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ABSTRACT: The oxidation of gas-phase exo-tetrahydrodicyclo- .
pentadiene (JP-10, C;,H;4) over aluminum nanoparticles (AINP) i Clcuttagy
has been explored between a temperature range of 300 and 1250 K
with a novel chemical microreactor. The results are compared with
those obtained from chemical microreactor studies of helium-
seeded JP-10 and of helium—oxygen-seeded JP-10 without AINP to
gauge the effects of molecular oxygen and AINP, respectively.
Vacuum ultraviolet (VUV) photoionization mass spectrometry
reveals that oxidative decomposition of JP-10 in the presence of
AINP is lowered by 350 and 200 K with and without AINP,
respectively, in comparison with pyrolysis of the fuel. Overall, 63 ELSUI)]

nascent gas-phase products are identified through photoionization 100

efficiency (PIE) curves; these can be categorized as oxygenated

molecules and their radicals as well as closed-shell hydrocarbons along with hydrocarbon radicals. Quantitative branching ratios of
the products reveal diminishing yields of oxidized species and enhanced branching ratios of hydrocarbon species with the increase in
temperature. While in the low-temperature regime (300—1000 K), AINP solely acts as an efficient heat transfer medium, in the
higher-temperature regime (1000—1250 K), chemical reactivity is triggered, facilitating the primary decomposition of the parent JP-
10 molecule. This enhanced reactivity of AINP could plausibly be linked to the exposed reactive surface of the aluminum (Al) core
generated upon the rupture of the alumina shell material above the melting point of the metal (Al).
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1. INTRODUCTION An effective approach to increase the energy density of the
liquid hydrocarbon fuel is to include solid particle additives
such as high energy-density nanoparticles (NPs)."®'” In
particular, metallic nanoparticle additives such as aluminum
(84 kJ cm™) have received significant attention for enhancing
the performance of volume-limited propulsion systems,
including JP-10.""*° Affordable aluminum nanoenergetic
energy density (39.6 kJ cm™) originating from the inherent materials (ALNEM) offer key advantages such as a higher

Jet Propellant-10 or JP-10 (exo-tetrahydrodicyclopentadiene,
CyoH;g) represents a widely used hydrocarbon jet fuel with
attractive properties such as high thermal stability, high density
(0.94 g cm™), low freezing point (194 K), and low flash point
(327 K); this hydrocarbon also possesses a high volumetric

ring strain energy caused by three five-membered ring moieties specific surface area, higher energy density, reduced ignition
incorporated into a single molecule."”” Prior to the actual delays, and an enhanced heat transfer rate, which, in turn,
oxidation (combustion) of the hydrocarbon fuel, the improves the burning rates of liquid fuels via minimal fuel
endothermic chemical decomposition pathways function as a consumption, thereby influencing the emission characteristics
heat sink; this feature is essential in the thermal management of liquid fuels.”" ™!

and maintenance of the structural integrity of propulsion

systems.”" Over the past few years, JP-10 has emerged as a Received: December 13, 2023

well-suited fuel for missiles, pulse detonation engines, and Revised:  January 16, 2024

ramjets;>° it has been explored to understand the underlying Accepted: January 30, 2024

combustion chemistry using shock tubes,” flow tubes,*”"" and Published: February 22, 2024

high-temperature chemical reactors,'””~"> along with reaction

modeling.7’9’16’17
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Figure 1. Schematics of the experimental setup including the high-temperature microreactor and reflectron time-of-flight mass spectrometer (Re-
TOF-MS). The mass spectrometer portion is adapted from ref-35 with permission from the Royal Society of Chemistry.>

