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A B S T R A C T

The transition towards non-toxic, high-performance spacecraft propulsion has positioned highly concentrated 
hydrogen peroxide (HTP) and kerosene as a leading green propellant combination. However, achieving reliable 
hypergolic ignition in non-polar hydrocarbons remains a critical challenge due to significant physical mixing 
limitations and high chemical activation barriers. This study investigates the catalytic efficacy of Manganese(III) 
acetylacetonate (Mn(III)AA) dissolved in aviation-grade kerosene to enable rapid hypergolicity with 98% HTP. 
High-speed imaging and thermal diagnostics were employed to map the ignition delay time (IDT) across a range 
of catalyst loadings (0.5–10 wt%) and oxidizer-to-fuel ratios (4.5–7.5). The results demonstrate that Mn(III)AA is 
highly effective, achieving a minimum IDT of 25 ms at 50◦C. Kinetic analysis revealed a significant reduction in 
apparent activation energy (9 to 14 kJ/mol), accelerating the chemical reaction rate until the system becomes 
limited by physical mixing processes. Notably, a non-linear performance trend was observed, where catalyst 
additions beyond 5 wt% yielded diminishing returns, suggesting a saturation threshold for practical engine 
design. These findings establish Mn(III)AA as a viable, high-efficiency additive for green bipropellant systems.

1. Introduction

The global aerospace industry is increasingly focused on developing 
sustainable and environmentally benign propulsion systems to replace 
traditional, highly toxic hypergolic propellants such as mono
methylhydrazine (MMH) and mixed oxides of nitrogen (NTO) [1,2]. This 
drive is significantly reinforced by stringent regulatory frameworks, 
such as the European Union's REACH (Registration, Evaluation, 
Authorisation and Restriction of Chemicals) program [3], which 
increasingly restricts the use of hazardous substances including hydra
zines. These conventional propellants, while offering reliable ignition 
without external sources, pose significant environmental hazards, health 
risks during handling, and incur substantial costs for storage, trans
portation, and disposal [4–6]. That has driven a global shift towards 
"greener" alternatives that maintain performance while mitigating these 
drawbacks.

High-Test Peroxide (HTP), a highly concentrated solution of 
hydrogen peroxide, has emerged as a promising green oxidizer due to its 
high oxygen content, non-toxic decomposition products (water and 
oxygen), and high density [7,8]. When paired with hydrocarbon fuels 
like kerosene, HTP can form hypergolic bipropellant systems, offering 

the critical advantage of self-igniting capabilities without the need for 
complex external ignition sources or conventional catalyst beds [9,10]. 
This inherent hypergolicity, facilitated by an appropriate catalyst, sim
plifies engine design, reduces system mass, enhances operational safety, 
and contributes significantly to the overall sustainability and 
cost-effectiveness of space missions [11].

Despite these advantages, achieving reliable and consistently short 
ignition delay times (IDTs) with HTP/hydrocarbon systems often re
quires effective catalytic additives [12,13]. Metal-organic complexes, 
particularly those involving manganese, have shown considerable 
promise due to their ability to accelerate HTP decomposition and 
facilitate subsequent fuel oxidation [12,13]. While various catalysts 
have been explored, a comprehensive understanding of the kinetic and 
performance characteristics of specific novel catalysts, such as Mn(III) 
acetylacetonate (Mn(III)AA), across a wide range of operating condi
tions, remains crucial for their practical implementation and optimiza
tion in propulsion systems. Key ignition challenges include achieving 
short, consistent IDTs and complete combustion, ensuring operational 
safety and stability [14–17]. These are governed by complex in
teractions between physical and chemical delays, particularly droplet 
atomization and vaporization dynamics [18].
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While various manganese-based catalysts have been explored in the 
literature, previous studies have predominantly focused on ethanol gels 
[12,13] or ionic liquids [9,10] as fuels. These solvent-rich systems pre
sent fundamentally different miscibility and ignition characteristics 
compared to pure hydrocarbons. To date, a comprehensive mapping of 
the kinetic and performance characteristics of Mn(III) acetylacetonate 
dissolved directly in aviation-grade kerosene has not been reported. To 
address this gap, this study aims to systematically investigate the per
formance, kinetic behavior, and practical implications of Mn(III)AA as a 
hypergolic catalyst in HTP/kerosene bipropellant systems. Through 
extensive open-air drop tests across varying HTP concentrations, cata
lyst loadings, oxidizer-to-fuel (O/F) ratios, and initial temperatures, 
IDTs are quantified, post-ignition flame characteristics are analyzed, and 
the multi-phase ignition process is explored. Furthermore, apparent ki
netic parameters (activation energy and pre-exponential factor) are 
derived to interpret the underlying reaction mechanisms and identify 
optimal operating regimes. The insights gained from this research are 
expected to significantly contribute to the development of more effi
cient, reliable, and environmentally sustainable propulsion technologies 
for future space applications.

