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The conventional propellant used in rocket boosters and tactical missiles commonly utilises ammonium
perchlorate (AP). However, the release of harmful chloride fumes resulting from the combustion of AP during
rocket launches contributes to a 1 % increase in air pollution. Generally, the perchlorate-based propellants
contribute to pollution by hydrochloric acid (HCI), which can contaminate launch sites and potentially deplete
the ozone layer. Several techniques have been employed to convert standard AP-based composite solid propellant
(CSP) into green propellant. This study designed a minimum chlorine content propellant containing potassium
permanganate, KMnOy4/AP as a dual oxidiser and examined its properties in CSP formulation. This novel KMnO4/
AP was characterised in terms of morphological structure, elemental analysis, and thermal decomposition
properties by using scanning electron microscope (SEM), energy dispersive X-ray analysis (EDX), and differential
scanning calorimetry (DSC) and thermogravimetry analysis (TGA), respectively. Additionally, heat of combus-
tion analysis was examined through bomb calorimetry. The chlorine content investigations were experimentally
carried out, and the results were compared with conventional AP-based CSP using gas bubbling and Mohr’s
titration method. From thermal decomposition analysis, sample KMnO4/AP (40:60) shifted high temperature
decomposition (HTD) of AP to a lowest temperature of 331.32 °C with the highest heat release of 3721.2 J/g.
Besides, sample KMnO4/AP (80:20) shows the highest reduction of chlorine concentration content with a
reduction percentage of 58.25 %. Besides, KMnO4/AP (40:60) sample resulted in the highest value of heat of
combustion with a value of 1254.01 cal/g. This study contributes to the development of environmentally friendly
and sustainable oxidisers for solid rocket propellant applications.

1. Introduction

Composite solid propellant (CSP) has been extensively used in space
exploration and defence technologies for decades (Adeniyi et al., 2021).
They are specifically engineered to enhance the speed of projectiles,
rockets, missiles, space launchers, or aeroplane ejection seats by
generating propulsive force. Due to their favourable characteristics such
as reasonable cost, strong mechanical and combustion properties,

simplicity, reliability, and ease of processing and storage, the most
developed propellant composition consists of ammonium perchlorate
(AP) as the oxidiser, hydroxyl-terminated polybutadiene (HTPB) as the
binder, and aluminium (Al) as the fuel (Pang et al., 2021; Okninski et al.,
2020). CSP using ammonium perchlorate (AP) as an oxidiser has a
detrimental effect on the atmosphere as it releases hydrochloric acid
(HCI) as a significant component of its exhaust. Trache et al. (2017a)
stated that thermodynamic -calculations indicate that a typical
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composition utilized in Ariane V boosters, consisting of 68 % ammonium
perchlorate (AP), 18 % aluminium (Al), and 14 % elastomeric binder,
results in the production of around 21 % hydrochloric acid. In addition,
the propellant used in the Space Shuttle releases a significant amount of
hydrogen chloride (HCl) at a concentration of 21 % (DelLuca et al.,
2017). This emission contaminates the stratosphere and affects terres-
trial and aquatic ecosystems. In addition, the launch of six Titan-class
spacecraft can result in ozone depletion and a significant rise in strato-
spheric acidic rain (Maggi et al., 2023a). Another concern in military
applications is the formation of nucleation sites for aerosolized water
products by HCIl gas. This leads to secondary smoke in the exhaust
plume, which can be visible or detected by radar (Abdelhafiz et al.,
2021; Bogusz and Magnuszewska, 2019). Consequently, developing the
next generation of solid propellants must consider environmental factors
while ensuring high performance.

For over five decades, AP-based CSP has been used as a solid pro-
pellant system. The inorganic compound AP, which has the chemical
formula NH4ClO4, is a highly potent oxidiser in solid propulsion systems.
This white crystalline substance easily dissolves in water and is pro-
duced through the reaction between ammonia and perchloric acid.
Additionally, Maggi et al. (2023b) claimed that AP is also considered a
superior oxidiser compared to other oxidisers, attributing its exceptional
ballistic performance and mechanical properties. Due to its numerous
benefits, it has a prominent role as the primary oxidiser in CSP and is
primarily utilized in missiles and boosters (Kopacz et al., 2022). When
AP is employed as an oxidiser in a solid rocket motor, it undergoes a
chemical reaction with a fuel source such as aluminium powder or a
polymer binder to generate gases of elevated temperature (Kopacz et al.,
2022; DeLuca et al., 2018). These gases are responsible for generating
the necessary thrust for propulsion. Upon exposure to elevated tem-
peratures, AP undergoes a decomposition process, releasing gases and
forming solid residues. The decomposition reaction may be expressed as
shown in the study conducted by DeLuca et al. (Schuch and Fisch, 2019)
as follows:

NH4ClO4 — H20 + Ny + 4HCI + 3/20, (D]

The decomposition process of AP creates water (H20), nitrogen gas
(N3), hydrogen chloride gas (HCl), and oxygen gas (O2). This process is
accompanied by a highly exothermic decomposition reaction that emits
a significant amount of heat (Ganczyk-Specjalska et al., 2021). This
characteristic is particularly valuable for its use as an oxidiser in rocket
propellants, where the gases produced contribute to thrust generation.
To understand the thermal decomposition of AP, researchers commonly
employ thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) techniques. These methods allow for the precise
temperature at which AP decomposes (DeLuca et al., 2018; Schuch and
Fisch, 2019; Ganczyk-Specjalska et al., 2021; Chalghoum et al., 2020).
Xu et al. (2021) claimed that this thermal decomposition study is a very
important parameter in the study of CSP as AP is the primary ingredient
in the formulation of propellant hence its decomposition plays a crucial
part in the whole combustion process of the propellant.

