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ABSTRACT: This work reports synthesis and catalytic effect of cobalt copper zinc

ferrite (CoCuZnFe,0,) on the thermal decomposition of ammonium nitrate (AN).
AN is a crystalline hygroscopic powder widely applicable as an oxidizer in the
propellant formulations for high energetic materials but requires improvement in its

thermal decomposition characteristics. Nanocatalyst spinel ferrite CoCuZnFe,O, was Fa .":,&‘; § ‘

prepared using the coprecipitation method and characterized by various iy ",\;i;"'o 30 pre—
physicochemical instrumental techniques like XRD, FE-SEM, UV—vis, Raman, and %‘iéf ]

TG-DSC. Catalytic study of AN in the presence of nano-CoCuZnFe,O, was & ] Ownepain
investigated using DSC analysis. The Raman and XRD study confirm the formation ‘ \\\““i\f\ N
of ferrite with a crystalline size 9—22 nm. TG suggests that the catalyst was thermally 9\\»\“;\&7 T

stable up to 400 °C with ~10% mass loss. The UV—vis study shows that the optical
band gap energy of CoCuZnFe,0, was 2.6 eV, which may help in fast acceleration of

“ Catalyst for Rocket ’
Propulsion Formulations "\

electrons during thermolysis of AN, making the thermal decomposition of AN more

favorable in the presence of CoCuZnFe,0,. The thermal decomposition investigation

suggests that the activation energy of AN thermolysis in the presence of 2 wt % CoCuZnFe,O, was decreased by ~37%. It is
concluded that CoCuZnFe,0, can be used as an efficient catalyst for improving AN’s thermal characteristics.

1. INTRODUCTION

Propellant oxidizers are widely used in energetic materials that
provide a large amount of oxygen to thrust the device, mainly
rockets and missiles for military purposes.'* Moreover, these
oxidizers are organic or inorganic substances, and contain
chemical energy that is stored in their propulsion formulation,
which produces huge gaseous products with a large amount of
heat upon their decomposition process. These highly energetic
formulations are used as propellants, pyrotechnics, or
explosives.””” Ammonium nitrate (NH,NO; or AN) based
propellants are widely used because of their efficient energetic
characteristic.'*~"*

For energetic purposes, to improve essential properties such
as reduction in thermal decomposition temperature, increase
thermal decomposition rate, and sensitivity to external stimuli
of propellant oxidizers like ammonium perchlorate (AP),
1,3,5,7-tetranitro-1,3,5,7-tetrazocane (HMX), 1,3,5-trinitro-
1,3,5-triazine (RDX), nitrotriazolone (NTO), and AN, a
nanosized additive or catalysts are added."”™" Investigations
in previous studies indicated that in the presence of the
nanosize catalyst, the thermal decomposition of AN is
enhanced because of the decreased size of the catalyst and
the large surface area available for absorption, which enhances
the percentage of thermal decomposition of AN.'*™'® The
addition of catalysts like nanometals, nanometal oxides, metal
alloys, acids, and organic and inorganic salts on the thermal
behavior and thermal safety of AN have been largely
investigated.'”~*' The thermal stability of AN under different
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heating rates, gas flow rates, and masses taken during analysis
of AN + nanocatalyst is very interesting, and it is an important
point to evaluate the studies based on AN thermolysis.”>**
Various nanosize ferrites are successfully utilized to improve
the thermal decomposition of propellants. Ferrites have a
general formula of MFe,O,, where M generally represents
metals such as Co**, Cu®*, Zn*', etc. Ferrites find applications
in a wide range of applications such as gas sensing,
photocatalytic degradation, organic synthesis, and magnetic
hyperthermia, etc. The ferrites are widely explored for their
catalytic effect on the degradation of organic compounds,
where the optical band gap of the ferrites widely influences
their catalytic efficiency and which is affected by substitution
with different metal ions in the ferrite system.”*~** Spinel
ferrite has two interstitial sites, tetrahedral and octahedral, in
its crystal structure, that may support a wide variety of cations,
allowing ferrites to have a wide range of characteristics. Other
divalent metal ions can be substituted for M, resulting in a
variety of spinel ferrites.”” " Previous literature has suggested
that AI** substitution in cobalt ferrite nanoparticles alters the
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electromagnetic characteristics of CoFe,O, which can be a
potential candidate for microwave and power devices
applications.”> Substitution of Zn in MgFe,O, increases the
resistivity and the magnetic property decreases.”> The
semiconducting behavior of the samples becomes a trend
after Cr’* substitution. Substitution of Cr’* ions in the nickel—
zinc ferrite system shows increasing resistivity, which allows
the prepared samples to be used in higher frequency ranging
systems.’* In addition to improving the activation energy and
thermal decomposition of propellants, the ferrites are easily
separated from the propellants using an external magnet. Many
synthetic procedures, such as sol—gel, the hydrothermal
method, and the coprecipitation method, etc., are utilized for
the synthesis of ferrite nanoparticles.”””***>* Among these
methods, the coprecipitation method is widely utilized because
of its lower energy consumption, generation of fewer
hazardous byproducts during the synthesis, simplicity of the
method, and ease of availability of raw chemicals.