The remainder of this paper is organized as follows: Section 2 details 
the materials, experimental setup, and diagnostic methodologies 
employed. Section 3 presents the experimental results, including igni
tion delay measurements, kinetic parameter derivation, and flame 
temperature analysis, followed by a discussion on the physical-chemical 
coupling mechanisms. Finally, Section 4 summarizes the key conclu
sions and discusses the implications for future green propulsion 
technologies.

2. Materials and methods

2.1. Materials

Hydrogen peroxide (HTP) (70% (w/w), CAS No. 7722-84-1) and 
aviation-grade kerosene (C15H32, CAS No. 8008-20-6) were used as the 
oxidizer and fuel, respectively. Mn(III) acetylacetonate ((Mn(III)AA) Mn 
(C₅H₇O₂)3, 99% pure, CAS No. 14024-58-9) served as the catalyst. All 
materials, purchased from Chemwatch, were of high purity and used as 
received. Table 1 details the physicochemical properties of the 98% HTP 
and Aviation-grade Kerosene. Further details on material specifications 
and preparation are provided in the Supplementary Information (Sec
tion S1).

2.2. Experimental setup and conditions

IDTs were measured using a standardized open-air drop test appa
ratus. The catalyzed fuel mixtures were prepared by dissolving Mn(III) 
AA directly into aviation-grade kerosene via vigorous magnetic stirring 
for 26–32 hours at 30◦C to ensure homogeneity. Prior to testing, the fuel 
samples were thermostatted to the target initial temperatures (20◦C or 
50◦C) to ensure thermal equilibrium at the moment of contact.

For each test, a fixed volume of 0.27 mL (270 µL) of HTP was 
dispensed using a precision syringe pump through an 18-gauge stainless 

steel blunt needle (1.2 mm O.D.) positioned at a fixed height of 10 cm 
onto a quiescent fuel pool. The fuel was contained in a chemically inert 
porcelain crucible to eliminate background catalytic effects. Between 
trials, the crucible was cleaned with acetone and ethanol, then oven- 
dried to ensure a pristine impact surface. The fuel volume was 
adjusted (0.061–0.102 mL) to achieve the target oxidizer-to-fuel (O/F) 
mass ratios.

The parametric space explored included HTP concentrations (85- 
98% w/w), Mn(III)AA catalyst loadings (0.5-10% w/w in fuel), O/F 
ratios (4.5, 5.5, 6.5, 7.5), and two initial temperatures (20◦C and 50◦C). 
A detailed schematic of the experimental setup and comprehensive 
experimental specifics are provided in the Supplementary Information 
(Section S2). It is noted that while these tests were conducted at ambient 
pressure, literature suggests IDTs for such systems typically reduce by 
20-30% in pressurized environments, indicating enhanced performance 
in operational propulsion systems [12–20].

2.3. Data acquisition and analysis

IDTs were determined from high-speed camera footage captured at 
6400 fps using a Photron FASTCAM NOVA S6, measuring the interval 
from droplet contact to first light emission. Post-ignition flame tem
peratures were recorded using a FLIR A655sc thermal imaging camera 
(spectral range 7.5–14.0 µm). To ensure a rigorous quantitative defini
tion of ignition, a dual-validation approach was employed. The onset of 
visible light emission in the high-speed footage was cross-referenced 
frame-by-frame against synchronized thermal imaging data. Ignition 
was defined as the specific time-step where the appearance of a visible 
flame kernel coincided with a rapid, distinct temperature escalation 
(dT/dt ≫ 0). For signal-to-noise handling, experiments were conducted 
under controlled, constant laboratory lighting to eliminate variable 
background reflections. The high temporal resolution (0.15 ms/frame) 
allowed for the clear differentiation between static ambient light and the 
dynamic, rapidly expanding wavefront of the ignition kernel, ensuring 
that the recorded IDT values represented genuine chemiluminescence.

To quantify the relative contributions of physical mixing versus 
chemical kinetics, the total IDT was deconvoluted into distinct mecha
nistic phases through frame-by-frame analysis. These phases were 
defined by specific visual criteria: (1) Decomposition Delay (tdecomp): the 
interval from droplet contact to the onset of visible white fume release, 
indicating rapid catalytic HTP decomposition; (2) Physical Delay (tphys): 
the duration from fume onset to the formation of a distinct vapor plume 
or rapid volume expansion; and (3) Chemical Delay (tchem): the time 
from vapor cloud formation to the first observable light emission. 
Quantitative uncertainty analysis was applied to this segmentation 
process; while the fundamental temporal resolution is 0.16 ms per 
frame, a conservative expanded uncertainty of ±3 frames (≈ ±0.5 ms) 
was assigned to each phase boundary to account for transitional visual 
gradients. Additionally, the apparent activation energy (Ea) and pre- 
exponential factor (A) were calculated using a two-point Arrhenius 
method based on IDT data collected at 20◦C and 50◦C. A minimum of 5 
replicate tests were performed for each condition to ensure data reli
ability and reproducibility.