An increase in the volumetric energy of JP-10 by 10% upon
addition of 16 nm sized aluminum nanoparticles (AINP) was
reported;”*”” ignition delay times were shortened with
increased burn times in the combustion process in the
temperature range of 1,500—1750 K. Luo et al. studied the
combustion of JP-10 using a small-scale reactor containing
30—50 nm diameter AINP, showing a higher combustion
efficiency compared to pure JP-10 fuel.”> Combustion studies
of droplets of 80 nm diameter AINP-doped JP-10 suspended
on a silicon carbide (SiC) fiber were also performed by using a
dedicated laser ignition system.”**> Combustion efficiency and
engine performance were found to be enhanced remarkably by
using JP-10 slurry fuel containing 16 wt % AINP compared to
pure JP-10 fuel in a scramjet engine.”” As elucidated in the
literature, the addition of AINP also promoted the engine wall
pressure along the combustor path to increase significantly. An
impressive combustion efficiency of over 99% for the JP-10
droplet containing 10 wt % AINP was reported by Chen et al.*®
Key studies from our laboratory explored the complex ignition
and combustion chemistry of acoustically levitated AINP-
doped JP-10 droplets using a focused carbon dioxide (CO,)
laser beam in an oxygen—argon mixture within a pressure-
compatible process chamber interfaced to complementary
Raman, ultraviolet—visible (UV—vis), and Fourier transform
infrared (FTIR) spectroscopic probes.”” ' Additionally, high-
speed optical and infrared (IR) thermal imaging cameras were
employed to monitor physical changes. The effects of
untreated, prestressed, and superquenched aluminum particles
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with different sizes and acetonitrile-milled aluminum particles
on the combustion of JP-10 were also addressed, and a high
combustion temperature of nearly 2600 K was noted.”" As the
major reactive intermediates, diatomic radicals such as
hydroxyl (OH), methylidyne (CH), dicarbon (C,), and
aluminum monoxide (AlO) were identified during the
oxidation.”"*!

Despite these prior studies on the combustion of AINP/JP-
10 mixed fuel, a complete understanding of the role of AINP at
the molecular level has not been revealed to date. Although
offline and ex situ detection tools such as high-performance
liquid chromatography (HPLC) and gas chromatography—
mass spectrometry (GC—MS) are capable of identifying
closed-shell products, short-lived reaction intermediates cannot
be probed by these methods. These reactive transients, such as
radicals formed in the initial stages of decomposition and
oxidation, deliver the building blocks for the oxidation of JP-10
and hence control the overall efficiency and performance.
Additionally, the lack of a comprehensive inventory of
temperature-dependent products and intermediates restricts a
proper understanding of the underlying chemistry of such fuel
additives, influencing the combustion properties of JP-10.
Therefore, in the present study, we exploit an isomer-selective
in situ diagnostics study utilizing photoionization to probe the
reaction products in a molecular beam at temperatures ranging
from 300 to 1400 K. This approach utilizes the power of soft
photoionization with single-photon synchrotron vacuum
ultraviolet (VUV) light followed by a mass spectroscopic

https://doi.org/10.1021/acs.jpca.3c08125
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Figure 2. Mass spectra of products formed upon oxidation of JP-10 recorded at a photon energy of 10.0 eV in the 300—1400 K temperature range
(A) without and (B) with the aluminum nanoparticles (AINP) inside the high-temperature chemical microreactor (hot silicon carbide (SiC) tube).

Simultaneous comparisons of the two cases with respect to the product peaks at two different temperatures (C) 650 K and (D) 1250 K are also

presented.
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analysis of the ijons in a reflectron time-of-flight mass
spectrometer (Re-TOFE-MS).'>**** The molecular beam was
prepared by seeding JP-10 vapor in a helium (He)—oxygen
(O,) gas mixture at an 80 to 20% volume ratio and passing this
mixture over AINP within a chemical microreactor (Figure 1).
To elucidate the effects of the AINP, the high-temperature
oxidation of pure JP-10 was also conducted as a reference
system within the same reactor at identical conditions but
without the presence of AINP. The experimental approach was
validated by exploring the thermal cracking of JP-10 fuel
through the chemical microreactor without the presence of any
additive.” In the study mentioned above, 43 products were
quantitatively identified, including alkenes, dienes, cumulenes,
alkynes, eneynes, diynes, cycloalkenes, cyclodienes, aromatic
molecules, as well as short-lived open-shell species, such as
ethyl (C,Hg), allyl (C;H;), and methyl (CH,). Stable
molecules detected were molecular hydrogen (H,), ethylene
(C,H,), propene (C3Hg), cyclopentadiene (CsHg), cyclo-
pentene (CsHyg), fulvene (C¢Hy), and benzene (C4Hg). The
present work also evaluates the temperature-dependent
branching ratios of the products. This information is critical
to developing predictive combustion models for nanoparticle-
doped fuels and, ultimately to developing the next generation
of air-breathing ramjet and scramjet systems with superior
energy per unit volume and molecular weight compared to
traditional hydrocarbon fuels such as JP-10.