Three approaches have been examined for reducing HCl in the
combustion plume of CSP (Trache et al., 2018): (i) using propellants
with reduced chlorine content (Terry et al., 2016); (ii) neutralising HCL
acid within the combustion plume (Chalghoum et al., 2020; Xu et al.,
2021; Trache et al., 2018; Terry et al., 2016); and (iii) removal of
chlorine ions using alkali metals (Vellaisamy and Biswas, 2020). While
these methods have effectively reduced HCI levels in the AP-based CSP
combustion plume, they have also compromised optimal performance
metrics, such as burn rate, specific impulse, and calorific combustion
properties, particularly at lower altitudes (Xiong et al., 2023). Despite
previous efforts to remove the chlorine ion, which yielded less than ideal
results, exploring new ways to incorporate alkali metals may lead to
enhance performance. The initial technique extensively investigated
involves replacing AP with other energetic oxidisers. Recent evaluations
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by Trache et al. (2018) have identified potential substitutes for AP, yet
no chlorine-free solid oxidisers currently match or surpass AP in per-
formance. Strategies such as reducing, eliminating, or removing HCl
during combustion have effectively addressed the environmental impact
of AP-based CSP. Klapotke et al. (2009) have stated that adding NaNOg
enables the conversion of gaseous chlorine into NaCl. Doll and Lund
(1992a) demonstrated that the addition of magnesium (Mg) produces a
low-acid propellant, which signifies a significant advancement in the
field of ecologically friendly solid propulsion technology. D’Andrea
et al. (D’Andrea et al., 2000) provided a comprehensive set of experi-
mental studies in this regard. Nevertheless, these techniques have the
potential to adversely impact safety requirements or diminish perfor-
mance. Therefore, it is necessary to create and include additional sub-
stances or components into propellant formulations that demonstrate
exceptional performance and produce ecologically friendly combustion
by-products. When selecting solid propellants, it is crucial to consider
theoretical energetic performance and factors such as burn rate, me-
chanical behaviour, smokeless considerations, safety and vulnerability,
ageing properties, and production cost, ensuring a comprehensive
evaluation of their characteristics (de Flon et al., 2011; He et al., 2019).

Potassium permanganate (KMnOy) is an exceptionally potent oxi-
dising agent that finds extensive application in both laboratory and in-
dustrial applications. The permanganate ion (MnOj) exhibits significant
oxidising characteristics due to the high oxidation state of manganese
(+7) (Polis et al., 2022). KMnOy4 is sometimes used in solid fuel appli-
cations, particularly in pyrotechnics or as an ignition source during
emergencies, due to its strong oxidising properties. When incorporated
into solid fuel formulations, it can serve as an oxidiser, improving
combustion (Zhang et al., 2024; Shi and Feng, 2024; Najser et al., 2022).
In some solid fuel formulations, potassium permanganate may also be
combined with a fuel source and other additives to create a composition
that releases heat and gas when ignited. This can be useful in applica-
tions such as emergency fire starters, signal flares, or other pyrotechnic
devices (Fahd et al., 2021; Sun et al., 2022). Despite its widespread use,
no studies have reported the application of KMnO,4 in neither
sugar-based nor AP-based solid rocket propellants. Typically, CSP uti-
lises AP or ammonium nitrate (AN) as the oxidiser, with the fuel being
either powdered metal or a hydrocarbon-based substance (Sun et al.,
2022). Given its strong oxidising characteristics and the production of
non-toxic gases upon combustion, it is proposed that novel KMnO4/AP
dual oxidiser has the potential to be as main oxidiser in AP-based CSP
formulation. This paper will explore the fabrication method, charac-
terisation of CSP with KMnO4/AP as a novel dual oxidiser and compare
the reduction in chlorine concentration to that of conventional
formulations.

2. Experimental methodology
2.1. Materials and apparatus

All the chemicals used in this study were supplied by the Science &
Technology Research Institute for Defense (STRIDE) and Universiti
Putra Malaysia (UPM). The composition of the CSP includes several
components, with the oxidiser being the predominant component, ac-
counting for 65-80 % of the propellant’s total weight. Other components
include a fuel binder, plasticizer, curing agent, and crosslinking agent.
Ammonium perchlorate (AP), which contributes up 70 wt% of the
sample’s weight, was the chose oxidiser for this research. The hydroxyl-
terminated polybutadiene (HTPB) binder system contributing 13.5 wt%
to the whole composition formulation. Aluminium as fuel, dioctyl adi-
pate as a plasticizer, and toluene diisocyanate as a curing agent were
also used to complete the CSP sample composition, with each of them
contributing 12 %, 3.5 %, and 1 %, respectively. KMnO4 supplied by
R&M Chemicals with purity of 99 % is used to synthesis KMnO4/AP dual
oxidiser.
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2.2. Potassium permanganate (KMnO4)/ammonium perchlorate (AP)
dual oxidiser synthesis

KMnOy crystals were ground and blended with AP powder for 30 min
using agate mortar containing 1 mL of ethanol to produce a 20:80 ratio,
resulting in a total weight of 3g for the KMnO,4/AP mixture, as described
by Chen et al. (2018), which the authors synthesised the manganese
oxide (MnO4) with AP. This process aimed to ensure the homogeneous
dispersion of the samples. The mixture was then vacuum filtered to
separate the KMnO4/AP blend. Next, the KMnO4/AP mixture was dried
at 70 °C for 1 h and prepared for characterisation. The samples were
stored in a desiccator filled with silica gel to prevent the absorption,
which could affect the materials’ properties (Garino et al., 2021).
Samples of KMnO4/AP were prepared in weight ratios of 20:80, 40:60,
60:40, and 80:20, alongside pure AP and pure KMnO,4 samples. The
specific quantities for each ratio quantity are shown in Table 1.

