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Abstract

Ferric oxide is used in a composite solid propellant as a ballistic modifier, Ni could offer highly catalytic performance
compared to ferric oxide due to partially filled d-shell to accept electron and a high magnetism to increase the mobility of
the electrons. This study reports on the facile fabrication of nickel and ferric oxide nanocluster of 10 nm, and 5 nm particle
sizes, respectively. Fabricated nanocluster were re-dispersed in organic solvent and effectively integrated into ammonium
perchlorate (AP). Elemental mapping confirmed uniform nanocluster particle dispersion into AP. The catalytic efficiency
of nickel was evaluated to Fe,O; nanocluster using DSC and TGA. AP demonstrated endothermic crystallographic phase
change at 242 °C, with subsequent two exothermic decomposition reactions. Nickel demonstrated decrease in endothermic
phase change by 49% compared with 39% for ferric oxide; this catalytic action indicate low activation energy. Whereas AP
demonstrated total heat release of 742 J/g; nickel offered enhanced heat output by 89% compared with 57% for ferric oxide.
The two main decomposition peaks were merged into single peak. Nickel nanocatalyst demonstrated decrease in AP activa-
tion energy by — 10% and — 12% using Kissinger and KAS models, respectively. This manuscript shaded the light on nickel
as novel emergent nanocatalyst with superior performance for advanced energetic systems.
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Introduction structure at 240 °C; this strong endothermic crystallographic

phase change could withstand high activation energy (Dil-

Ammonium perchlorates (AP), with active oxygen content
(34%), is the most frequent oxidizer in highly highly ener-
getic materials like propellants, explosives and pyrotech-
nics.(Conkling and Mocella 2012, Elbasuney et al. 2019,
Elbasuney et al. 2020). AP could decompose with the release
of free oxygen. AP exposes complex decomposition pro-
cess with phase transition from an orthorhombic to a cubic
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lier et al. 2020, Figueiredo and Bré6jo 2017, Jain et al. 2019,
Manash andKumar 2019, Meyer et al. 2007, Pang et al. 2020,
Tang et al. 2020). AP crystal lattice becomes unstable and
melts at 557 °C; therefore AP undergoes degradation along
with dissociative sublimation Below 100 K/min (Cai et al.
2008). While degradation reaction accounts for 70 wt%;
endothermic dissociative sublimation accounts for 30 wt%.
Dissociative sublimation results in the evolution of ammonia
(NH;) and per-chloric acid (HC1O,); ammonia-perchloric
acid expose luminous bluish flame with temperature up to
1300 K (See Fig. 1) (Arroyo et al. 2020; Dubey et al. 2013,
Ishitha andRamakrishna 2014, Sharma et al. 2015).
Combustion reactive species undergo a sequence of chain
reactions to form a premixed flame with final products i.e.
0,, NO, and N,O. It is considered that the AP deflagration
in the gas phase is a surface phenomenon that occurs concur-
rently with the condensed-phase breakdown. As a result, in
the current model, the condensed phase also has a shallow
reaction layer and a warmed zone (which includes the melt
layer and the AP deflagration zone). However the strong
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Fig. 1 Schematic for ammonium perchlorate combustion wave struc-
ture Adopted from Ref. (Cai et al. 2008)

endothermic crystallographic phase as well as endothermic
sublimation process could withstand high activation energy;
such endothermic processes could render high burning rate
regimes (Dillier et al. 2020; Tang et al. 2020). Catalyzed
combustion process can secure low activation energy; conse-
quently stable burning at high reaction rate could be accom-
plished (Budhwar et al. 2018; Sangtyani et al. 2019).