To account for the optical properties of the sooting hydrocarbon/ 
HTP diffusion flame, radiometric corrections were applied using a 
constant emissivity (ϵ) of 0.90. It is acknowledged that spectral emis
sivity in turbulent flames can fluctuate (typically 0.85–0.95), intro
ducing a measurement uncertainty of approximately ±20◦C. 
Consequently, the temperature data reported herein are presented as 
indicative peak temperatures, serving primarily to compare the relative 
thermal intensity between different catalyst loadings rather than rep
resenting precise thermodynamic equilibrium temperatures.

Table 1 
Physicochemical properties of the propellants used in this study (at 20◦C).

Property 98% HTP Aviation Kerosene (Jet A- 
1)

Density (g cm− 3) 1.43 0.80
Viscosity (mPa⋅s) 1.25 1.64
Lower Heating Value (MJ 

kg− 1)
2.8 (Decomp.) 43.2

Purity / Grade 98% (Rocket Grade) Commercial Aviation 
Grade

Preparation Vacuum 
Dehydration

Used as received 
(unfiltered)
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3. Results and discussion

3.1. Overview of Mn(III)AA performance and ignition envelope

The experimental investigation demonstrates that Mn(III)AA effec
tively catalyzes the hypergolic ignition of HTP/kerosene bipropellant 
systems across a broad range of operating conditions. The shortest IDT 
observed at an initial temperature of 20◦C was 40 ms, achieved with an 
O/F ratio of 7.5, 10 wt% catalyst loading, and 98% HTP concentration. 
Remarkably, elevating the initial temperature to 50◦C further reduced 
the minimum IDT to 25 ms under the same optimal conditions. The 
minimum IDT of 25 ms achieved here is significantly lower than the 
100+ ms delays often reported for non-catalyzed kerosene systems and 
is competitive with the 10–50 ms range observed in complex ethanol-gel 
systems [12–20], confirming the high efficiency of the Mn(III)AA com
plex in liquid hydrocarbons. This significant reduction at 50◦C is pri
marily attributed to the enhanced thermal decomposition of HTP and 
improved fuel vaporization kinetics, both contributing to a faster overall 
reaction initiation. These low IDTs demonstrate Mn(III)AA's capability 
to facilitate rapid and reliable ignition, which is crucial for responsive 
propulsion systems.

Analysis of the comprehensive dataset, available in detail in the 
Supplementary Information (Section S4.1), which includes over 586 test 
points covering varied HTP concentrations, catalyst loadings, and O/F 
ratios, reveals distinct ignition envelopes for Mn(III)AA at both 20◦C and 
50◦C. The ignition envelope, determined empirically from observed 

ignition thresholds, defines the specific range of HTP concentrations, 
catalyst loadings, and O/F ratios under which reliable spontaneous 
ignition occurs. At 20◦C, ignition reliability is strongly dependent on 
higher HTP concentrations and catalyst loadings, particularly at lower 
O/F ratios. For instance, at O/F 4.5, ignition was not observed for HTP 
concentrations below 95% at 0.5 wt% catalyst, and below 93% at 1 wt% 
catalyst. Similarly, at O/F 5.5, HTP concentrations below 93% resulted 
in no ignition at 0.5 wt% catalyst, and below 90% at 1 wt% catalyst. This 
overall behaviour is visually represented in Fig. 1.

These "no ignition" zones delineate the boundaries of the ignition 
envelope at lower temperatures. As HTP concentration and catalyst 
loading increase, the ignition envelope expands, leading to more 
consistent and shorter IDTs across the tested conditions. The improved 
performance at higher HTP concentrations can be attributed to the 
increased availability of reactive oxygen species upon HTP decomposi
tion, which drives the subsequent fuel oxidation more vigorously [21,
22]. Similarly, higher catalyst loadings provide more active sites, 
accelerating the initial decomposition of HTP and thus shortening the 
overall ignition process. The robustness of Mn(III)AA to initiate hyper
golic reactions even at moderate catalyst loadings and HTP concentra
tions highlights its potential for practical applications where minimizing 
catalyst content and operating with slightly lower HTP grades might be 
desirable for cost or safety considerations.