2.3. Composite solid propellant (CSP) sample preparation

The fabrication process of CSP samples is illustrated in Fig. 1.
Initially, all the chemicals and powder were weighed and sieved, as
illustrated in Fig. 1 (a) and 1 (b), respectively. First, dioctyl adipate
(DOA) plasticizer was added to the polymer binder HTPB, and the
mixture was stirred for 5 min to get a preliminary mix. Secondly,
aluminium (Al) powder was incrementally added to the premix in the
kneading mixer maintained at 45 °C, as shown in Fig. 1(c). Each batch
was mixed for 5 min. Next, the first increment of KMnO4/AP oxidiser
was added to the mixture and stirred for 5 min. Then the second and
third increments of KMnO4/AP were then added, each stirred for an
additional 25 min to ensure uniform distribution, given the oxidiser’s
pivotal role in the CSP formulation. Next, toluene diisocyanate as a
curing agent was incrementally added while mixing continued for 40
min. The resulting propellant slurry was then casted into the sample
mould and cured in an oven at 60 °C oven for 5 days, as shown in Fig. 1
(d) and 1 (e). The prepared CSP samples in Fig. 1 (f), were then ready for
the evaluation of their characteristics and performance. The specifica-
tions of the sample will be described in each of the experimental test
subsections. This procedure was repeated to produce samples of
KMnO4/AP in various KMnOy4 to AP ratios as formulated in Table 2.

2.4. Characterisation of composite solid propellant (CSP) samples

Scanning Electron Microscopy (SEM) was used to analyse the CSP
samples’ internal morphology, including internal structure, particle
orientation and its distributions. SEM imaging was conducted using a
FEI Model NOVA NANOSEM 230, for structural characterisation at an
acceleration voltage of 120 kV. Besides, elemental analysis of the sam-
ples was analysed using Energy Dispersive X-ray (EDX) analysis using
Oxford Instruments (Max 20). Through EDX analysis, the elements
existed in the propellant sample’s formulation were identified. The
catalytic effects of KMnO4 on the thermal decomposition of AP were
studied and analysed by using thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC), employing a Mettler Toledo

Table 1
Sample size and the chemical composition of KMnO,4/AP dual oxidiser.
Label AP KMnOg4 KMnO4/ KMnO,4/ KMnO,4/ KMnO4/
AP AP AP AP
(20:80) (40:60) (60:40) (80:20)
KMnOg4 - - 20:80 40:60 60:40 80:20
to AP
ratio
AP 350g - 280 g 210 g 140 g 70 g
KMnO4 - 350 g 70 g 140 g 240 g 280 g
Total 350 g 350 g 350 g 350 g 350 g 350 g
weight
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(Model TGA-DSC HT 3). Specimens, both in powder and solid forms, and
weighing approximately 20 mg, were placed in crucibles. The samples
were held at 25 °C for 1 min before being heated to 1000 °C at a rate of
20 K/min under a nitrogen gas flow rate of 50 mL/min. The results from
all samples were plotted into a single TGA and DSC graph for compar-
ison against the pure AP decomposition curve as a reference.

2.5. Heat of combustion study

The investigation into KMnOy efficacy in converting the chemical
energy of AP-based CSP into thermal energy during combustion was
conducted through the heat of combustion analysis. Bomb calorimetry
provided calorimetric values, specifically using Parr 6100 instruments,
from Germany. The densities of the propellant compositions were
determined using a Mettler density kit, which indicated a density of
1.432 g/cm3, and a heat of formation of 565.8 kJ mol. CSP samples were
affixed to the iron wire before being placed into the bomb calorimetric
chamber. For ignition, the propellant sample was connected to a
nichrome wire linked to the. To minimise heat exchange with the
environment and to capture the heat released during the reaction, a
water bath jacket surrounded the bomb calorimetry. The observed heat
of combustion values were tabulated. Besides, the combustion efficiency
of each of the samples was calculated using the following equation using
the theoretical value:

Heat output

100 2
Heat input X 2

Combustion efficiency (%) =

Where heat output is the actual heat released during combustion, and
heat input is the theoretical maximum heat that could be released during
combustion based on the heat of combustion data. Heat input is taken
from (Rao et al., 2016) as 1251 cal/g. The heat of combustion value can
be determined using follows equation, and all the parameters in the
formula are calculated and can be integrated straight away from the
machine:

CAT-q1
n m

Q 3
Where Q is heat of combustion (J/g); C is thermal capacity of the
calorimeter (J/K); AT is the measured temperature increase during
combustion (°C); g1 is heat of explosion of initiation wire (J); m is the
mass of sample (g).

2.6. Hydrochloric concentration reduction test setup

Using gas bubbling equipment and Mohr’s titration method, the
concentration of hydrochloric acid gases (HCl) as combustion by-
products from each combusted sample was detected. This method was
employed by Vellaisamy et al. (Vellaisamy and Biswas, 2020) which the
investigation into the effects of metal additives on HCl concentrations as
a combustion by-product of AP-based CSP. Besides, Mohr’s method is a
widely recognised analytical technique for determining the concentra-
tion of chloride ions in a solution, adhering to the standard of water
quality determination of chloride (ISO 9297:1989). A sample of CSP
measuring 6 mm x 6 mm x 100 mm was cut, and a 5 cm of visco fuse
wire was attached to the propellant sample, as shown in Fig. 2(a). The
CSP sample was put in a test tube with a side arm and sealed with a
stopper at the top. The visco fuse wire was ignited using fire when the
setup was ready. Fig. 2 (b) shows the CSP samples used in this experi-
mental work.

2.6.1. Gas bubbling method

The rubber tube was connected by attaching the test tube’s side arm
to the nozzle of a 2 L wash bottle. A wash bottle containing 0.8 L of
distilled water was utilized to channel the exhaust gases through the
water by the process of bubbling. A glass tube with a diameter of
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Fig. 1. Overall fabrication process of composite solid propellant (CSP) samples.

the release of exhaust gases, the water sample is subjected to titration to
determine the chloride concentration of the exhaust gases. Fig. 3 illus-
trates the gas bubbling setup used in this research work.

Table 2
Composition of composite solid propellant (CSP) sample.