Recently much research was directed to nanocatalysts
which have the potential to enhance AP decomposition
(Elbasuney and El-Sayyad 2020, Elbasuney and Yehia 2019,
2020). In more details, Gaete et al. (2022) synthesized the
magnetite NPs (Fe;O0, NPs) and were functionalized with
two different amine derivative groups, tertiary amine and
quaternary amine. After that, they were investigate their role
in the thermal decomposition of AP. Additionally, Wang
et al. (2005) synthesized NiO NPs by solid-state reaction and
studying their catalytic activity in the thermal decomposition
of AP. The results indicating that, adding 2% of NiO NPs to
AP decreases the decomposition temperature by 93 °C and
increases the heat of decomposition from 590 to 1490 J g~ .
Finally, Zheng et al. (2014) conduct Cu (OH),- 2Cr(OH);
NPs and its accelerating effect and mechanism on thermal
decomposition of AP were investigated. The electron trans-
fer process plays a major role in the decrease of the onset
temperature of AP decomposition, while the nano-effect is
beneficial to easier enrichment of Cu ions on the surface of
Cu (OH), -2Cr(OH); NPs (Zheng et al. 2014).

Certain metal oxides ( i.e. ferric oxide) can catalyze AP
decomposition offering low activation energy (Elbasuney
and Yehia 2019). However transition metal particles can
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secure entirely different catalytic properties (Elbasuney
2018; Elbasuney et al. 2018). Transition metals with par-
tially filled d-shell electrons can experience: variable oxi-
dation state, co-ordination and multifunction capability,
and exothermic combustion (Yadav et al. 2020). Nanoscale
nickel, copper, and aluminum metals were reported to have
catalytic activity on AP decomposition. Whereas, AP dem-
onstrated decomposition enthalpy of 0.44 KJ/g; nanoscale
transition metals offered enhanced decomposition enthalpies
of 1.32 KJ/g, 1.2 KJ/g, and 0.9 KJ/g for nickel, copper, and
aluminum, respectively (Cai et al. 2008; Yadav et al. 2020).
Additionally, the decomposition mechanism was improved
(Conkling and Mocella 2012, Yadav et al. 2020, Zarko and
Gromov 2016).

This study reports on the facile fabrication of ferric
oxide and nickel nanoclusters, using hydrothermal process-
ing. Enhanced particle dispersion is obligatory to secure
prospected catalytic activity (Elbasuney 2014, 2015a,
b). Catalyst particles were developed and re-dispersed in
acetone. Colloidal particles were integrated into AP via
co-precipitation technique. Elemental mapping revealed
particle dispersion to the molecular level. Thermal behav-
ior of AP nanocomposites was evaluated using DSC and
TGA. AP demonstrated total heat release of 742 J/g. Nickel
NPs demonstrated decrease in endothermic phase change
by 49% compared with 39% for Fe,O; nanocluster. AP
demonstrated total heat release of 742 J/g. Nickel offered
enhanced heat output by 89% compared with 57% for ferric
oxide nanocluster. The two main exothermic decomposition
peaks were merged into one single peak. Additionally nickel
demonstrated decrease in main decomposition temperature
by 105 °C compared with 62 °C for ferric oxide NPs. Nickel
nanocatalyst demonstrated decrease in AP activation energy
by —10% and — 12% using Kissinger and KAS models
respectively.

Experimental
Synthesis of nanocatalysts

Fe,0, was synthesized by a continuous hydrothermal reactor
as a 0.05 M of ferric nitrate nonahydrate at a temperature
25 °C and pressure 240 bar with a flow rate 10 mL/min and
a water as a solvent at a temperature 350 °C and pressure
240 bar with a flow rate 20 mL/min. At the intersection of
the two streams inside the reactor, ferric oxide nanoparticles
grew continuously (Elbasuney 2015a, b, 2017). About 1| M
of nickel nitrate was added to 250 mL beaker, and the pH
was adjusted at 8.5, then 10 mL of hydrazine was added
drop by drop with mechanical stirring at a temperature 65
°C for 15 min. Black precipitate of nickel nanoparticles was
magnetic separated.
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Fig.2 Schematic diagram of Ni/AP nanocomposite development via co-precipitation method

Fig.3 TEM micrographs of synthesized ferric oxide (a, b) and nickel (c, d) nanocluster
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Fig.4 XRD patterns of prepared ferric oxide NPs (a), and nickel NPs
(b)

Nanocatalyst characterization

Morphology (size and shape) of ferric oxide and nickel NPs
was visualized using TEM (JEM-2100 F by Joel Corpora-
tion). The crystalline structure was investigated with XRD
(D8 advance by Burker Corporation). SEM (ZEISS SEM
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Fig. 5 SEM micrographs of dry Ni nanocluster
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EVO equipped with EDAX detector) was employed to assess
the dispersion of NPs into AP matrix, and the corresponding
elemental analysis.