In the present article, the authors are reporting for the first
time the effect of cobalt copper zinc ferrite (CoCuZnFe,0,)
on the thermal decomposition of AN. CoCuZnFe,O, nano-
particles were synthesized using the coprecipitation method
and its physicochemical properties were characterized
accordingly. The effect of CoCuZnFe,O, nanocatalyst on the
thermal decomposition of ammonium nitrate (AN) was
investigated using TG-DSC-DTA thermal treatments, and
the data were used for the calculation of the activation energy
of AN with and without nanocatalyst CoCuZnFe,O, using the
Arrhenius relation.

2. COBALT COPPER ZINC FERRITE

2.1. Material Design. All the chemicals used were of
analytical grade without further purification and available from
commercial sources: cobalt(II)nitrate hexahydrate [Co-
(NO,),.6H,0, 99%], copper(Il)nitrate trihydrate [Cu-
(NO;),.3H,0, 95%], zinc(Il)nitrate hexahydrate [Zn-
(NO,),.6H,0, 99%], ferric(Ill)nitrate nonahydrate [Fe-
(NO;);.9H,0, 98%], and sodium hydroxide (NaOH).
Laboratory-setup triple distilled water was used as a solvent.
Ammonium nitrate (AN) was provided by National Chem-
icals. General tools for preparation such as magnetic stirrer,
volumetric glass wares, filtration unit, oven, and tube furnace
were purchased through grant number SR/NM/NT-1014/
2016 (G) which was available from the Department of Science
and Technology (DST), New Delhi, India.

2.2. Preparation of Nanocatalyst Cobalt Copper Zinc
Ferrite. Cobalt copper zinc ferrite powder was synthesized by
coprecipitation method* ™ in which stoichiometric amounts
of the hydrated form of cobalt nitrate, copper nitrate, and ferric
nitrate were dissolved in triple distilled water. Into this mixture,
2 M sodium hydroxide solution prepared in triple distilled
water was added dropwise and allowed to react with it under
vigorous stirring. The mixture was allowed to stir for some
time until complete precipitation, and a pH ~ 12 was noted.
The product obtained was washed with repeated hot triple
distilled water until free from salt impurities, vacuum filtered,
then washed with hot water to remove nitrate impurities, dried
in an oven at 70 °C, and then calcinated at 350 °C for 4 h. The
final product obtained was a crystalline powder of metal spinel
ferrite CoCuZnFe,O, which was further characterized by
XRD, UV-—visible, Raman, FE-SEM, and TG-DSC analyses.
Moreover, its catalytic performance was investigated by
applying to ammonium nitrate (AN) to study its effect on

thermal decomposition of ammonium nitrate. For that study,
the catalyst (CoCuZnFe,0,) and propellant oxidizer (AN)
were mechanically mixed at a mass ratio of 2:98.