Sample Oxidiser Fuel Binder Plasticizer Curing
(KMnOg: AP) (%) 0 ) agent (%) 2.6.2. Mohr’s titration method
0,
oo The procedure used for determining the chloride concentration in
AP CSP (7%:100) 12 13.5 3.5 1 the water sample is detailed as follows, with Fig. 4 illustrating the setup
KMnO,/AP (20:80) 12 13.5 3.5 1
(20:40) 70
Csp
KMnO,/AP (40:60) 12 13.5 3.5 1
(40:60) 70
csp
KMnO,/AP (60:40) 12 13.5 3.5 1
(60:40) 70
csp
KMnO,/AP (80:20) 12 13.5 3.5 1
(80:20) 70
Csp

Propellant sample

/7

1l

34 3
1L m«u‘wduillﬁm‘

(b) G a S .
Fig. 2. (a) CSP sample with visco fuse wire (b) 6 mm x 6 mm x 100 mm 2 R <
propellant sample. ~ was h N :\ -

e

approximately 0.3 m was immersed in distilled water to allow the bottle
exhaust gas to create bubbles. The exhaust gas collection tests were T
conducted in an inert environment and at ambient pressure. Following Fig. 3. Gas bubbling method setup.
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Fig. 4. Mohr’s titration method setup.

for Mohr’s titration method. Initially, a dropper pipette was employed to
transfer 5 mL of 0.1 M silver nitrate (AgNOs) solution into a glass funnel.
Next, a 10 mL water sample, depicted in Fig. 5(a) was poured into a
conical flask, to which 2-3 drops of 0.25 M potassium chromate
(KoCrOy4) solution were added. Next, the water sample underwent
titration with silver nitrate solution by gradually adding the silver ni-
trate solution from the dropper pipette. This addition leads to a change
in the colour of the K5CrO4 to a yellowish milky colour as depicted in
Fig. 5 (b).

The titration concluded when a reddish-brown precipitate appeared,
as shown in Fig. 5 (c), at which point the volume of the silver nitrate
solution dispensed from the dropper pipette was recorded. This
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procedure was repeated three times to ensure accuracy, allowing for the
calculation of an average result.

2.6.3. Chlorine concentration calculation analysis
Based on (Hamim et al., 2023) the first calculation is to determine
the chloride ion using the formula:

M1V1 =M2V2 4)

Where M1 is molarity of AgNOs, V1 is the volume used in dropper
pipette, M2 is the molarity of water sample, and V2 is the volume of the
water sample. Chloride content in the water sample is determined by
using the following formula:

Chlorine content (ppm) : molarity of water samples (M2) x 35.5 x 1000
5)

The molar mass of HCI is 35.5 g/mol (Doll and Lund, 1992b). The
procedure described earlier is executed for every water sample con-
taining dissolved propellant exhaust gases to determine the chloride
concentration of each propellant sample. Each sample was subjected to
three titrations, and the chloride concentration was calculated for each
titration to compute the average value. The result data on the chloride
content in ppm of all the samples has been tabulated.

3. Experimental results and analysis
3.1. KMnO4/AP composite solid propellant (CSP) characterizations

3.1.1. Physical characteristics of composite solid propellant (CSP)

The CSP samples were produced using the previously mentioned
procedure, and upon curing, noticeable variations were observed among
the samples. Fig. 6 depicts the physical condition of all samples
following the curing process.

As seen in Fig. 6 (a), the AP CSP sample had a typical CSP color,
which is grey with sporadic white particles. The grey color is a result of
the presence of aluminium particles, whereas the little white particle is
referred to as AP. When KMnO4 was introduced, the CSP exhibited a
darker appearance, and the surface of the samples became more
rougher, as seen in Fig. 6 (b). As the ratio of KMnO4 to AP increases, the
samples progressively darken. At the ratios of 60:40 and 80:20, the
KMnOy particles become visible on the surface of the sample, as shown
in Fig. 6 (¢) and 6 (d), respectively. The dark color is a result of the
inclusion of KMnO4/AP as a dual oxidiser, and their composition is the
primary factor contributing to the color. In addition, it was observed
that the black color appeared evenly, indicating that the KMnO4/AP

(b)

(C)

Fig. 5. Colour references of (a) Water sample (b) Midpoint titration and (c) End-point titration (Vellaisamy and Biswas, 2020). (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. Physical condition of (a) AP, (b) KMnO4/AP (20:80), KMnO4/AP (40:60), KMnO,4/AP (60:40), KMnO4/AP (80:20) based composite solid propellant.

mixture was uniformly distributed in the CSP systems for all the samples.

3.1.2. Morphological and elemental composition analysis of composite solid
propellant (CSP) with dual oxidiser (KMnO4/AP) based

This experimental study focuses on capturing images of propellant
samples at a magnification of 200X to analyse their morphological
structure. As illustrated in Fig. 7, all the samples displayed typical
characteristics of AP-based CSP, indicating the success combination of
binder and oxidiser. The observed morphological structures align closely
with the experimental data reported by Kosiba et al. (2017). In Fig. 7 (a),
the white spherical particles visible on the surface correspond to the
oxidiser particles, which are enclosed by a polymer binder called
hydroxy-terminated polybutadiene (HTPB). This polymer binder ex-
hibits a rubbery matrix structure that effectively retains and interacts
with AP particles. The analysis of this interface enabled the assessment
of binder-AP adhesion, interfacial interactions, and the identification of
any interfacial layers or phases (Kosiba et al., 2017). Furthermore,
establishing a robust and consistent binder-AP interface is crucial for
ensuring effective energy transfer during combustion. Additionally,
Fig. 7 (b) illustrates the presence of a rubbery structure on the surface of
the propellant, particularly at the interface between KMnO4 and AP. The
HTPB imparts a significant level of flexibility, while the binder primarily
serves to hold the solid KMnOy4/AP particles together, resulting in a
brittle structural condition. The formation of cracks at the interface
between KMnO4 and AP, indicated by the blue circle, clearly demon-
strates this phenomenon, arising from the inclusion of 20 % KMnO4
interspersed between the AP particles and the HTPB matrix in this
rod-like solid structure. Kosiba et al. (2017) claimed that crack forma-
tion in HTPB has been attributed to matrix tearing and interfacial
debonding between the binder matrix and solid particles. These findings
suggest that factors like matrix brittleness and interfacial weaknesses
contribute significantly to crack development in HTPB-based CSP.

