2·6H2O), nickel nitrate 
(Ni(NO3)2·6H2O, ferric nitrate Fe(NO3)3·9H2O, and NaOH 
were obtained from Merck. Ammonium perchlorate (AP) of 
99.8% purity was supplied from Aldrich and employed as 
received. Gelatin type B was provided from Sigma-Aldrich 
and Hibiscus flower/leaves from the local market. Deionized 
water was used in all the experimental methods.

Preparation of hibiscus flower extract

The extract was made by boiling 25 g of dried flowers in 
200 mL deionized water for 1 h, then cooling to room tem-
perature before filtering. The extract contains many chemi-
cal constituents, such as phenols, reducing sugars, alpha-
hydroxy acids, and amino acids [38].

Preparation of ferrites

Ceramic method

Mixtures of the metal nitrates in an appropriate molar 
ratio (2.91 g nickel nitrate and 8.08 g ferric nitrate to form 
 NiFe2O4; 2.91 g cobalt nitrate and 8.03 g ferric nitrate to 
form  CoFe2O4, 2.455 g nickel nitrate, and 2.455 g cobalt 
nitrate and 8.03 g ferric nitrate to form  Ni0.5Co0.5Fe2O4) 
were mixed with NaOH and NaCl in the ratio of 1:8:10 and 
pulverized together in an agate mortar for 1 h. The blends 
were then calcined at 1023 K for 2 h. The powders were 
crushed and well washed with deionized water and dried at 
368 K for 1 h and heated up to 973 K with a heating rate of 
5 K  min−1. The samples were denoted as CoFe, NiFe, and 
NiCoFe-cer.

Green–hydrothermal method

2 ×  10−3  mol of Fe(NO3)3·9H2O, 5 ×  10−3  mol of 
Co(NO3)2·6H2O, 5 ×  10−3 mol Ni(NO3)0.6H2O, and 0.1 g of 
gelatin were dissolved together in 200 mL of deionized water 
under stirring for 1 h. This is followed by adding one molar 
NaOH dropwise until a pH of 10. The acquired solution 
was put in a Teflon-lined stainless autoclave and heated in 
an oven at 473 K for 6 h, and then left to be cooled naturally 
to room temperature. The acquired precipitate was gathered 
and washed five times with deionized water and lastly dried 
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at 373 K in an oven for 24 h [39]. The sample is denoted as 
NiCoFe-gr.

Microwave method

Ni0.5Co0.5Fe was also prepared by the microwave tech-
nique, where a mixture of 2 ×  10−2 mol of Fe(NO3)3·9H2O, 
5 ×  10−3  mol of Co(NO3)2·6H2O, 5 ×  10−3  mol 
Ni(NO3)0.6H2O were dissolved in 100 mL deionized water. 
This is followed by adding one molar NaOH solution slowly 
into the solution until a pH of 10 under microwave irradia-
tion; microwave power is 600 W, irradiation time 25 min 
(40 s On, 40 s Off). The suspended solution obtained was 
allowed to cool at room temperature for 30 min, followed 
by centrifuging for 15 min at 3000 rpm, then washing with 
deionized water and alcohol five times. The obtained pre-
cipitate was allowed to dry in an oven at 373 K for 5 h. 
Finally, the precipitate was calcined at 1023 K for 4 h [40]. 
The sample is denoted as NiCoF-mic.

Sol–gel method

A mixed powder of 2 ×  10−2  mol of Fe(NO3)3·9H2O, 
5 ×  10−3  mol of Co(NO3)2·6H2O, 5 ×  10−3  mol 
Ni(NO3)·6H2O and 0.1 g gelatin were dissolved together in 
175 mL of deionized water under stirring at 323 K for 2 h. 
The solution was then heated up to ~ 353 K with stirring 
to make a gel, which was calcined at 623 K for 2 h with a 
heating rate of 10 K  min−1 to remove the remaining organic 
matter. Finally, the obtained powder was calcined for 7 h at 
1023 K using a heating rate of 10 K  min−1 [41]. The sample 
is denoted as NiCoFe-gl.