Fig. 1. Multi-panel contour plot illustrating the IDT as a function of HTP concentration and catalyst loading for various O/F ratios at 20◦C. Red 'X' markers indicate 
conditions where no ignition was observed, clearly delineating the hypergolic envelope.
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3.2. Impact of catalyst loading and HTP concentration on IDT

The data consistently show that increasing both catalyst weight 
percentage and HTP concentration leads to a reduction in IDTs, indi
cating enhanced reaction kinetics. This trend is observed across all O/F 
ratios and initial temperatures. Higher HTP concentrations provide a 
greater oxidizing potential, which increases the rate of oxygen and 
reactive radical generation (e.g., hydroxyl radicals, superoxide ions), 
driving the subsequent fuel oxidation more vigorously [21,22]. Simi
larly, higher catalyst loadings offer more active sites, accelerating the 
initial decomposition of HTP and thus shortening the overall ignition 
process. For example, at 20◦C and O/F 7.5, increasing HTP concentra
tion from 93% to 98% at a constant 5 wt% catalyst reduced the IDT from 
63 ms to 45 ms. Similarly, at 98% HTP and O/F 7.5, increasing catalyst 
from 2.5 wt% to 5 wt% at 20◦C reduced IDT from 60 ms to 45 ms. 
Furthermore, the experimental sweep at lower loadings (0.5–2.5 wt%) 
identified a critical ignition threshold. At O/F 7.5, reliable ignition was 
not observed below 1.5 wt%, indicating that a minimum catalyst density 
is required to sustain the initial exotherm against heat dissipation losses.

All reported IDTs represent mean values from a minimum of 5 
replicate tests, with standard deviations presented in Fig. 2 and the 
Supplementary Information (Section S4.1). The relatively narrow 
dispersion of these measurements (indicated by the error bars) demon
strates high experimental repeatability, particularly at higher catalyst 
loadings where the chemical kinetic driving force dominates over 
physical mixing irregularities. This consistency confirms the reliability 
of the Mn(III)AA system for practical propulsion applications.

A notable observation is the presence of diminishing returns in IDT 
reduction with increasing catalyst loading, particularly evident beyond 
5 wt%. The relationship between catalyst concentration and IDT exhibits 
a distinct non-linear behavior; while initial additions (0.5 to 5 wt%) 

result in a rapid exponential decay of ignition delay, further loading 
saturates the reaction surface, leading to a plateau. For example, as 
quantified in Table 1, for O/F 7.5 and 98% HTP at 20◦C, increasing 
catalyst from 2.5% to 5.0% yielded a 25.0% reduction in IDT (from 60 
ms to 45 ms). However, a further increase from 5.0% to 7.5% catalyst 
resulted in a 6.7% reduction (from 45 ms to 42 ms), and from 7.5% to 
10.0% catalyst, the reduction was only 4.8% (from 42 ms to 40 ms). A 
similar trend is observed at 50◦C. These trends are clearly depicted in 
Fig. 2.

This observed plateau can be rationalized through a scaling analysis 
of the competing timescales. The ignition process is governed by the 
local Damköhler number (Da), defined as the ratio of the physical 
mixing timescale (tmix) to the chemical reaction timescale (tchem): 

Da =
tmix

tchem 

At low loadings, the system operates in a kinetically controlled 
regime (Da < 1), where the availability of catalytic active sites is the 
limiting factor; thus, increasing the concentration significantly reduces 
(tchem) and the total IDT. However, as the loading increases beyond 5 wt 
%, the chemical reaction accelerates to the point where it outpaces the 
physical transport of the oxidizer to the fuel interface. The system 
effectively transitions into a mixing-limited regime (Da > 1). In this 
state, further reducing tchem via additional catalyst yields diminishing 
returns, as the overall global rate is restricted by the hydrodynamic limit 
of droplet diffusion and mixing efficiency. This phenomenon is crucial 
for optimizing catalyst utilization, establishing 5 wt% as a practical 
upper limit to balance performance with fuel energy density. The full 
IDT dataset is available in the Supplementary Information (Section 
S4.1).

Fig. 2. IDT as a function of Catalyst Loading (wt%) for selected HTP concentrations (93%, 95%, 98%) at O/F 7.5 for both 20◦C (solid lines) and 50◦C (dashed lines). 
Error bars represent the standard deviation of IDT measurements. This plot visually emphasizes the diminishing returns in IDT reduction at higher catalyst loadings. 
Error bars represent the standard deviation calculated from n=5 replicates per condition.
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3.3. Effect of initial temperature on ignition performance

Elevating the initial temperature of the propellant system from 20◦C 
to 50◦C significantly enhances ignition performance across the entire 
parametric space. This temperature increase consistently leads to a 
substantial reduction in IDTs. For instance, at O/F 7.5, 10 wt% catalyst, 
and 98% HTP, the IDT drops from 40 ms at 20◦C to 25 ms at 50◦C, 
representing a 37.5% reduction. Across all conditions where ignition 
was observed at both temperatures, the average IDT reduction due to 
preheating to 50◦C was approximately 30-40%. This pronounced effect 
of temperature highlights the strong temperature dependence of the 
overall hypergolic reaction. Beyond simply reducing delay times, the 
elevated temperature also plays a crucial role in expanding the hyper
golic ignition envelope, enabling reliable ignition under conditions 
where it was previously absent at 20◦C. For example, at O/F 4.5, 1.5 wt 
% catalyst, and 85% HTP, no ignition was observed at 20◦C, but a 
reliable IDT of 101 ms was achieved at 50◦C. Similarly, at O/F 5.5, 1 wt 
% catalyst, and 87% HTP, ignition was absent at 20◦C but occurred at 85 
ms at 50◦C, as illustrated in Fig. 3.