As the concentration of KMnO, increases, its rod-like structure be-
comes more visible, as seen in Fig. 7 (¢). Notably, the KMnO4/AP sample
with a 40:60 ratio demonstrates a noticeably smoother surface
compared to the 20:80 ratio sample. The smoother areas may indicate
regions where the binder encapsulates the oxidiser particles, whereas
the rough or jagged sections likely represent the exposed surfaces of
crystalline KMnO4 and AP.

Furthermore, the size of AP particles decreases from approximately
100 pm-50 pm, while the KMnOy structure also becomes more compact.

This size reduction, mainly caused by crashing and grinding in KMnO4
AP mixing process using agate mortar. This reduction in AP particle size
also makes observation more challenging, as the particles were smaller
and exhibited a flatter morphology compared to their original spherical
shape. The KMnO4/AP (60:40) sample exhibits a morphological struc-
ture analogous to that of the KMnO4/AP (40:60) sample, resulting in an
even more compact configuration, as illustrated in Fig. 7 (d). This
increased compactness enhances burning efficiency, given that the pores
in the CSP surface structure significantly influence combustion perfor-
mance. By increasing the KMnO4 to AP ratio, the visibility of the KMnO4
structure is enhanced, while the AP particles appear to diminish. In this
sample, the predominance of KMnO4 contributes to improved ductility
of the HTPB matrix by retaining a greater quantity of KMnO4/AP.
However, this may also lead to the formation of voids, as illustrated in
Fig. 7 (e), at the interface between the solid particles and the HTPB
matrix. Kosiba et al. (2017) noted that these interfacial gaps or voids
could negatively impact the material’s thermal characteristics and
combustion rate performance.

Fig. 7 also presents the EDX mapping results along with the
elemental composition intensity graph for the entire microstructural
surface of each sample. The samples for these tests were taken from the
surface of the composite structure. The primary elements identified in
the AP-based CSP were carbon (C), hydrogen (H), oxygen (O), nitrogen
(N), aluminium (Al), and chlorine (Cl). As previously discussed, the O,
N, H, and Cl were derived from the AP, while C and Al originated from
the HTPB and aluminium powder, respectively.

It can be observed that as the weight percentage of KMnO4 to AP
increases, the detected oxygen weight percentage remains constant
across all samples. The oxygen content varies between 19.5 % and 20 %,
indicating no significant changes with the rising KMnO4 to AP ratio.
Besides, the incorporation of KMnOy into the AP-based CSP system in-
troduces potassium (K) and manganese (Mn), elements that come from
KMnOg4. The presence of these elements proves that KMnO4 is well
mixed into the AP-based CSP system, as previously discussed in the SEM
analysis. Both K and Mn showed an increase in weight percentage as the
KMnOy to AP ratio rises, which is visually evident from the darkening
purple color of the CSP sample. Furthermore, a decrease in the weight
percentage of chlorine (Cl) is observed with the increased KMnO4 to AP
ratio. In the AP-based CSP system, the initial Cl composition is 11.12 %.
As KMnOy is added at a ratio of 20:80, 40:60, 60:40, and 80:20, the Cl
element diminished to 8.22 %, 5.29 %, 3.59 %, and 1.98 %, respectively.
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Fig. 7. Morphological structure image and elemental composition plot of (a) AP, (b) KMnO4/AP (20:80), (c) KMnO4/AP (40:60), (d) KMnO,4/AP (60:40), () KMnO4/
AP (80:20) composite solid propellant based.
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This interesting finding can be attributed to the minimum amount of AP
usage, as Cl is solely sourced from it. Trache et al. (2017b) stated that
theoretically, when the less element of Cl is used in the propellant
composition, the less HCl gases will be produced as combustion
by-products. This finding aligns with the research objective of mini-
mising HCl, a toxic gas from the combustion product of AP-based CSP
systems. Furthermore, as mentioned in the previous subchapter, while
the low atomic number of hydrogen (H) prevents its detection in EDX
analysis, it still exists and is contributed by the binder and curing agent.

3.2. Catalytic properties study of KMnO4/AP

3.2.1. Thermal decomposition analysis of composite solid propellant (CSP)
with dual oxidiser (KMnO4/AP) based

In Fig. 8 (a), the TGA curve reveals three stages of thermal decom-
position occurring at temperatures ranging from 100 to 1000 °C. Each
stage corresponds to different reactions within the propellant sample,
leading to noticeable endothermic and exothermic peaks on the DSC
curve, as discussed by Fertassi et al. (2023). The transition of AP from an
orthorhombic to a cubic crystalline phase is marked by an endothermic
peak at 235.27 °C. Additionally, the breakdown of residual HTPB con-
tributes to an exothermic peak within the temperature range of
440-500 °C, and a modest exothermic peak in this temperature range
results from the oxidation of Al particles (Sun et al., 2022).

Based on Fig. 8 (b), the weight loss percentages of all samples
behaved similarly to the AP-based CSP sample, with the exceptions of
KMnO4/AP CSP (20:80) and KMnO4/AP CSP (40:60). Both KMnO4/AP
CSP (20:80) and KMnO4/AP CSP (40:60) exhibit only one significant
weight loss peak at the onset temperature. In contrast, the other samples
follow the typical TGA behaviour of AP CSP, characterised by two
distinct weight loss points. This difference in the number of weight loss
points represents that the KMnO4/AP CSP (20:80) and KMnO4/AP CSP
(40:60) samples have only one exothermic peak during the overall
thermal decomposition process, unlike the other samples.

This phenomenon is further illustrated in the DSC plot in Fig. 8 (c),
where it can be clearly seen that the onset temperatures for both
KMnO4/AP CSP (20:80) and KMnO4/AP CSP (40:60) occurred at earlier
temperatures than the main weight loss points but later than the onset
temperatures of the other samples, specifically at 331.32 °C and
352.34 °C, respectively. The KMnO4/AP CSP (40:60) sample exhibits a
lower onset temperature compared to KMnO4/AP CSP (20:80), indi-
cating that its thermal decomposition occurs at a lower temperature.