Characterizations

The phases and crystal structures of the as-prepared materi-
als were investigated by XRD using the Shimadzu model: 
XRD 6000 employing CuKα (λ = 0.154 nm) radiation, with 
a diffraction angle between 20º and 80º. The FTIR spec-
trum of the  NiFe2O4 nanoparticles was taken using an FTIR 
model Bruker IFS 66 W Spectrometer. The morphology of 
the nanoparticles was examined by the SEM and TEM tech-
niques using Hitachi (HHS‐2R) and Philips CM10 instru-
ments, respectively. A NOVA2200e gas sorption analyzer 
(Quantachrome Corp.) was employed to record nitrogen 
adsorption/desorption isotherms for specific surface areas 
and porosity assessment.

Catalytic activity test

The performance of the prepared ferrites as a catalyst for the 
thermal degradation of ammonium perchlorate was studied 
using the TG and DSC techniques. AP and the spinel were 

initially mixed at a mass ratio of 2:98 in acetone and stirred 
for 30 min. followed by filtration and drying in a desiccator. 
The thermal analysis was performed using, respectively, a 
thermogravimetric analysis TGA (Perkin–Elmer TGA Q500 
V20.13) at different heating rates of 5, 10, 15, and K  min–1 
from 303 to 873 K, and a differential scanning calorimetry 
(Perkin–Elmer DSC8000) at a heating rate of 10 K  min–1 
from 373 to 773 K. To diminish the exothermic self-heating, 
the thermal analyses were done on small (1–2 mg) samples.

Theoretical approach

The thermal decomposition kinetics of the studied materials 
were investigated using the following commonly rate equa-
tion [42]

where k is the rate constant of the decomposition process 
and f(α) is a conversion factor in which α is:

where Xt, Xo, and Xf are the masses of the sample at time t, 
starting, and final decomposition process, respectively. The 
integration of Eq. (1) is:

and k depends on temperature according to Arrhenius Eq. (4)

where A is the frequency factor, E is the apparent activation 
energy, R is the gas constant and T is the absolute tempera-
ture. By combining Eqs. (1) and (4), the next equation is 
obtained:

For a dynamic TGA process, the heating rate, � =
dT

dt
 can be 

introduced into Eq. (5) to give the following equation:

The f(α)-function depends on the reaction mechanism and 
can commonly be written as:

where j, q, and p are exponent factors, one of them always 
being zero [42, 43]. The solutions of the left-hand side of 
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Eq. (7) depend on the definite representation of the func-
tion f(α) and are symbolized as g(α), which depends on the 
conversion mechanism and its mathematical model [43–46]. 
The most common reaction mechanisms operating in solid-
state reactions using f(α) or g(α) are given in Supplementary 
Table 1 [46, 47].

There are two different mathematical methods to calcu-
late kinetic parameters for the thermal decomposition of 
AP samples. The first one is model-free methods (iso-con-
versional technique), while the second method is known as 
model-based methods (model-fitting methods) as it depends 
upon the different reaction models given in Suppl. Table 1.

The model-free methods are based on evaluating the 
Arrhenius parameters without relying upon the reaction 
mechanism [48]. The model-free method is also called 
isoconversional, as the reaction rate is a function of the 
temperature at a constant extent of conversion [49]. To use 
these methods, a series of experiments were performed at 
different heating rates. In the present work, the Kissinger 
[50], Ozawa–Flynn–Wall (OFW) [51], Kissinger–Aka-
hira–Sunose (KAS) [52], Starink [53], and Friedman [54], 
listed in Table 1, are used which show the most popular 
representatives of the isoconversional approach.

Tα,i is the temperature at which the extent of conversion 
α is reached under ith heating rate, Tp is the dissociation 
temperature peak, Ea is the apparent activation energy at the 
extent of conversion α, and R is the universal gas constant.

To increase the accuracy of the kinetic parameters calcu-
lated by the model-free methods an iterative procedure was 
used according to the following equations:

h(x) is expressed by the fourth Senum and Yang approxima-
tion formula [55]

where x = Ea

RT
 and H(x) is equal to [56]

The detailed iterative procedure used to perform the activa-
tion energy computation is given elsewhere [57].

The second approach for calculating the kinetic param-
eters, which is known as model-fitting methods, assumes 
that a particular reaction model represents the conversion 
dependence of the reaction rate [58]. The most commonly 
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used model-fitting method is Coats–Redfern (CR) approxi-
mation, described by Eq. (12) [59]

This equation was applied to the different reaction models 
listed in Suppl. Table 1, and the best-suited model for fitting 
was defined as the solid-state reaction mechanism.