These examples highlight the ability of preheating to overcome 
initial kinetic barriers, making marginal propellant compositions reli
ably hypergolic. This expanded operational window is a significant 
practical advantage for propulsion system design. The fundamental 
reason for this temperature effect lies in the Arrhenius relationship: 
higher temperatures increase the kinetic energy of molecules, leading to 
more frequent and energetic collisions. This accelerates both the cata
lytic decomposition of HTP and the subsequent chemical reactions with 
kerosene, thereby shortening all phases of the ignition process. This is 
particularly important for the initial HTP decomposition, which is 
highly exothermic and provides the necessary thermal feedback to drive 

subsequent reactions. Analysis of the phase deconvolution data reveals 
that the chemical delay is the most temperature-sensitive phase, 
exhibiting the most significant reduction in duration with elevated 
temperature, while the physical and HTP decomposition delays show 
comparatively less sensitivity. The full IDT dataset, including "no igni
tion" conditions, is available in the Supplementary Information (Section 
S4.1).

3.4. Kinetic analysis: apparent activation energy (Ea) and Pre- 
exponential factor (A)

The apparent activation energy (Ea) and pre-exponential factor (A) 
provide fundamental insights into the kinetic behavior of the Mn(III)AA 
catalyzed hypergolic ignition. Assuming the global reaction rate (k) is 
inversely proportional to the ignition delay time (τ), the temperature 
dependence is described by the Arrhenius equation: 

k ∝
1
τ = Aexp

(

−
Ea

RT

)

By taking the natural logarithm, we obtain the linearized form used 
to extract the kinetic parameters: 

ln
(

1
τ

)

= ln(A) −
Ea

RT 

where R is the universal gas constant (8.314 J mol− 1K− 1) and T is the 
absolute temperature in Kelvin. It is important to acknowledge that the 
activation energy (Ea) and pre-exponential factor (A) derived here are 
apparent values calculated using a two-point Arrhenius method (20◦C 
and 50◦C). While a multi-point analysis would provide higher statistical 
robustness, the temperature range was strictly limited to 50◦C to ensure 

Table 1 
Percentage reduction in total IDT with increasing catalyst loading for O/F 7.5 and 98% HTP at 20◦C and 50◦C.

Catalyst Wt. % Increment Initial Temperature (◦C) IDT (ms) Absolute Reduction (ms) Percentage Reduction (%)

Wt.%1 Wt.%2 Wt.%1 Wt.%2

2.5 % to 5.0 % 20 60 45 15 25.0
5.0 % to 7.5 % 20 45 42 3 6.7
7.5 % to 10.0 % 20 42 40 2 4.8
2.5 % to 5.0 % 50 37 28 9 24.3
5.0 % to 7.5 % 50 28 26 2 7.1
7.5 % to 10.0 % 50 26 25 1 3.8

Fig. 3. Comparative IDT at 20◦C versus 50◦C for selected conditions at O/F 7.5. Light blue bars represent IDT at 20◦C, and salmon bars represent IDT at 50◦C. 
Hatched grey bars indicate conditions where no ignition was observed at 20◦C, demonstrating the expansion of the ignition envelope at elevated temperatures. Error 
bars represent the standard deviation of IDT measurements.
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laboratory safety; temperatures exceeding this threshold pose a signifi
cant risk of rapid, uncontrolled HTP decomposition before droplet 
impact in an open setup. Consequently, these parameters should be 
interpreted as global kinetic indicators for the coupled physical- 
chemical ignition process, rather than elementary reaction constants.

The calculated Ea values for Mn(III)AA across the reliable ignition 
conditions generally range from approximately 9 kJ/mol to 14 kJ/mol 
(detailed values are provided in Supplementary Information, Section 
S4.2). These relatively low activation energies are indicative of an effi
cient catalytic process, where Mn(III)AA significantly lowers the energy 
barrier for the overall ignition reaction compared to non-catalyzed or 
less effective systems. However, a specific mechanistic interpretation is 
warranted: in heterogeneous catalytic systems, activation energies in 
this lower range typically indicate that the overall reaction rate is 
partially governed by diffusion or mass-transfer limitations, which 
exhibit significantly weaker temperature dependence than intrinsic 
chemical kinetics. This suggests that the catalyst effectively lowers the 
chemical barrier to such an extent that physical mixing dynamics 
become the dominant weighting factor in the apparent system-level 
kinetics.