2.3. Physico-chemical Measurements. Powder XRD
analysis of the spinel ferrite CoCuZnFe,O, was performed on
Ultima-IV X-ray diffractometer at 40 mA and 40 kV in the 260
range of 10° to 80° using Cu Ka radiation having a wavelength
of 1.5406 A. The obtained pattern was evaluated by Powder-X
and X’-pert HighScore plus software. Optical properties like
absorbance and energy band gap of spinel ferrite CoCuZn-
Fe,0, were measured on Shimadzu UV-1800, UV (ultra-
violet)-visible spectrophotometer and recorded in the range
200 nm —800 nm. The Raman spectra were measured by
micro-Raman STR 500 having an excitation source of 532 nm
at room temperature and ambient pressure and recorded in the
range of 50 cm™' to 1700 cm™" wavenumbers. FE-SEM (field
emission scanning electron microscope) was used to determine
the morphology of pure AN and spinel ferrite CoCuZnFe,O,
and this was captured on a Nova nano FEG (field emission
gun)-SEM 450 equipment. TG-DSC analysis of spinel ferrite
CoCuZnFe,0, was performed on a TA/SDT-2790 using a
DSC-60, and thermographs were recorded of the samples in an
aluminum pan in inert nitrogen atmosphere in the range of
ambient to 800 °C. However, the catalytic study of
CoCuZnFe,0, on the thermolysis of AN was measured on
TA, Q600-SDT instrument in which simultaneous TG-DSC-
DTA measurements were done in the range of room
temperature to 400 °C at S, 10, and 15 °C/min heating rates.

3. RESULTS AND DISCUSSION

3.1. Diffraction Analysis. A typical XRD pattern of the
prepared nanocrystal spinel ferrite CoCuZnFe,O, is shown in
Figure 1 and compared with candidate no. 01-077-0012; the
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Figure 1. Powder XRD of nanocatalyst CoCuZnFe,O, (spinel
ferrite).

peak indexing is provided in Figure S1 (supplementary file).
The CoCuZnFe,O, has nanoparticles with crystalline size
found to vary in the range 9 to 22 nm revealing its degree of
crystallinity. This crystalline size was evaluated by Scherrer
formula (eq 1).**7* Powder XRD of CoCuZnFe,0, has peaks
at 20 values of 18.5° 30.3° 35.6° 38.7°, 43.4°, 53.8°, 57.3°,
and 62.9° with corresponding lattice planes (111), (220),
(311), (222), (400), (422), (S11), and (440), respec-
tively.” ~° The average crystalline size of CoCuZnF was
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Figure 2. UV—vis spectrum of nano-CoCuZnFe,0,: (A) Optical absorbance and (B) Tauc’s plot.

13.68 nm, confirming the nanosize of the CoCuZnF particles.
Here, spinel ferrite CoCuZnFe,O, synthesized via the
coprecipitation method has cubic and cubic crystal symmetry.
These forms were confirmed by its lattice parameters such as
for the cubic phase, it should have crystal axis a = b = ¢ and
crystal angle a = # = y = 90°, while for the tetragonal phase, it
should have crystal axis a = b # c and crystal angle a = f =y =
90°. Unit cell parameters such as lattice constant (a = b = ¢),
and X-ray density (X;) were calculated by using eqs 2 and 3,
respectively. Lattice-strain (&) was calculated by using the
relation € = § cos 6/4. Unit cell volume (V) can be given by V
= a’. The % porosity (%P) of CoCuZnFe,0, was calculated by
%P = 1 — (bulk density/X-ray density) X 100. The dislocation
density (5) was calculated by § = 1/D? lines/m?, where D is
the crystalline size.