Results and discussion

XRD analysis

The XRD patterns of the investigated materials, Fig. 1, dem-
onstrate the characteristic peaks of ferrites with the most 
intense peak (311), which approves the creation of a cubic 
spinel structure, with the (JCPDS 22-1086) for  CoFe2O4 and 
(JCPDS 10-0325) for  NiFe2O4. The peaks at values corre-
sponding to 2θ ~ 30.5°, 36.1°, 37.3°, 43.5°, 53.5°, 57.1°, 
and 63.5° are indexed to (220), (311), (222), (400), (422), 
(511) and (440) crystal planes, respectively. The crystallin-
ity degree (Nc) of the ferrite samples is evaluated by com-
paring the integrated intensity of the 311-peak of each fer-
rite with that of the CoF sample [60]. The results obtained 
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are given in Table 2. The positive value of  Nc refers to the 
enhancement in the crystallinity compared with the CoF and 
the negative value indicates the decrease in crystallinity. 
Table 2 shows that the crystallinity increases in the order: 
NiF > CoF > NiCoF-cer > NiCoF-gr > NiCoF-mic > NiCoF-
gl.

The crystallite sizes  (DXRD) of the samples were esti-
mated by Scherrer's equation [61]:

where λ is the wavelength of the radiation, β/ is the peak 
width at half the maximum intensity of the peak (311). The 
calculations showed that all ferrite samples were produced in 
nanocrystallite sizes between 19 and 46 nm, Table 2.

FTIR studies

FT-IR spectra of the investigated materials are shown in 
Fig. 2 and Suppl. Figure 1 and summarized in Table 2. 
The vibration bands (v1) (564–600   cm−1) and (v2) 
(465–495  cm−1) are ascribed to the stretching vibrations 
of tetrahedral and octahedral sites of inverse spinel ferri-
tes, respectively [62–64]. The variation in the band loca-
tions of the different samples is attributed to the change in 
the distance of  Fe3+–O2− in the equivalent crystal net sites 
[65]. The existence of a long shoulder at the band of the 
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Fig. 1  XRD of the investigated ferrites

Table 2  Crystallinity FT-IR, cationic mass percentages, particle size, and surface area data of the investigated samples

Sample XRD parti-
cle size/nm

TEM parti-
cle size/nm

Crystallinity ν1/cm−1 ν2/cm−1 BET-surface 
area/cm2g−1

Pore radius/nm Ni Co Fe
Mass%

CoF 41 39 – 571 465 54 3.1 – 25.01 47.70
NiF 46 44 0.1332 584 484 62 3.5 25.07 – 47.62
NiCoF-cer 34 33 0.1212 593 487 68.2 4.4 12.50 12.48 47.55
NiCoF-gr 29 26  − 0.0132 595 490 73.1 5.3 12.51 12.47 47.57
NiCoF-mic 24 21  − 0.0223 593 486 88.7 6.5 12.50 12.49 47.54
NiCoF-gl 19 17  − 0.0456 596 491 99.6 8.0 12.51 12.47 47.56

40060080010001200140016001800
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an
sm

itt
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Fig. 2  FT-IR of the investigated ferrites
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tetrahedral site is indicative of the presence of other ionic 
states in that site [66].

SEM and TEM

The surface structure and morphology of the investigated 
spinel samples were analyzed using the SEM and TEM 
images shown in Figs. 3 and 4. The SEM micrographs of 
the samples, Fig. 3, show different structures with hetero-
geneous surfaces depending on the preparation method. 
The TEM images, Fig. 4, illustrate deformed spherical par-
ticle shapes with particle sizes that agree to some extent 
with those found by XRD, Table 2. The elemental compo-
sitions of the ferrites were analyzed by the X-ray fluores-
cence (XRF) method and the mass percentage of Ni, Co, 
and Fe matched well with the proposed ferrite composi-
tions, Table 2.

Surface textural properties

The  N2 adsorption–desorption isotherm of the investigated 
samples is represented in Fig. 5, which shows a mesoporous 
structure with an isotherm of type IV and V according to the 
IUPAC classifications. The hysteresis loop observed at the 
higher relative pressure (p/po) for the ferrite sample refers to 
its macropore structure. The hysteresis loops of the samples 
prepared by ceramic methods are H3 type referring to non-
rigid aggregates of plate-like particles (slit-shaped pores), 
whereas the other samples exhibit H1 type corresponding to 
favorably cylindrical pore channels. The BET-surface area 
and pore size diameter acquired from the analysis of nitrogen 
adsorption–desorption isotherm data are given in Table 2, 
which demonstrates that both the surface area and pore size 
increase with reducing the particle size according to the fol-
lowing order:

Fig. 3  SEM images of a NiF, b 
CoF, c NiCoF-cer, d NiCoF-gr, 
e NiCoF-mic, and f NiCoF-gl
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Catalytic study

The catalytic activity of the investigated ferrites toward the 
thermal decomposition of ammonium perchlorate (AP) was 
investigated with differential scanning calorimetry (DSC). 
The results indicated that the small quantity of the ferrite 
catalysts can reduce the thermal decomposition temperature 
of AP, especially that corresponding to the high-temperature 
decomposition (HT), improving the apparent decomposi-
tion heat of AP, and increasing the burning velocity and 
efficiency of propellant accordingly. The DSC-curves of AP 
decomposition in the absence and presence of 2% mass of 

NiCoF-gl > NiCoF-mic > NiCoF-gr > NiCoF-cer > NiF > CoF.
ferrites at the heating rate of 10 K  min−1 are given in Fig. 6. 
The curve for neat AP has an endothermic temperature of 
about 518.1 K, which is ascribed to the transition from the 
orthorhombic to the cubic phase, and two exotherms with 
peak maximum temperatures of 610.1 and 742.2 K, respec-
tively [67]. The first exothermic peak at low temperature 
(LT) is attributed to the partial decomposition of AP. The 
second or high-temperature exothermic peak (HT) corre-
sponded to the complete decomposition of the intermediate 
product into a volatile product [67].

Compared with the pure AP, Fig. 6 shows a clear differ-
ence for AP decomposition in the presence of the ferrites. 
All curves show an endothermic peak at more or less the 
same temperature obtained for pure AP indicating that the 
crystallographic phase transition hasn’t been affected by the 
additive of the ferrites, while both the LT- and HT-peaks are 
significantly shifted to lower temperatures (Fig. 6b–e) indi-
cating that the ferrites can lower the thermal decomposition 
of AP. The specific thermal decomposition temperature data 
are summarized in Table 3. The HT peaks of AP containing 
the 2% as catalysts are 730.3, 724.2, 692.1, 671.2, 641.3, 
and 623.1 K, for CoF, NiF, NiCo-cer, NiCoF-gr, NiCoF-
mic, and NiCoF-gl, respectively. The results indicate that 
the best catalytic performance of the investigated ferrites is 
the NiCoF-gl sample. It is acceptable because this sample 
exhibits the relatively highest specific surface area and the 
lowest particle size, as those parameters are all central fac-
tors affecting catalytic efficiency.

More noticeably, the obtained results show that the heat 
release of AP was increased greatly in the presence of nano-
ferrite samples. The heat releases of the AP/ferrite mixtures 

Fig. 4  TEM images of a NiF, b CoF, c NiCoF-cer, d NiCoF-gr, e NiCoF-mic, and f NiCoF-gl
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were 0.82, 0.89, 0.91, 0.98, 1.04, and 1.23 kJ  g−1 of AP, for 
CoF, NiF, NiCoF-cer, NiCoF-gr, NiCoF-micr, and NiCFo-
gl, respectively, compared to 0.72 kJ  g−1 for neat AP.

Kinetic studies

The TGA curves of pure AP and the mixture of the ferrites 
and AP at a heating rate of 10 K  min−1 are shown in Fig. 7. 
All curves show two continuous thermal decomposition 
steps which will be denoted as the low-temperature decom-
position (LT) and high-temperature decomposition (HT). 
These results agree well with those observed by others [68, 
69]. It can be also seen that the existence of ferrites in the 
decomposition process causes a decrease in the decompo-
sition temperatures of the two steps in the order: NiCoF-
gl > NiCoF-mic > NiCoF-gr > NiCoF-cer > NiF > CoF > AP. 
Thus, the enhancement in the thermal decomposition of AP 
can be essentially attributed to the catalytic impact of ferrite 
nanoparticles.