Analysis of the kinetic data reveals distinct sensitivity trends. The 
apparent activation energy (Ea) exhibits a strong dependence on the O/F 
ratio, decreasing from ~13 kJ/mol at O/F 7.5 to ~9 kJ/mol at O/F 4.5. 
This variation implies that the global energy barrier is modulated by the 
macroscopic stoichiometry and the associated physical mixing dy
namics. In contrast, the pre-exponential factor (A) scales predominantly 
with catalyst loading, reflecting the increased frequency of active site 
collisions.

The pre-exponential factor (A), which reflects the frequency of 
effective molecular collisions and the number of active catalytic sites, 
ranges from approximately 311 s⁻¹ to 4170 s⁻¹ (detailed values in Sup
plementary Information, Section S4.2). Consistent with the observed 
IDT trends, A generally increases with higher HTP concentrations and 
catalyst loadings. This indicates that a greater concentration of reactive 
species and more available catalytic sites lead to a higher frequency of 
successful ignition events. The magnitude of A values, particularly at 
higher catalyst loadings and HTP concentrations, suggests a highly 
efficient pathway for the formation of reactive intermediates necessary 
for ignition.

Crucially, while the IDT is significantly influenced by temperature, 
the pre-exponential factor (A) itself shows minimal dependence on 
temperature, consistent with classical Arrhenius assumptions, within 
the tested range (20◦C to 50◦C), as evidenced by the nearly identical A 

values at both temperatures, as seen in Table 2 (detailed in Supple
mentary Information, Section S4.2). This implies that the pronounced 
reduction in IDTs observed at elevated temperatures (as illustrated in 
Fig. 3) is primarily driven by the exponential term (e(− Ea /(R⋅T)) within the 
Arrhenius equation, specifically the lowering of the activation energy 
barrier, rather than a significant change in the frequency of effective 
molecular collisions or the number of active catalytic sites.

Furthermore, the behavior of the A factor further supports the 
concept of diminishing returns with increasing catalyst loading. While A 
continues to increase as more catalyst is added, the rate of this increase 
slows down significantly, particularly beyond 5 wt%. This suggests that 
the system approaches a saturation point where additional catalyst no 
longer proportionally contributes to an increase in effective collisions or 
reactive sites. This could be due to the catalyst reaching its maximum 
surface area for interaction, where all available active sites are already 
engaged, or the rate of product removal from the active sites becoming a 
bottleneck. Alternatively, physical mixing limitations between the HTP 
decomposition products and the kerosene fuel could become dominant 
over chemical kinetics at higher catalyst concentrations, thus limiting 
further improvements in the overall reaction rate despite increased 
catalytic potential. This kinetic insight is vital for optimizing catalyst 
use, ensuring high performance without excessive material consump
tion. These trends are further illustrated in Fig. 4.

3.5. Post-ignition flame characteristics and mechanistic phases

The energy release and combustion efficiency of the Mn(III)AA 
catalyzed system are further characterized by the post-ignition flame 
temperatures and the deconvolution of the total IDT into its constituent 
phases.

Post-ignition flame temperatures, measured for O/F 6.5 and 7.5 at 
93%, 95%, and 98% HTP concentrations (for catalyst loadings between 
2.5% and 5%), ranged from approximately 940◦C to 1240◦C (detailed 
data in Supplementary Information, Section S4.3). Higher HTP con
centrations and catalyst loadings generally correlated with higher flame 
temperatures, indicating more complete and energetic combustion. For 
instance, at O/F 7.5 and 98% HTP, flame temperatures increased from 
1075◦C at 2.5 wt% catalyst to 1240◦C at 5.0 wt% catalyst. These high 
flame temperatures confirm the robust energy release from the Mn(III) 
AA catalyzed HTP/kerosene system, making it highly suitable for pro
pulsion applications. Visual observations of the ignition and flame 
development are presented in Fig. 5.

High-speed camera footage provided crucial qualitative validation of 
the quantitative IDT data and mechanistic insights. At initial propellant 
contact, all conditions appeared identical, with no immediate visible 
reaction, which aligns with the inherent latency of hypergolic ignition. 
As the reaction progressed, elevated temperatures and higher catalyst 
loadings significantly accelerated the onset of visible pre-ignition ac
tivity, such as fume or gas evolution. This visual cue directly corre
sponded to the shortening of the HTP decomposition and physical IDT 
phases, consistent with faster thermal breakdown of HTP at 50◦C (where 
decomposition started approximately 20-30% faster across all HTP 
concentrations). The "first light" (chemical ignition) consistently 
occurred earlier at 50◦C and higher catalyst weight percentages; 
conversely, 20◦C videos at comparable timestamps showed no visible 
flame, reflecting their longer total IDTs. Following chemical ignition, the 
flame grew faster and appeared more vigorous at higher temperatures 
and catalyst loadings. This rapid early flame development aligns with 
the higher post-ignition flame temperatures (e.g., >1100◦C at 50◦C, 
particularly at 5 wt% catalyst and 98% HTP). Flame stabilization was 
also achieved more rapidly with increased catalyst loading and elevated 
temperatures, visually manifesting as a steady, luminous flame forma
tion within approximately 40 ms at 50◦C compared to around 60 ms at 
20◦C. These visual observations provide strong qualitative confirmation 
of the quantitative data, including faster decomposition and chemical 
ignition stages, higher flame temperatures, and overall lower IDTs, 

Table 2 
Representative apparent activation energy (Ea) and Pre-exponential Factor (A) 
values for selected conditions at O/F 7.5 and O/F 6.5, showing general trends 
with HTP concentration and catalyst loading. (The full table of all calculated Ea 
and A values is available in the Supplementary Information (Section S4.2).