D = Ki cos 0
(1)
_ a
(B + K + P)V? )
8M
X, = —
d Na® 3)

where A is the wavelength of X-ray used (1.5406 A), D is the
crystallite size, K is the crystallite shape factor which is taken as
0.9 in this case considering the particles to be spherical in
general. B is full width at half maxima of the XRD peak
belonging to 311 plane, a is the lattice parameter (cm) and
(hkl) are Miller indices. X4 is X-ray density, d is interplanar
spacing, M is molecular weight of sample, and N is Avogadro’s
number. The cell parameter, lattice strain, X-ray density, cell
volume, dislocation density, and porosity of CoCuZnFe,O,
was found to be 8.36 A, 0.00139, 5.17 g/cm?, 584.28 A3, 1.11
X 10" lines/m? and 30.37%, respectively. The results were
close to that of reported for other ferrites such as Mg-
substituted ZnFe,0,, MgFe,0,, and ZnFe,0,. However, the
results were closer to ZnFe,O, system more than to MgFe,O,
owing to the presence of Zn** ion in the former.**™*°

3.2. Optical Analysis. The optical properties of the
prepared cobalt copper zinc ferrite nanoparticles were
determined using UV—vis spectroscopy. In the electromagnetic
spectrum, ions, atoms, or molecules undergo electronic
transitions from the ground to excited state or excitation of
electrons from the valence band (oxides-2p orbital) to the
conductance band (iron, Fe-3d orbital) released absorption

spectrum in the range of 200 nm —800 nm UV-—vis light
wavelength. The optical absorbance and energy band gap result
was shown in Figure 2 panels (A) and (B), respectively. The
broad spectrum of spinel ferrite CoCuZnFe,O, nanoparticles
was depicted and the absorbance peak found at ~300 nm
wavelength indicates the presence of nanosized particles and
the formation of ferrite. Moreover, the direct transition band
gap energy was estimated from the intercept of (ahv)* versus
hv using Tauc’s relation”’ ™" and it can be influenced by the
presence of impurities, and structural properties like particle
size, lattice parameters, and many more.”" >> The Tauc’s
relation is

(ahv)* = A(ho — E,) (4)

where Planck’s constant (k) is 4.136 X 107'° eVsec, the
velocity of light (c) is 3 X 10" nm/sec, A is absorbance
wavelength, a is absorption coeflicient, E, is the energy band
gap, and A is a proportionality constant. The plot of (ahv)?
against photon energy (hv) has a curvature line for which an
extrapolated straight line to x-axis gives the value of the
indirect optical energy gap (E,).

Here, the band gap energy (E,) of CoCuZnFe,O, was 2.6
eV (Figure 2(B)). This revealed that electron density in the
conductance band was increased; thus, its lower E, value helps
in the fast movement of electron transition during the thermal
decomposition study of ammonium nitrate. The band gap
energy was close to that reported by Jadhav et al. for NiFe,O,
26.6 nm (2.59 eV)** and 14 nm (2.26 eV).”

3.3. Molecular Polarization. Raman spectroscopy helps
to determine structural changes in the chemical species due to
polarization of molecules, and it depends on mass and bond
strength of the molecule. If molecules have higher mass and a
longer bond, Raman peaks shift to the higher wavenumbers
(red shift) and vice versa. In this study, we have monitored the
effect of the synthesized nanocatalyst cobalt copper zinc ferrite
(CoCuZnFe,0,) on the Raman spectrum of ammonium
nitrate. Their Raman spectra were displayed in Figure 3.

Spinel ferrite CoCuZnFe,O, has octahedral and tetrahedral
sites in which Ay, E,, and 3T, are Raman active modes that
are responsible for molecular vibrations. Bands were found in
the range of 200 cm™'—1200 cm™" Raman shift. The bending
vibration of the metal—oxygen bond occurred at the octahedral
site < 650 cm™, and the symmetric stretching vibration of the
metal—oxygen bond occurred at the tetrahedral site > 650
cm™!. In these sites, Ay, and E, molecular vibrations occurred

g
between 450 cm™' and 630 cm™' Raman shift, while 3Ty,
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Figure 3. Comparative Raman spectra of AN, CoCuZnFe,0,, and
AN + CoCuZnFe,0,.

molecular vibration occurred between 700 cm™' and 1000
cm™' Raman shift (Figure 3). Moreover, a lower region Raman
shift was found due to translation movement of the metal—
oxygen bond at the tetrahedral site.””*