As the weight loss continues, the onset temperature gradually de-
creases until the sample reaches 0 % weight loss, signifying the
completion of the decomposition process for all compositions. Mean-
while, KMnO4/AP CSP (60:40) and KMnO4/AP CSP (80:20) samples
demonstrate two distinct weight loss points, similar to the AP CSP
sample, with KMnO4/AP CSP (60:40) occurring at a lower temperature
than both AP CSP and KMnO4/AP CSP (80:20) samples. The observed
shift of weight loss temperatures to a lower temperature indicates that,
with increasing amounts of KMnOy in the AP CSP system with KMnO4 to
AP ratios of 20:80, 40:60, 60:80, the thermal decomposition occurs at
lower temperatures. However, as the ratio of KMnO, increases to 80 %,
the results show an opposite effect, as this sample exhibits higher weight
loss temperatures at all points, indicating enhanced thermal stability.
However, the KMnO4/AP (80:20) sample is thermally more stable,
meaning it can withstand higher temperatures without breaking down
prematurely compared to others. Yuan et al. (2021) assert that the
reduction in weight loss temperature for catalysed AP CSP is due to the
catalyst’s ability to decrease the activation energy, thereby enhancing
reaction kinetics and accelerating the thermal decomposition rate,
which ultimately improves the propellant’s overall efficiency. This
research demonstrates that KMnOy4 functions as a catalyst in the com-
bustion process of the AP CSP system by reducing the thermal decom-
position temperature. The experimental findings concerning the
reduction of the onset decomposition temperature align with those of
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Yang et al. (2024), who demonstrated that incorporating the highly
catalytic active a-FepO3 into an AP/HTPB-based CSP system decreases
the onset decomposition temperature, resulting in a singular weight loss
point.

Fig. 8 (c) illustrates the DSC plot for all samples, revealing that the
KMnO4/AP CSP samples with ratios of 60:40 and 80:20 exhibit behav-
iour similar to that of AP CSP. In contrast, the KMnO4/AP CSP with
ratios of 20:80 and 40:60 resulted in a different trend, aligning with the
results from the TGA curve discussed earlier. Specifically, the KMnO4/
AP CSP samples at the 60:40 and 80:20 ratios show the same behaviour
as AP CSP, characterised by an initial endothermic peak followed by two
exothermic peaks, concluding with an endothermic peak corresponding
to aluminium melting phase.

Meanwhile, the KMnO4/AP CSP samples at ratios of 20:80 and 40:60
resulted in one initial endothermic peak and a main exothermic peak,
ended with one aluminium endothermic peak melting phase. There are
no significant changes observed in the first endothermic peak across all
samples. However, the second exothermic peak shows notable differ-
ences, while the first exothermic peak varies only slightly. Notably, in
the temperature range of 300 °C-410 °C, two exothermic peaks which
indicate presence of the low temperature decomposition (LTD) and high
temperature decomposition (HTD) was found to merge into a single
exothermic peak for the KMnO4/AP CSP samples at ratios of 20:80 and
40:60. This merging suggests that the catalytic effect of KMnO4 may lead
to overlapping or simultaneous reactions associated with LTD and HTD.
As previously mentioned, KMnOj4 acts as a catalyst for the decomposi-
tion of AP, potentially lowering the activation energy for both decom-
position steps and causing them to occur simultaneously at one time.
Yang et al. (2024) reported that when one reaction releases heat, it can
trigger or speed up the other, effectively merging the two thermal events
into one. This interesting result is similar to the experimental data by
Wang et al. (2019), where the DSC results of AP catalysed with Cu
metal-organic framework (Cu-MOF) and carbon nanomaterials also
demonstrated the merging of two exothermic peaks. The data of the DSC
curves have been tabulated in Table 3 to illustrate the changes in LTD
and HTD of all the KMnO4/AP CSP samples compared to AP CSP as well
as their heat release.

In addition, the merged exothermic peak observed in the KMnO4/AP
CSP samples with ratios of 20:80 and 40:60 shifted the HTD of AP CSP
from 392.10 °C to 352.34 °C and 331.32 °C, respectively. Among these,
the KMnO4/AP CSP (40:60) sample exhibited the most significant cat-
alytic effect on AP decomposition, lowering the HTD value to a greater
extent than the KMnO4/AP CSP (20:80) sample. This is followed by the
KMnO4/AP CSP (60:40) and KMnO4/AP CSP (80:20) samples, with the
latter showing a lesser reduction in HTD, which is critical as HTD rep-
resents the primary stage of the AP CSP decomposition process.

As noted in Table 3, the KMnO4/AP CSP (20:80) and KMnO,4/AP CSP
(40:60) samples do not exhibit LTD due to the merging of their two
exothermic peaks. Furthermore, the KMnO4/AP CSP (60:40) sample
reduced both LTD and HTD of AP CSP to 300.02 °C and 382.73 °C,
respectively. In contrast, the KMnO4/AP (80:20) sample increased both
LTD and HTD, raising them from 300.18 °C to 392.10 °C-351.21 °C and
419.82 °C, as illustrated in Table 3.

The decrease in HTD indicates that KMnOy4 acts as a catalyst,

Table 3

Low temperature decomposition (LTD), high temperature decomposition (HTD)
and heat release (/A\H) result of AP and KMnO,/AP based CSP with different
ratios.

Sample LTD/°C HTD/°C AH (J/g)
AP CSP 300.18 392.1 1929.1
KMnO,/AP (20:80) CSP - 352.34 2319.8
KMnO,/AP (40:60) CSP - 331.32 3721.2
KMnO,/AP (60:40) CSP 300.02 382.73 1876.0
KMnO,/AP (80:20) CSP 351.21 419.82 1862.3
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providing an alternative reaction pathway with a lower activation en-
ergy barrier. Park et al. (2020) mentioned that by lowering this barrier,
the catalyst facilitates the AP decomposition reaction, allowing it to
proceed at lower temperatures. This is evidenced by the heat release
value of the KMnO4/AP CSP (40:60) sample, which increased from
1929.1 J/g to 3721.2 J/g. This rise in heat release value enhances the
overall system’s tendency to decompose at lower temperatures (Cegla
et al., 2019). Moreover, the merging of the two exothermic peaks, as
previously discussed, results in a significant release of heat. This
released heat can locally elevate the temperature of the reaction, further
accelerating the decomposition process. Thus, it is suggested that the
KMnO4/AP CSP (40:60) sample demonstrated the best catalytic per-
formance as a dual oxidiser in AP-based CSP system.