O/F HTP Conc % Cat Wt. % Ea (kJ/mol) A (s− 1)

7.5 98 2.5 12.691 3043.37
3.5 12.438 3105.44
5.0 12.456 3684.15

95 2.5 12.649 2639.77
3.5 12.590 2780.59
5.0 12.803 3354.58

93 2.5 13.291 3199.23
3.5 12.649 2639.77
5.0 12.590 2780.59

6.5 98 2.5 10.645 1194.68
3.5 10.857 1387.66
5.0 10.893 1647.64

95 2.5 11.175 1306.91
3.5 11.429 1599.34
5.0 11.101 1639.56

93 2.5 11.910 1559.09
3.5 12.407 2110.51
5.0 11.866 1971.86
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further supporting the diminishing returns observed at higher catalyst 
concentrations.

Analysis of the multi-phase ignition process provides deeper insight 
into the role of Mn(III)AA, illustrated in Fig. 6. The total IDT was 
segmented into HTP Decomposition Delay, Physical Delay, and Chemi
cal Delay (details in Supplementary Information, Section S4.4). The data 
show that the chemical delay is often the most significantly impacted 
phase by the catalyst, indicating Mn(III)AA's primary role in acceler
ating the chemical reactions between the HTP decomposition products 
and kerosene fuel.

While the physical delay (related to mixing and vaporization) and 
HTP decomposition delay also contribute to the total IDT, their relative 
contributions might vary less significantly with catalyst loading 
compared to the chemical phase, especially at optimal conditions. This 
suggests that while Mn(III)AA effectively drives the chemical kinetics, 
physical processes can become rate-limiting, particularly at lower 
catalyst loadings or less ideal mixing conditions.

3.6. Implications for pressurized systems and green propulsion

The experimental results, obtained from open-air drop tests at 
ambient pressure, provide a strong foundation for understanding the 
performance of Mn(III)AA catalyzed hypergolic systems. It is crucial to 
consider that in practical propulsion systems, combustion occurs under 
pressurized conditions. Based on established literature trends for similar 
propellant systems, IDTs are expected to further reduce by approxi
mately 20-30% in pressurized environments [12,20]. This projection 
suggests that the Mn(III)AA catalyzed HTP/kerosene combination could 
achieve IDTs in the low tens of milliseconds or even single-digit milli
seconds, which would surpass or significantly compete with the per
formance of many conventional and other propellants currently used in 
propulsion applications.

However, the extrapolation of the 'diminishing returns' trend 
observed at high catalyst loadings warrants specific consideration. High 
chamber pressures significantly increase the chemical reaction rate 
(Rate ∝ Pn), potentially shrinking the chemical delay phase to a negli
gible duration relative to physical processes. Consequently, the total 
ignition delay becomes increasingly dominated by atomization, 

vaporization, and mixing dynamics. This suggests that the plateauing 
effect of catalyst loading observed here (beyond 5 wt%) may become 
even more pronounced in pressurized systems, as the system shifts 
rapidly towards a mixing-limited regime where additional chemical 
catalyst provides minimal benefit. Therefore, in operational engines, 
injector design, specifically atomization efficiency, will likely govern 
performance more critically than higher catalyst concentrations.

Beyond chamber pressure, practical implementation must also 
contend with extreme environmental conditions. Specifically, ignition in 
low-pressure atmospheres (high-altitude or vacuum conditions) in
troduces the risk of flash vaporization. This phenomenon can induce 
rapid evaporative cooling, significantly lowering the droplet surface 
temperature and prolonging the physical delay phase. Furthermore, 
thermal management remains a critical challenge. High thermal con
ductivity within the injector assembly or the propellant bulk can rapidly 
dissipate the exothermic heat generated at the contact interface. If this 
heat loss exceeds the rate of chemical heat release, the reaction kernel 
may be quenched before a self-sustaining flame is established. Future 
system-level testing must therefore optimize injector geometry to 
minimize conductive heat loss during the critical ignition transient.