Kinetics of thermal decomposition using 
isoconversional methods

The thermal decomposition results showed that the NiCoF-
gl sample exhibits the greatest catalytic impact on the ther-
mal decomposition of AP, and therefore we used the isocon-
versional method to study the kinetic parameters for the 
catalytic reaction of AP using this sample. The results 
obtained at heating rates of 5, 10, 15, and 20 K  min−1 are 
represented in Fig.  8. By applying Kissinger [50], 
Ozawa–Flynn–Wall (OFW) [51], Kissinger–Akahira–Sunose 
(KAS) [52], Starink [53] models as well as the model-free 
method developed by Friedman [54], (listed in Table 1), the 
apparent activation energy Ea for thermal decomposition can 
be determined, without knowing the decomposition mecha-
nism. The data (β, α, T, Tp) taken from the TG curves at 
fraction conversion 0.1 < α < 0.9 and different heating rates 
were employed to acquire the apparent activation energy (Ea) 
for each decomposition step. This is done by plotting each 
of ln�∕T2

p
 versus 1/Tp, ln β versus 1/Tα (or Tp), ln β/T2 versus 

1/T, ln β/T1.92 versus 1/T1.92, ln (dα/dt) versus 1/T and 
employing the linear regressive of least squares method, 
Fig. 9, to find the apparent activation energy value (Ea) at 
different α values. The obtained results are given in Tables 4 
and 5, which show that for each one of the calculation meth-
ods the calculated activation energy values are slightly 
changed with the change in the degree of conversion α. 
Moreover, it is noted that the activation energy values evalu-
ated by Kissinger, KAS, Strain, and Friedman are close to 
each other and differ slightly from those found by OFW.
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Fig. 6  DSC curves of the AP decomposition in the absence and 
presence of  NixCo1−x  Fe2O4 (x = 0, 0.05, and 1) ferrite at a 2% mass 
basis: a pure AP, b AP + CoF, c AP + NiF, d AP + NiCoF-cer, e 
AP + NiCoF-gr, f AP + NiCoF-mic and e AP + NiCoF-gl

Table 3  Data of the AP decomposition in the absence and presence 
of 2 mass%  NixCo1−xFe2O4 (x = 0, 0.05, and 1) ferrites. PT, LT, and 
HT represent crystallographic transition endothermic peak tempera-
ture, low-temperature decomposition, and high-temperature decom-
position (HT), respectively

Sample PT peak/K LT peak/K HT peak/K

Pure AP 518.1 610.1 742.2
AP + CoF 518.2 588.2 730.3
AP + NiF 517.9 583.1 724.2
AP + NiCoF-cer 518.1 572.4 692.1
AP + NiCoF-gr 517.9 548.3 671.2
AP + NiCoF-mic 518.2 542.2 641.3
AP + NiCoF-gl 518.1 533.3 623.1
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mass% of the investigated ferrites
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Defining the most possible reaction model: g(α) 
function

To determine the most probable reaction models g(α), the 
following equation is used

h(x) is the fourth Senum and Yang approximation formula 
[55] and x = Ea∕RT .

From the slope values of plotting ln g(α) versus lnβ, 
g(α) function can be determined, where the slope of the 
straight line obtained from the linear correlation coefficient 
R2 should be equal to unity. From our data, the obtained 
results listed in Table 6 showed that A1 and D1 are the most 

(14)ln g(�) =

[

ln
AEa

R
+ ln

e−x

x2
+ ln h(x)

]

− ln �
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Fig. 8  Thermal decomposition of Ammonium perchlorate with 
NiCoF-gl sample at different heating rates
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probable mechanisms for the catalyzed reaction at LT and 
HT, respectively.

Establishment of reaction mechanisms

In order to find the kinetic model of thermal decomposi-
tion, the Coats–Redfern method [59] was also applied as it 
involves the degradation mechanisms, as seen in Eq. (12). 
The kinetic parameters (Ea and lnA) corresponding to each 
reaction function g(α) are obtained from the plotting of 
ln(g(α)/T2) versus 1/T. The calculated kinetic parameters (Ea 
and ln A) for all the kinetic models are recorded in Table 7. 
Then, they compare with that previously obtained using the 
four model-free methods. The catalytic thermal decompo-
sition reaction mechanism should be established when the 
average of the kinetic parameters based on the Coats–Red-
fern method is the closest to that of model-free methods 
[70]. The model-fitting results recorded in Table 7 confirm 
that A1 and D1 are the most probable mechanisms for the 
catalyzed reaction at LT and HT. Both  A1 and  D1 models 
have good fitting linearity and the highest R2-values. This 
result agrees well with those obtained from the model-free 
methods.