3.2.2. Energetic properties (density and heat of combustion) of composite
solid propellant (CSP) with dual oxidiser (KMnO4/AP) based

An effective propellant formulation optimises the heat release to
produce the highest possible specific impulse (Isp), which serves as is a
measure of the rocket motor’s efficiency. A higher heat release enhances
the combustion temperature, thereby increasing the exhaust gas velocity
through the nozzle, which directly results in a higher specific impulse
(Isp) and improved propulsion efficiency of the solid rocket motor (Yuan
et al., 2021). Table 4 summarises the results of the KMnOQ, effect on the
heat of combustion in AP-based CSP.

The results presented in Table 4 indicate that all samples exhibit a
constant heat of combustion value ranging from 1247.0 cal/g to
1254.01 cal/g. The heat of combustion for the CSP samples exhibits a
slight increase with the incorporation of KMnO4 into AP, reaching its
peak at a 40:60 ratio. However, at the ratios of 60:40 and 80:20, the heat
of combustion values decreases to 1249.65 cal/g and 1247.73 cal/g,
respectively. Besides, the highest heat of combustion was observed in
the KMnO4/AP sample with a ratio of 40:60, which corresponds to the
highest combustion efficiency percentage at 100.2 % compared to the
other samples. The observed combustion efficiency exceeding 100 % is
due to minor experimental errors, which are calorimeter calibration
inaccuracies and sensor precision limitations, which may have led to a
slight overestimation of energy output. Additionally, potential second-
ary reactions involving KMnOj4 could have contributed to unexpected
heat release, highlighting the need for further investigation and re-
finements in measurement accuracy. Besides, Yang et al. (2024) also had
experienced the same situation where they tested the calorific value of
highly catalytic active a-FesOs-Carbon Nanotube CSP. This indicates
that the KMnO4/AP (40:60) sample releases more energy, resulting in
higher temperatures and pressures within the combustion chamber,
ultimately leading to higher exhaust velocities. This relationship arises
because the exhaust velocity is directly related to the energy released
during the combustion process (Boulkadid et al., 2020). Moreover, a
higher heat of combustion means that more energy is available per unit
mass of fuel.

Table 4
Effects of KMnO4 with different ratios on the energetic properties of AP based
CSP.

CSP Samples Mass of the Heat of combustion Combustion
samples(g) (cal/g) efficiency (%)

AP CSP 28 1247 99.70

KMnO4/AP 28 1250.98 99.9
(20:80) CSP

KMnO4/AP 28 1254.01 100.2
(40:60) CSP

KMnO,4/AP 28 1249.65 99.8
(60:40) CSP

KMnO4/AP 28 1247.73 99.6
(80:20) CSP
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3.3. HCI concentration analysis in the combustion product of composite
solid propellant (CSP) with dual oxidiser (KMnO4/AP) based

The concentration of chloride in the concentration of water samples
was determined using Mohr’s titration technique, which employed a
standard solution of silver nitrate (AgNOs3) to precipitate chloride ions as
silver chloride (AgCl). During this titration, hydrochloric acid (HCl)
reacts with silver nitrate, where the chloride ions from HCl interact with
silver ions (Ag*) from the silver nitrate, resulting in the formation silver
chloride (AgCl) precipitate. The stoichiometric reaction between silver
nitrate and hydrochloric acid can be described as follows:

(6)

The stoichiometric ratio is 1:1, indicating that 1 mol of HCI reacts
with 1 mol of AgNOg to produce 1 mol of AgCl and 1 mol of HNO3. The
AgNOg3 solution was added constantly from a pipette until the first
permanent reddish-brown colour appeared. This colour change in-
dicates the formation of silver chromate (Ag>CrO4) and marks the
endpoint of the titration. The endpoint is detected by the formation of a
reddish-brown precipitate of silver chromate (Ag>CrO,4) as follows:

AgNO; (aq) + HCI (aq) = AgCL (s) + HNOs (aq)

2Ag (aq) + CrO4* (aq) — Ag,CrO, (s) )]

Once the chloride ions have reacted with the silver ions to form silver
chloride (AgCl), the reaction reaches completion. Fig. 9 shows the pro-
cess, displaying the initial-point water sample with KoCrO4 as indicator,
mid-point, and endpoint of the titration.

When KMnO4 reacts with AP, it undergoes a highly exothermic
oxidation-reduction which is a redox reaction. This reaction produces
various compounds formed from the decomposition and recombination
of elements present in the reactants. It serves as a classic example of a
redox process, with KMnOj4 acting as the oxidising agent and NH4ClO4
provides both fuel and additional oxidiser components. The stoichiom-
etry equation for the reaction between KMnO4 and AP during the
combustion process is as follows:

2KMnO, + 2NH4ClO, — 2KCl+ 2MnO, + 4H,0 + 40, + N, (€))