Integration of nanocatalysts into AP matrix

Colloidal ferric oxide and nickel NPs were harvested from
their synthesis medium and re-dispersed in acetone using
ultrasonic probe homogenizer. The solvent is acetone to
AP while it is dissolved Ni or Fe,O; NPs dispersed under
sonication, adding dichloromethane as an anti-solvent to pre-
cipitate AP (Fig. 2). Morphology of AP nanocomposite was
investigated using SEM. Elemental mapping using EDAX
detector was adopted to assess the catalyst dispersion into
AP matrix.

Catalytic activity assessment

The potentials of developed nanocatalysts on AP thermal
behavior was assessed using DSC Q20 by TA, USA. The
tested sample was heated to 500 °C at 10 °C/min with a mass
1 mg, under inert gas flow (N, at 50 mL min~'). Thermal
behavior of AP nanocomposite was assessed using TGA (55
by TA, USA). The tested sample was heated to 500 °C at
10 °C with a mass 1 mg, under inert gas flow (N, at 50 mL
min~ ).

Decomposition kinetics of Ni/AP nanocomposite

Decomposition kinetic study of Ni/AP nanocomposite was
conducted via Kissinger and Kissinger—Akahira—Sunose
(KAS) models respectively. Kinetic decomposition of Ni/
AP nanocomposite was investigated using TGA at different

o
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Fig. 6 SEM micrographs of starting AP (a), AP nanocomposite (b)
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Fig.7 Elemental mapping of Ni/AP nanocomposite using EDAX detector
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(Eq. 1) (Elbasuney et al. 2021) i P ) = Const — 1.0008( - @)
T1.92 RTa
oi

Ea dIn(B/T}) 0

R d(1/T,)

Where E, is the activation energy, f is heating rate, T is
the decomposition temperature and R is universal gas con-
stant. Evaluation of activation energy (E,) can be accom-
plished by KAS model ( Eq. 2) (Akahira 1971; Elbasuney
et al. 2021).
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where a is the conversion rate, T is the decomposition
temperature, § heating rate, R is universal gas constant, and
E is the activation energy.



Brazilian Journal of Chemical Engineering (2023) 40:1077-1087

1083

100
(a)
80 AP
g 60)
=
= 40
2 ——2°C/min
0 .
20 SOClmm
w4 C/min
ol |[——5°Cmin
10 °Cimin
0 100 200 300 400 50
Temperature (°C)
120
100
(b)
— 8019 Ni/AP
S
-g, 60
>
= —— 10°C/min
41| —— 7°C/min
5°C/min
20 1| —— 3°C/min
—— 1°C/min .
0 T

T T T T T
100 200 300 400 500 600 700

o 4

Temperature (°C)

Fig. 10 TGA thermogram of AP (a), and Ni/AP nanocomposite (b)

Results and discussions

Bespoke catalyst particles can offer enhanced heat output
with low activation energy. At nanoscale, superior catalytic
performance could be accomplished; as high interfacial sur-
face area and reactivity could be accomplished.

Nanocatalyst characterization

TEM micrographs demonstrated high quality mono-dis-
persed Fe,O; nanocluster of 5 nm average particle size
(Fig. 3a, and b). Mono-dispersed nickel nanocluster of
10 nm were reported from TEM micrographs (Fig. 3 and d).

XRD pattern was used to identify crystal structure and
phase analysis. XRD pattern of ferric oxide nanocluster and
nickel nanocluster were illustrated in Fig. 4. Figure 4 (a)
show some of the distinctive peaks of ferric oxide nanoclus-
ter (JCPDS No. 33-0664). These peaks were appeared at 26
and diffraction planes of 24.15° (012), 33.17° (104), 35.70°
(110), 40.90° (113), 49.40° (024), 54.10° (116), 57.60°
(018), and 62.35° (300). This matches well with the unique
ferric oxide nanocrystal structure with a rhombohedral cen-
tered hexagonal phase that belonged to the space group of
R3c (Hua and Gengsheng 2009, Lassoued et al. 2017, Wang
et al. 2013).