Proposed mechanism of the catalytic effect

The thermal decomposition mechanism of ammonium per-
chlorate is not so far completely known due to its complex 
solid–gas multiphase reaction process. However, our results 
refer to that the decomposition mechanism of AP goes along 
two paths: an ionic reaction (at lower temperatures) and a 
radical reaction (at higher temperatures), which agree well 
with that reported by others [71–77]. The ionic reaction 
occurring at lower temperatures is attributed to that the AP 
is a classic dielectric material; thus, at lower temperatures, 
the probability of the decomposition process via electron 
transfer is very low. At the LTD, nuclei formation processes 
occur on the surface of the catalyst which causes the reaction 

to be controlled by the crystal shape and mobility of the gas 
phase. Therefore, the nucleation model (A1) was employed 
for describing the random nucleation processes as a reac-
tion model in the LTD state. Based on the ionic reaction, it 
is suggested that the thermal decomposition of ammonium 
perchlorate initiations through a proton transmission from 
 NH4

+ to  ClO4− (Eq. 15) form some intermediated including 
 NH3 and  HClO4

This is followed by several reactions occurring at higher 
temperatures.

In the HTD state, the D1 model was found to be the suit-
able reaction model, because it offers the best fit for the 
experimental data, as given in Tables 5–7. The adsorption 
of gaseous products on the AP crystal surfaces is a reaction-
limiting factor of AP that delays the diffusion of the gaseous 
products from the reaction sites. Moreover, the diffusion is 
also impeded by the crystal lattice of AP, through which 
gaseous products should pass.

The radical reaction suggests that the decomposition 
beginning by electron transfer from anion to cation accord-
ing to the following equation:

When the ions come nearer to each other, the electrons can 
be transferred and the ion which is situated in interstices 
can accept the electron. Accordingly, the catalytic influence 
of spinel nanoparticles can be attributed to the principle 
that the ferrite sample is a p-type semiconductor, it exhibits 
active sites (positive holes on the surface of the catalyst) to 
receive liberated electron and abstract atomic oxygen from 
 ClO4

−, according to the following equations:

where  h+
ferrite symbolizes a positive hole in the valence band 

of the ferrite and  Oferrite is an abstracted oxygen atom from 
ferrite.

Moreover, the investigated ferrite catalysts have an out-
ermost active not filled with electron d orbitals of  Co3+ 
 (3d6) and  Ni2+(3d8),  Fe3+  (3d5), which can simply accept 
the liberated electron from  ClO4

− to produce  Co2+  (3d7), 
 Ni+(3d9, less probable) and  Fe2+  (3d6) cations, the electron 
was migrated to the catalyst surface and at the same time 
contribute in the electron transfer process and speed it by 
immediate exposure to  NH4

+ and  ClO4
− according to sub-

sequent reactions:

(15)NH4ClO4 ↔ NH+
4
+ ClO−

4
↔ NH3(g) + HClO4(g)

(16)NH+
4
+ ClO−

4
→ NH4 + ClO4

(17)
h+
ferrite

+ ClO−
4
→ Oferrite + ClO−

3
→

1

2
O2 + h+

ferrite
+ ClO−

3

(18)Mn + ClO−
4
→ Mn−1 + ClO◦

4

Table 6  The shape of the most probable mechanism function g(α), 
slope, and the correlation coefficients of linear regression  R2 for cata-
lyzed thermal decomposition of AP by NiCoF-gl

Tem-
perature 
range/K

Mechanism g(a)-function Slope R2

420–540 A1  − ln(1 − α) − 1.005986 0.99997
420–540 A2 [− ln(1 − α)]1/2 − 1.18339 0.99979
420–540 A3 [− ln(1 − α)]1/3 − 1.19211 0.99916
420–540 A4 [− ln(1-α)]1/4 − 1.19222 0.99901
540–710 D1 α2  − 1.004231 0.99991
540–710 D2 � + (1 − �)ln(1 − �)  − 1.006251 0.99981
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where M represents the cations present in the spinel.
This means that synergistic effects are possible to hap-

pen between the different oxidation states of the cations, 
which causes the formation of the active sites that aid in 
progressing the catalytic process. Moreover, because of the 
large specific surface area of the mesoporous investigated 
ferrites, the decomposed intermediate produced in the gase-
ous phase of ammonium perchlorate can be simply adsorbed 
on the surface of ferrite nanoparticles. Therefore, the addi-
tion of ferrite nanoparticles to ammonium perchlorate mol-
ecules can spread the contact area of the catalytic reaction, 

(19)Mn−1 + NH+
4
→ Mn + NH◦

4
amplify the active site numbers, which upgrades the thermal 
decomposition rate of ammonium perchlorate. According to 
that the NiCoF-gl nanoparticles, which exhibit the highest 
surface area of all the investigated ferrites, demonstrate the 
highest catalytic activity than other ferrites.