The newly developed dual oxidiser KMnO4/AP altered only the
physical structure of both compositions without affecting the chemical
elements. Consequently, from the stoichiometry reaction, the combus-
tion of the dual oxidiser KMnO4/AP with 2 mol of KMnO4 and 2 mol of
AP produced 2 mol of potassium chloride (KCl), 2 mol of manganese
dioxide (MnOy), 4 mol of water (H20), 4 mol of oxygen gas (03), and 1
mol of nitrogen gas (N2). KCl has a high melting point of about 770 °C
(1420 °F). The potassium (K) in KMnO4 scavenges the HCI to form KCI.
Usually, in AP-based CSP systems, combustion temperatures mainly
reach about 1500 °C-2500 °C, potentially reaching or exceeding the
melting point of KCl. Thus, it will be in the form of gas. The Cl elements
in the combustion of KMnO4/AP originate from KCl, which this element
is not considered a highly toxic gas (Wang et al., 2019) compared to HCI
gases, which the conventional AP-based CSP produces. The chloride
content data obtained from Mohr’s titration method were tabulated in
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Table 5
Result of chlorine content from the Mohr’s titration method.
CSP Samples  Volume level of silver Average volume level of Chloride
nitrate (AgNO3) silver nitrate (AgNO3) content
solution used (ml) solution used (ml) (ppm)
AP CSP 2.16 2.1 745.5
2.01
2.13
KMnO,4/AP 1.95 1.93 685.15
(20:80) 1.94
CSP 1.90

KMnO,4/AP 1.31 1.28 454.41
(40:60) 1.28
CSpP 1.25

KMnO,4/AP 1.12 1.10 390.54
(60:40) 1.10
CSP 1.08

KMnO4/AP 0.92 0.87 311.22
(80:20)
CSP

Table 5.

Based on Table 5, all samples exhibited chlorine content values
ranging from 311.22 to 745.5 ppm. The conventional AP-based CSP
showed the highest chlorine content at 745.5 ppm compared to the other
samples. However, with the incorporation of KMnOj, into the AP-based
CSP system, a notable reduction in chlorine content was observed as the
ratio of KMnQOy4 to AP increased. At a ratio of 60:40, the chlorine content
decreased significantly to 390.54 ppm, nearly half the value observed in
the conventional AP-based CSP. Furthermore, the KMnO,4/AP sample
with KMnOj4 to AP ratio of 80:20 resulted in the highest reduction in
chlorine content with a value of 311.22 ppm. Table 6 illustrates the
percentage reductions in chlorine content value for the KMnO4/AP CSP
samples with different ratios from the conventional AP-based CSP.

Referring to Tables 6 and it is evident that the chlorine content in-
creases with a higher ratio of KMnO4 to AP. The KMnO4/AP sample with
a 60:40 ratio demonstrates a substantial reduction of nearly 50 %, while
the sample with an 80:20 ratio resulted in the highest chlorine content
reduction at 58.25 %. This elucidates that increasing the amount of
KMnOy in the propellant composition effectively reduces chlorine con-
tent in combustion by-products by reducing the use of AP, which is the
primary contributor to HCI gas production. Additionally, the bar chart in
Fig. 10 visualises the comparison of chlorine content results from

Table 6
Percentage reduction from the pure AP CSP.

Composite solid propellant sample Chlorine content reduction (%)

AP CSP -

KMnO,4/AP (20:80) CSP 8.10
KMnO,4/AP (40:60) CSP 39.04
KMnO,4/AP (60:40) CSP 47.62
KMnO,4/AP (80:20) CSP 58.25

Fig. 9. The result of the water sample at (a) initial-point, (b) Mid-point, (c) endpoint of Mohr’s titration.
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Fig. 10. Bar chart comparison result of CSP samples chlorine concentration
value in this experimental work with literature.

literature study with those from this research work.

The bar chart in Fig. 10 illustrates that several CSP samples made by
Lawrence et al. (2019), Vellaisamy et al. (Vellaisamy and Biswas, 2020),
and Terry et al. (2016) revealed noteworthy results in reducing chlorine
content as a combustion by-product. The KMnO4/AP sample with a
60:40 ratio shows a chlorine concentration mostly similar to the
AP-Li-Mg sample developed by Terry et al. (Yildiz et al.). Interestingly,
the KMnO4/AP sample with ratio of 80:20 exhibits a lower chlorine
concentration than all other samples and nearly doubles the reduction
achieved with conventional AP-based CSP. While lithium-based pro-
pellant samples generally demonstrate superior performance, they
cannot be classified as green propellants due to the discharge of
poisonous lithium chloride in their exhaust. Additionally, the handling
of highly reactive lithium-based propellant poses significant challenges.
In contrast, the novel KMnO4/AP composition with ratio of 80:20, is
promising as a dual oxidiser CSP formulation, as it minimises chlorine
content as a combustion by-product and produces KCI.

4. Conclusions and future recommendation studies

The investigation on how the inclusion of KMnO4 affects AP-based
CSP in terms of material characterisation, catalytic properties, and
HCl reduction as combustion by-product has been elucidated with
different KMnO4 to AP ratios. The following conclusions are drawn
based on the data obtained from experimental works:

i) When KMnO4 was introduced, the CSP exhibited a darker
appearance, and the surface of the samples became rougher as the
ratio of KMnOy to AP increased. Besides, morphological analysis
reveals that an increase in the ratio of KMnO4 to AP results in a
more distinct observation of the rod-like structure of KMnOg4. The
size of AP particles decreases from around 100 pm-50 pm, while
the structure of KMnOy similarly grows shorter.

ii) The CSP system shows that the KMnO4/AP (40:60) sample per-
forms the best in terms of catalytic properties, since it lowers the
HTD value of AP from 392.1 °C to 331.32 °C. Moreover, this
sample also exhibits the greatest heat of combustion value of
1254.01 cal/g.

iii) A higher ratio of KMnO4/AP results in a higher percentage of
decrease in chlorine concentration. The KMnO4/AP sample with
a ratio of 60:40 exhibited a significant decrease of nearly 50 %,
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while the sample with a ratio of 80:20 resulted in the largest
reduction in chlorine content, with a value of 58.25 %.

For future studies, it is recommended to examine the burn rate per-
formance and thrust evaluation test of the novel KMnO4/AP dual oxi-
diser. It is a critical parameter in rocket propellant to ensure the newly
developed oxidiser does not compromise the performance in terms of
burn rate properties, thrust value, and specific impulse. Besides, the
mechanical properties of the KMnO4/AP CSP also need to be evaluated
to ensure the propellant can sustain in various operation pressure re-
gimes and meet the standard.
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