Ammonium nitrate (AN) has Raman active modes in the
range S0 cm™ to 1600 cm™" in which a lower frequency mode
(<200 cm™") was assigned to crystallographic transformation
of enantiotropic phases of AN while moderate frequency
modes (250 cm™ to 800 cm™') were assigned to molecular
vibrations of orientation disorder of cations and anions of N—
O bond of nitrate group (NO;~) and higher frequency modes
(<800 cm™") were assigned to heteroionic coupling effect of
ammonium ion (NH,*) and nitrate ion (NO;”). The intense
peaks observed at ~480 cm™' Raman shift correspond to N—O
and N—H bending vibrations, while the characteristic peak of
AN at ~1050 cm™ Raman shift corresponds to NO;~
symmetric vibration.>>">" It was observed that at room
temperature and ambient pressure in the presence of a
nanocatalyst ternary spinel ferrite CoCuZnFe,O, shifted bands
as observed due to molecular bonding polarization with
ammonium nitrate, which resulted in increasing the character-
istic peak intensity of AN. However, the blue shift in AN
+CoCuZnFe,0, observed indicates the size effect of nano-
ferrite. Moreover, the increment of smaller bands in the region
of 1300 cm™" to 1600 cm ™" was assigned to specific interaction
of the heteromolecular deformation of NH," and NO;~ due to
presence of nanosized CoCuZnFe,0,.

3.4. Morphology. The morphology of ammonium nitrate
(AN) and CoCuZnFe,0, was shown in Figure 4-A and Figure
4-B, respectively. The SEM micrographs of AN showed a
rough surface looking like a honeycomb structure while
CoCuZnFe,0, nanoparticles have a polyhedron shape with

Figure 4. FE-SEM images of (A) AN and (B) nanocatalyst
CoCuZnFe,0,.

some agglomerations. The average particle size of CoCuZn-
Fe,O, was calculated using Image] software and it was ~11
nm.
3.5. TG-DSC Analysis. The thermal decomposition
analysis of spinel ferrite CoCuZnFe,O, was shown in Figure
S. Tritransition metal ferrite has endothermic gravimetric
thermal decomposition with a weight loss of ~20% (Figure
5(A)). This result was also correlated with DSC analysis
(Figure S(B)). Decomposition steps included desorption of
water molecules (<150 °C) having an exothermic phase, and
the presence of organic impurities or formation of metal oxides
(200 to 700 °C) has an endothermic phase. This synthesized
nanocatalyst CoCuZnFe,0O, showed thermal stability with the
least weight loss.

3.6. Thermal Decomposition of AN without Nano-
catalyst. Figure 6 depicts the typical DSC curve for pure
ammonium nitrate over the temperature range from 50 to 420
°C and atmospheric pressure, within which few thermal steps
are observed. In this curve, five endothermic peaks were
produced in the heating process of AN. Due to enantiotropic
phase changes from orthorhombic to tetragonal and tetragonal
to cubic, the first three distinct broad peaks are found at 60 °C,
90 °C, and 127 °C, respectively. The melting point of AN was
assigned to the fourth endothermic peak, which was discovered
at 170 °C. After this phase, the decomposition of liquid AN
starts and results in gaseous products. The intense decom-
position peak of ammonium nitrate at 298 °C was assigned the
fifth endothermic phase. In an open system, gaseous products
like NH; HNO; N,O, and H,0 are created during the
thermal breakdown of ammonium nitrate. These gaseous
products can only be the chemical gases that are evacuated and
quickly cooled. Thus, the decomposition process is seen to be
endothermic.””>*

3.7. Thermal Decomposition of AN with Nanocatalyst
CoCuZnFe,0,. The effect of nanocatalyst CoCuZnFe,O, on
the DSC curve of ammonium nitrate (AN) thermal
decomposition was studied in a nitrogen atmosphere, and it
was observed that the CoCuZnFe,O, spinel ferrite has a
significant effect on the rate of AN decomposition, as shown in
Figure 7. Furthermore, as the heating rate of AN+CoCuZn-
Fe,O, changed from 5, 10, and 15 °C/min during thermal
treatment, the decomposition curve shifted to a higher
temperature.