Also, XRD peaks of Ni nanocluster appeared at 20
44.15°, 51.09° and 76.13° assigned to diffraction planes
of (111), (200), and (222), respectively as presented in
Fig. 4 (b). It is the characteristic XRD pattern of a face-
centered cubic (fcc) phase of Ni nanocluster without any
additional peaks, showing that the Ni NPs possess a single
fcc phase. The broad XRD peaks were suggestive of the
ultrafine nature of the prepared Ni nanocluster (Jayaseelan
et al. 2014; Wang et al. 2008). XRD patterns confirmed the
successful preparation of ferric oxide and nickel nanoclus-
ter. From the XRD data for both Ni and Fe,O; nanocluster,
we calculate the average crystallite size and was found to
be 13.2 nm for Ni, and 11.1 nm for Fe,O5; nanocluster by
applying Scherrer equation. It is necessary to compare the
results of TEM with XRD data for Ni, and Fe,O3 nano-
cluster, and the results were in the same line regarding
the size of the presented nanocluster after applying the
Scherrer equation. The TEM results agreed well with those
of XRD measurements for narrow grain size distributions
with smaller mean values.

SEM micrographs of dry nickel nanocluster were inves-
tigated with SEM. SEM micrographs demonstrated fine
porous aggregated material (Fig. 5). Ferric oxide nano-
cluster demonstrated similar tendency to aggregate with
drying process (File not represented).

Characterization AP nanocomposite

Morphology of AP nanocomposite was investigated with
SEM to starting AP. Whereas starting AP demonstrated
cubic particles of 150 um size (Fig. 6a); AP nanocomposite
demonstrated ultrafine particles of 5 pm size (Fig. 6b).

It can be concluded that the integration of colloidal parti-
cles into AP via anti-solvent technique offered uniform par-
ticles into AP matrix. Elemental mapping was performed to
verify catalyst particle dispersion. SEM micrographs of AP
nanocomposite revealed enhanced levels of nickel nanoclus-
ter dispersion into AP (Fig. 7). Integration of colloidal nano-
catalysts into AP matrix secured uniform particle dispersion
to the molecular level.

Thermal behavior of AP nanocomposite

The catalytic efficiency of nickel to ferric oxide nanoclus-
ter on AP thermal behavior was investigated using DSC.
Whereas, AP demonstrated endothermic crystallographic
phase change by 103 J/g; nickel nanocluster demonstrated
decrease in endothermic crystallographic phase change by
49% compared with 39% for ferric oxide. While AP dem-
onstrated total heat release of 742 J/g. Nickel nanocluster
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Fig. 11 Activation energy of AP -10.4
(a), and Ni/AP nanocomposite
(b) using Kissinger model -10.6 ®
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offered enhanced heat output by 89% compared with 57%
for ferric oxide nanocluster (Fig. 8).

The two main exothermic decomposition peaks were
merged into one single peak. Additionally nickel demon-
strated decrease in main decomposition temperature by 105
°C compared with 62 °C for ferric oxide NPs. The impact
of catalyst nanocluster on AP thermal behavior was further
evaluated using TGA. (Fig. 9a) show AP has a two decom-
position temperature at 298 °C which 30% partial decom-
position, and 70% complete decomposition occur at 458 °C,
Adding Ni nanocluster to AP merge two exothermic peaks
in one peak at 345 °C (Fig. 9c), while Fe,0; show decom-
position temperature at 390 °C (Fig. 9b) which is confirmed
with DSC results.
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Kinetic study of Ni/AP nanocomposite
Kinetic parameters via Kissinger model

Kissinger model is based on the highest decomposition peak
temperature obtained from the DTG thermogram (Fig. 10) as
shown for virgin AP (Fig. 10a), and for Ni/AP nanocompos-
ite as inhibited in Fig. 10b which matched with the previ-
ously published article (Elbasuney et al. 2021).