The high performance, coupled with the inherent advantages of HTP 
(non-toxicity, benign decomposition products) and the efficiency of Mn 
(III)AA (effective at low catalyst loadings), positions this system as a 
highly viable and sustainable alternative for future space propulsion. 
The elimination of complex ignition systems and conventional catalyst 
beds due to the intrinsic hypergolicity further contributes to simplified 
engine designs, reduced manufacturing and operational costs, and 
enhanced safety during handling and launch operations. This research 
therefore offers a significant step towards developing more efficient, 
reliable, and environmentally responsible propulsion technologies, 
aligning with the growing demand for sustainable space exploration.

4. Conclusions

In conclusion, this study establishes Manganese(III) acetylacetonate 
(Mn(III)AA) as a highly potent catalyst for enabling hypergolic ignition 
in non-polar aviation kerosene (Jet A-1) with 98% HTP. The key sci
entific and practical findings are summarized as follows: 

Fig. 4. Natural logarithm of the Pre-exponential Factor (ln(A)) as a function of Catalyst Loading (wt%) for HTP 95% (blue line) and HTP 98% (green line) at O/F 7.5 
(A values derived from 20◦C data). The 'x' and 'Δ' symbols, with accompanying numerical labels, represent the percentage change in A between consecutive catalyst 
loading increments, illustrating the diminishing returns in the rate of increase of A.
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Fig. 5. A visual sequence of high-speed camera images showing the ignition and flame development for O/F 7.5, 98% HTP, 5 wt% catalyst at 50◦C. The sequence 
highlights (a) initial droplet contact, (b) HTP decomposition, (c) first light (chemical ignition), (d) early flame growth, and (e) eventual flame stabilization, 
demonstrating the vigorous and stable combustion process.

Fig. 6. Stacked bar charts illustrating the relative contribution of HTP Decomposition Delay, Physical Delay, and Chemical Delay to the total IDT for O/F 7.5 at HTP 
concentrations of 93%, 95%, and 98%. Each subplot compares 2.5% and 5.0% catalyst loadings at both 20◦C and 50◦C.
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1. Catalytic Efficiency: The system achieved a minimum Ignition Delay 
Time (IDT) of 25 ms at 50◦C, a result that significantly outperforms 
non-catalyzed hydrocarbon systems (>100 ms) and rivals complex 
ethanol-gel propellants [12].

2. Optimal Loading Threshold: A distinct non-linear kinetic behavior 
was identified, where catalyst efficiency saturates beyond 5 wt%. 
This observation defines a critical design limit, confirming that once 
the chemical barrier is sufficiently lowered, the system becomes 
governed by physical mixing rates (Da > 1). Thus, further perfor
mance gains in operational engines should be sought through 
injector atomization improvements rather than increased chemical 
loading.

3. Mechanism of Action: Kinetic analysis revealed that Mn(III)AA 
significantly lowers the activation energy (Ea ~ 9-12 kJ mol− 1), 
effectively accelerating the chemical delay phase to the point where 
physical mixing processes become the rate-limiting step.

From a propulsion system integration perspective, the trade-off be
tween kinetic performance and rheological practicality is critical. While 
catalyst loadings up to 10 wt% demonstrated the shortest ignition de
lays, such high solid-loading slurries introduce risks regarding long-term 
storage stability (sedimentation) and injector compatibility (clogging or 
altered atomization patterns due to increased viscosity). Consequently, 
the 5 wt% loading is identified as the optimal operational point, offering 
a robust balance where reliable hypergolic ignition is achieved without 
incurring the severe penalty of poor propellant homogeneity or feed- 
system hydraulic losses.

It is important to acknowledge the limitations of this experimental 
approach. The results presented here were obtained under ambient 
pressure conditions. While valuable for screening, the absolute IDT 
values may differ in pressurized combustion chambers due to enhanced 
reaction rates and altered atomization regimes. Therefore, the high- 
pressure performance suggested by literature trends remains a theoret
ical projection requiring direct experimental validation in future 
chamber testing. Furthermore, the kinetic parameters reported are 
apparent values derived from a two-point temperature range, serving as 
global performance indicators rather than elementary reaction 
constants.

Future research should prioritize validating these findings in pres
surized combustion chambers to quantify the influence of chamber 
pressure on the catalyst saturation threshold. Additionally, in
vestigations into the long-term storage stability of Mn(III)AA in kerosene 
and cold-flow atomization studies are recommended to optimize injector 
geometries for this specific propellant combination. Finally, ignition 
testing under vacuum conditions is necessary to assess performance risks 
related to flash vaporization in upper-stage applications.

Nomenclature

Abbreviation / Symbol Description
HTP High Test Peroxide
Mn(III)AA Manganese(III) acetylacetonate
IDT Ignition Delay Time (ms)
O/F Oxidizer-to-Fuel Ratio
Ea Activation Energy (kJ mol− 1)
A Pre-exponential Factor (s− 1)
R Universal Gas Constant (8.314 J mol− 1 K− 1)
T Temperature (K or ◦C)
ROI Region of Interest
FPS Frames Per Second
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