The DSC curve of AN+CoCuZnFe,0, exhibits endothermic
peaks throughout thermal treatment that correspond to the
transformation of orthorhombic AN to tetragonal AN to cubic
AN, melting of AN, and decomposition of AN. This
mechanism of AN thermal decomposition into gaseous
products has received a lot of attention in the literature.”*®'
The complete decomposition of AN (NH,NO;) results in
gaseous products such as N,O, NO, NO,, H,0, and N,. In the
presence of nanocatalyst CoCuZnFe,O, improved electron
transformation of O, to O*~ during NH,NO, decomposition
or proton transfer reaction, which leads to the formation of
ammonia and nitric acid from the vaporized ammonium
nitrate, which can be further decomposed to HNO; and NH;,
and finally it helps in the subsequent oxidation of NH; that
produces gaseous products. Moreover, the presence of
CoCuZnFe,0, shifted the endothermic peaks to lower
temperatures (Figure 7) and it decreased the thermal
decomposition temperature peak of AN by 25 °C, which
showed its significant catalytic activity for lowering the thermal
decomposition temperature of ammonium nitrate. The

https://doi.org/10.1021/acsomega.2c04796
ACS Omega 2022, 7, 43784—43792


https://pubs.acs.org/doi/10.1021/acsomega.2c04796?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04796?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04796?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04796?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04796?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04796?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04796?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04796?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04796?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

Heat flow (mW/mg)

ACS Omega
95
(A)
88
9
£
2
281
74
40 220 400 580 760

Temperature (°C)

240 440 640

&
IS

(B)

N
o

&
G

Temperature (°C)
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Figure 7. DSC thermograph of AN in the presence of nanocatalyst
CoCuZnFe,Q, at §, 10, and 15 °C/min.

catalytic activity of CoCuZnFe,0, was further confirmed by
the decreased activation energy of ammonium nitrate in the
presence of a CoCuZnFe,0, spinel ferrite nanocatalyst. The
Arrhenius relation was used for the calculation of the activation
energy of ammonium nitrate in the presence of nanocatalyst
CoCuZnFe,0,. The DSC kinetics study was carried out at
three different heating rates (5, 10, and 15 °C/min).

43788

Moreover, thermal behavior of AN+CoCuZnFe,O, was
further explained by DTA-TG experiment. Figure 8 and 9
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Figure 8. TG thermograph of AN in the presence of nanocatalyst
CoCuZnFe,Q, at §, 10, and 15 °C/min.

show TG-DTA curves of AN in the presence of nanocatalyst
CoCuZnFe,0, in inert nitrogen atmosphere with S, 10, and 15
°C/min heating rates. One important peak in DTA thermo-
graph and one decomposition step in the TG thermograph
were observed. The TG thermograph revealed single stage
decomposition started after the melting point of AN (~170
°C), and it was obvious that the decomposition temperature
has a tiny variation with increasing the rate of heating. Total
weight loss observed between 97% to 99%, indicate that AN
decomposition was totally completed during the process of
thermolysis.

However, additional information from DTA analysis has
been incorporated to investigate the effects of analysis
parameters like electromotive force and temperature difference
on the thermal decomposition of AN with nanocatalyst
CoCuZnFe,0,. The information obtained from DTA analysis
was similar to that obtained from DSC analysis, but the only
difference was in the curve patterns that changed from unit
Watt to microvolt or Celsius, per milligram sample. The
differential thermal analysis (DTA) thermograph of AN
+CoCuZnFe,0, was represented in Figure 9, in which (A)
displayed the thermolysis of AN with nanocatalyst CoCuZn-
Fe,0, in terms of electromotive force difference while (B)
displayed thermolysis values in terms of temperature differ-
ences. In both cases, as heating rate increased, peak intensity
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Figure 9. DTA thermograph of AN in the presence of nanocatalyst
CoCuZnFe,0, at S, 10, and 15 °C/min (A) in 4V/mg unit and (B)
in °C/mg unit.