The activation energy of Ni/AP nanocomposite was
evaluated to AP; activation energy was obtained from the
slope of the straight line by plotting In (B/T?) versus (1/T)
at the five heating rates (Fig. 11).
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Table 1 Kinetic parameters of

. . o reacted Ni/AP nanocomposite AP
AP and Ni/AP nanocomposite
using KAS model Ea Log A r Ea Log A r
(kJ mol™ 1 s™h (kJ mol™ 1) s™hH
0.05 82.6 12.7 0.972 90 15 0.982
0.10 83.7 153 0.983 92 17 0.993
0.15 84.3 16.8 0.986 93 13 0.987
0.20 82.1 11.8 0.989 95 14 0.989
0.25 85.6 25.7 0.990 96 17 0.992
0.30 83.1 233 0.982 89 15 0.992
0.35 85.4 28.2 0.983 90 16 0.988
0.40 84.7 252 0.994 95 14 0.995
0.45 82.6 12.9 0.986 92 13 0.996
0.50 81.5 11.6 0.996 93 14 0.998
0.55 81.4 10.5 0.986 94 15 0.996
0.60 82 12.2 0.994 95 16 0.995
0.65 81.6 11.7 0.988 92 17 0.998
0.70 83.4 23 0.998 93 18 0.998
0.75 84 25 0.999 94 19 0.999
0.80 85.3 28.1 0.998 95 14 0.998
0.85 82.6 12 0.999 941 15 0.999
0.90 85.3 28.8 0.999 94 14 0.999
Mean 83.4 18.6 93.1 15.3
OHCIO, ONH: @ HO @ NO@NO @ HCI — inhibition of NH; gas

on the surface

low-temperature
reaction

Crystallographic
transmon

Temperature rising @

240°C

Pure AP HCIO4 escaping
from the surface

Fig. 12 Catalytic mechanism of AP decomposition by nickel NPs.

While virgin AP demonstrated activation energy of = decomposition enthalpy and minimize enthalpy of endo-
92.1 kJ/mol; Ni/AP nanocomposite demonstrated an  thermic phase change. This catalytic action could with-
activation energy of 83.7 kJ/mol. Nickel nanocatalyst  stand the low activation energy.
can induce condensed phase reactions; that could boost
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Kinetic parameters via (KAS) model

Activation energy at different fractional conversion was
determined using modified KAS model. The kinetics param-
eters (pre-exponential factor (A), kinetic model (f (a)), acti-
vation energy (Ea), and regression factor (1)) of developed
Ni/AP nanocomposite to starting AP were tabulated Table 1.

The mean value of the activation energies of Ni/AP nano-
composite was reported to be 83.4 kJ mol~! compared with
93.1 kJ mol~! for pure AP. Activation energy evaluation via
KAS model was found to be in good agreement with Kiss-
inger model. The catalytic effectiveness of nickel nanoclus-
ter was due to three principal parameters including:

e Decrease in heat required for endothermic phase change.

e Lower decomposition temperatur€.

e Boost heterogeneous reactions on the catalyst surface,
with high heat output (Fig. 12).

Conclusion

Nickel and ferric oxide nanocluster of 10 nm, and 5 nm aver-
age particle sizes, respectively were developed via hydro-
thermal processing. Fabricated nanocluster were re-dis-
persed in organic solvent and effectively integrated into AP.
Elemental mapping confirmed uniform particle dispersion
into AP matrix. The catalytic efficiency of nickel was evalu-
ated to ferric oxide nanocluster using DSC and TGA. Nickel
demonstrated high catalytic efficiency to ferric oxide coun-
terparts. Nickel offered decrease in AP endothermic phase
change by 49% compared with 39% for ferric oxide. Whereas
AP demonstrated total heat release of 742 J/g; nickel offered
enhanced heat output by 89% compared with 57% for Fe,05
nanocluster. Nickel nanocatalyst demonstrated decrease in
AP activation energy by — 10% and — 12% using Kissinger
and KAS models, respectively.
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