Thermodynamic parameters

Based on the average activation energy E and the pre-expo-
nential factor A calculated from Eqs. 8 and 9, respectively, 
through using the most probable g(α) function obtained, the 
activation thermodynamic parameters, ΔS≠, ΔH≠, ΔG≠, for 

Table 7  Kinetic parameters 
calculated using Coats–Redfern 
method for different g(α) 
function for catalytic thermal 
decomposition of AP by 
NiCoF-gel at a heating rate of 
10 K  min−1

g(α) Lower temperatures Higher temperatures

Ea/kJ  mol−1 A ×  10−4/min−1 R2 Ea/kJ  mol−1 A ×  10−4/min−1 R2

F1/3 76.2 1.5 0.9453 115.7 6.2 0.9783
F3/4 73.5 1.4 0.9672 110.6 6.2 0.9634
F3/2 71.4 1.4 0.9661 104.9 6.1 0.9543
F2 69.1 1.3 0.9612 102.4 6.1 0.9632
F3 65.4 1.2 0.9432 99.6 6.0 0.9543
P3/2 85.1 1.9 0.9441 131.3 6.7 0.9666
P1/2 61.8 1.2 0.9673 97.5 5.9 0.9554
P1/3 63.1 1.2 0.9553 95.5 5.9 0.9432
P1/4 66.5 1.3 0.9612 99.8 5.0 0.9341
E1 59.8 1.1 0.9312 97.2 6.0 0.9531
A1 87.4 1.6 0.9961 126.6 6.7 0.9653
A2 84.2 1.8 0.9561 127.7 6.5 0.9634
A3 77.2 1.5 0.9782 129.2 6.5 0.9543
A4 75.3 1.4 0.9653 135.9 6.7 0.9555
Au 71.1 1.3 0.9732 138.1 6.8 0.9623
R1, F0, P1 83.0 1.7 0.9543 142.2 6.9 0.9342
R2, F1/2 84.1 1.8 0.9442 136.5 6.7 0.9633
R3, F2/3 83.9 1.8 0.9543 131.4 6.6 0.9654
D1 86.1 1.8 0.9342 123.5 6.4 0.9983
D2 86.9 1.9 0.9432 122.3 6.4 0.9734
D3 88.6 1.9 0.9621 128.9 6.6 0.9834
D4 87.5 1.9 0.0534 134.5 6.7 0.9734
D5 84.2 1.8 0.9331 131.7 6.6 0.9654
D6 85.8 1.8 0.9432 136.2 6.7 0.9432
D7 85.5 1.8 0.9532 139.5 6.8 0.9621
D8 84.9 1.8 0.9342 140.5 6.8 0.9565
G1 86.5 1.8 0.9433 127.3 6.5 0.9664
G2 83.1 1.7 0.9312 123.4 6.4 0.9452
G3 84.1 1.8 0.9379 125.2 6.5 0.9613
G4 82.2 1.7 0.9453 120.3 6.4 0.9723
G5 84.6 1.8 0.9389 126.8 6.5 0.9723
G6 85.7 1.9 0.9452 131.0 6.6 0.9662
G7 88.8 1.9 0.9634 137.6 6.7 0.9668
G8 91.4 2.0 0.9543 143.2 6.8 0.9665
B1 86.6 1.8 0.9634 140.6 6.8 0.9771
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the formation of the activated complex were calculated by 
using Eqs. 20–22.

The change of the entropy is calculated according to the 
formula:

where R is the gas constant, e is the Neper number; kB and 
h are the Boltzmann and Planck constants, respectively, Tp 
is the peak temperature of TG curve and ΔS≠ is the activa-
tion entropy.