increased, and the curve shifted to higher values of V/mg or
°C/mg (y-axis) and, similarly, as the temperature of heating
increased, peaks shifted toward higher temperatures (x-axis).
The five endothermic phases observed have similar character-
istics as those discussed previously in the DSC thermograph of
AN. However, in the DTA curve, the first two endothermic
phase transition peaks appeared widened. This may have
occurred because of less difference in potential during thermal
treatment.

3.8. Thermo-Kinetic Approach. Thermo-kinetic param-
eters, mainly activation energy and Gibbs free energy of
activation, were calculated using the following relation of
heating rate and decomposition peak temperature.

E
e ]
RTP (5)
k= Ky Ty e (_AG¢]
h RT, (6)
p Ry E
In — = In— - —
p E  RT, (7)

In these equations, T, = decomposition peak temperature, k =
rate of reaction, A = constant that depends on the presence of
types of chemicals, E = the activation energy, Kz = Boltzmann
constant (1.381 X 1072 J/K), and h = Plank constant (6.626 X
107** J-s), R = universal gas constant (0.008314 kJ/K-mol), f
= heating rate of thermal treatment, and AG¥ = the activation

Gibbs free energy. The slope and intercept from the line plot
of In(p/ TZP) against 1/T, are used to obtain the activation
energy and pre-exponential factor, respectively. Pure AN
activation energy without catalyst was ~158 kJ/mol and AN
with nanocatalyst CoCuZnFe,O, was ~108 kJ/mol (Figure
10). This is a significant result because decomposition of AN

Thermo-Kinetic Plot

20 °
AN
15
£ 10
5 AN+CoCuZnFe,0,
0
100 120 140 160 180

Ea (kJ/mol)

Figure 10. Thermo-kinetic plot of AN with and without nano-
CoCuZnFe,0,.

in the presence of nano-CoCuZnFe,O, should be initiated
more quickly than the decomposition of pure AN. AG* had
positive values for pure AN (~129 kJ/mol) and for AN
+CoCuZnFe,0, (~91 kJ/mol), which means that the
decomposition of AN will not be initiated spontaneously.

3.9. Plausible Mechanism of Thermal Decomposition
of AN. According to the literature®” AN can decompose
according to reactions Rxnl—Rxn3 at high temperatures.
Ferrites at high temperatures can yield °OH which may
facilitate the decomposition, and as well, metal ions may
adsorb the gas released during the decomposition. NH; can be
oxidized by holes and HOe breaking the original NH; metal
ferrite adsorption equilibrium facilitating Rxn1—Rxn3.

NH,NO, = NH, + HNO, - NH; + °NO, + °OH

(Rxnl1)
NH, + °OH — H,0 + °NH, (Rxn2)
°NH, + °NO, —» NH,NO, —» N,O + 2H,0 (Rxn3)

4. CONCLUSIONS

The coprecipitation method can be effectively used for the
synthesis of 9—22 nm size particles of CoCuZnFe,O, with a
low optical band gap of 2.6 eV. The low band gap and nanosize
of CoCuZnFe,0, can facilitate the decomposition temperature
and kinetics of AN, which can directly influence the burning
rate of AN based solid propellants. In the presence of
CoCuZnFe,0,, the major thermal decomposition peak
temperature of AN was decreased by 27 °C with a mass loss
~97-99% suggesting completely decomposition of AN. The
activation energy of AN decreased from 158 to 108 kJ/mol in
the presence of CoCuZnFe,0,, confirming its catalytic activity.
The lower value of In A suggests faster thermal decomposition
of AN in the presence of catalyst compared to that of pure AN,
which could be used to provide thrust to an object within a
short span of time. The AN + 2 wt % CoCuZnFe,0,
composition can be used in solid rocket propellants as a
greener energetic composition compared to ammonium
perchlorate-based propellants.
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