The change in enthalpy ΔH≠ and Gibbs free energy ΔG≠ 
for the activated complex formation from the reagents were 
evaluated using the well-known thermodynamical equations:

The values of ΔS≠, ΔH≠, and ΔG≠ were computed at T = Tp 
(TP is the DTG peak temperature at the corresponding stage), 
because this temperature symbolizes the highest rate of the 
decomposition process, and thus, is its important param-
eter. The results gained are listed in Table 8, in which all 
the thermodynamic parameters obtained (ΔS≠, ΔH≠, and 
ΔG≠) are positive, except ΔS# for the thermal decomposi-
tion at lower temperatures. This indicates that the thermal 
decomposition of the catalyzed ammonium perchlorate is a 
fast-nonspontaneous decomposition process and its initia-
tion required the introduction of heat. The ΔG≠ is a positive 
value, which approves that the decomposition process will 
not be started spontaneously. The value of activation entropy 
(ΔS≠) is a negative value for the first decomposition step 
and positive for the second decomposition step. This refers 
to a decrease in the randomness or disorder of the system 
when the activation of the molecules occurs at the lower 
temperatures and an increase in the randomness disorder of 
the activated molecules at the higher temperatures.

Conclusions

The  NixCo1−xFe2O4[x = 0, 0.5, and 1] ferrite nanoparticles 
were synthesized via the ceramic procedure, whereas the 
 Ni0.5Co0.5Fe2O4 was synthesized by green, microwave, 
and sol–gel method beside the ceramic route. The struc-
ture of the synthesized catalysts was studied by XRD, FT‐
IR spectroscopy, nitrogen adsorption/desorption, SEM, 
and TEM analyses. The results showed the absence of 
any impurity in the synthesized nanoparticles with high 
surface area increases in the order NiCoF-gl > NiCoF-
gr > NiCoF-micr > NiCoF-cer > NiF > CoF. The impact of 

(20)ΔS≠ = R ln
Ah

ekBTp

(21)ΔH≠ = E − RTp

(22)ΔG≠ = ΔH≠ − TpΔS
≠

the synthesized catalyst on the thermal decomposition of 
ammonium perchlorate was investigated by using TGA and 
DSC techniques. The neat AP was found to decompose in 
two stages. The prepared ferrites showed a catalytic effect on 
AP with an efficiency increases with increasing the surface 
area. The  Ni0.5Co0.5Fe2O4 sample with the highest surface 
area of 102.34  m2  g−1 shifted the high thermal decompo-
sition stage to a lower temperature of about 162 K. The 
DSC-results showed that the introduction of ferrite NPs has 
noticeably lowered the thermal decomposition temperature 
and increased the energy released by the AP/ferrite mixtures 
to be 0.82, 0.89, 0.91, 0.98, 1.04 and 1.23 kJ  g−1, for CoF, 
NiF, NiCo-cer, NiCo-gr, NiCo-mic, and NiCo-gl, respec-
tively, compared to 0.72 kJ  g−1 for neat AP. The kinetic 
parameters of the thermal decomposition steps were deter-
mined by using the non-isothermal method for NiCoF-gl 
(highest catalytic activity and highest surface area). Several 
calculation methods have been applied and showed that the 
synthesized catalysts reduced the activation energy value to 
about 68–79 kJ  mol−1

, depending on the calculation method 
and the type of catalyst. The mechanism of thermal decom-
position of AP with ferrites was proposed to be A1 (random 
nucleation) for the lower decomposition process and D1 
(one-dimensional diffusion) for the higher decomposition 
temperature. The activation energy, pre-exponential factor, 
and the changes of activated entropy, enthalpy, and Gibbs 
free energy for the first step catalyzed reaction with NiCoF-
gl were evaluated and found to be 82.5 kJ  mol−1, 1.6 ×  104  m
in−1, − 178.4 J  mol−1  K−1, 86.0 kJ  mol−1 and 181.6 kJ  mol−1, 
respectively; and for the higher decomposition step is 
122.5 kJ  mol−1, 6.4 ×  1014  min−1, 155.4 J  mol−1  K−1, 117.4, 
and 116.1 kJ  mol−1, respectively. In summary, the results 
recommend that the as-prepared NiCoF-gl possesses sig-
nificant catalytic effects on the thermal decomposition of 
ammonium perchlorate, which can be utilized as a promising 
additive for increasing the burning rate.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10973- 021- 11112-7.

Table 8  Thermokinetic parameters obtained for the catalyzed thermal 
decomposition of AP by NiCoF-gl using the most probable mecha-
nism function A1 at lower temperatures and D1 at higher temperatures

Parameters Lower temperatures Higher temperatures

E/kJ  mol−1 88.2 122.5
A/min−1 1.6 ×  104 6.4 ×  1014

ΔS#/kJ  mol−1  − 178.4 155.4
ΔH#/kJ  mol−1 86.0 117.4
ΔG#/kJ  mol−1 181.6 116.1

https://doi.org/10.1007/s10973-021-11112-7
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