2. EXPERIMENTAL METHODS

The thermal decomposition of JP-10 over AINP was explored
at the Chemical Dynamics Beamline (9.0.2.) of the Advanced
Light Source (ALS) utilizing a high-temperature catalytic
microreactor **** (Figure 1). Briefly, the high-temperature
microreactor consists of a resistively heated silicon carbide
(SiC) tube of a 20 mm length and a 1 mm inner diameter,
which was tightly packed with 80 nm sized aluminum
nanoparticles (AINP) over a length of 10 mm centered inside
the SiC tube supported by a glass-wool bed (see the extended
description and characterization of this reactor in Supporting
Information, S1). Here, a helium (He; Airgas; 99.999%)—
oxygen (O,; Matheson; 99.999%) mixture at (80:20) + 1 at a
backing pressure of SO0 Torr passed through JP-10 (exo-
tetrahydrodicylopentadiene, C;yH;s) (TCI America; 94%)
with a vapor pressure of 0.2 Torr' kept in a stainless-steel
bubbler at room temperature (298 K). The gas mixture
containing ~0.04% of JP-10 was introduced into the silicon
carbide tube filled with the AINP at temperatures from 300 to
1400 + 10 K monitored by a type-C thermocouple. After
exiting the reactor, the supersonic molecular beam, which
contained the pyrolysis and oxidation products, passed a
skimmer and entered the detection chamber, which housed the
Wiley—McLaren reflectron time-of-flight mass spectrometer
(Re-TOF-MS). The nascent products consisting of radicals
and thermally labile closed-shell species were photoionized in
the extraction region of the spectrometer by exploiting quasi-
continuous tunable vacuum ultraviolet (VUV) light and
detected with a microchannel plate (MCP) detector. Mass
spectra were recorded in 0.05 eV intervals from 8.00 to 11.50
eV. This experiment was repeated under three conditions: the
presence of pure He to simulate the pyrolysis condition, a
mixture of He and O, to simulate the oxidation condition, and
the presence of AINP to simulate the catalytic conditions.

A set of additional mass spectra was also measured at 15.4
eV to photoionize molecular hydrogen and methane with
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ionization energies of 15.4 and 12.6 eV, respectively. The PIE
curves, which report the intensity of a selected mass-to-charge
ratio (m/z) versus the photon energy, were extracted by
integrating the signal collected at a specific m/z selected for the
species of interest over the range of photon energies in 0.05 eV
increases and normalized to the incident photon flux. The PIE
curves were then fit with a linear combination of known PIE
curves to isomer selectively identify the products.*

3. RESULTS

3.1. Mass Spectra. Characteristic mass spectra recorded
during the oxidative decomposition of pure JP-10 (136 amu)
without the presence of any additive at a photon energy of 10.0
eV are compiled in Figure 2(A) for distinct temperatures from
300 to 1400 K. Figure 2 (B) compiles mass spectra when the
JP-10 vapor seeded in a He—O, mixture was allowed to pass
over AINP inside the reactor. To compare the appearances of
the products at a particular temperature, the mass spectra with
and without the nanoparticles are also represented in Figure
2(C,D) recorded at distinct temperatures of 650 and 1250 K,
respectively. The photon energy was purposefully chosen to be
10.0 eV while recording the photoionization mass spectra in
order to avoid the formation of fragment ions from dissociative
photoionization of JP-10 at photon energies above 10.0 eV, as
shown in our previous publication.'> At 300 K, for both the
mass spectra (Figure 2A,2B) depicting only four peaks, the
most intense one belongs to the molecular parent ion at m/z =
136 (C,oH,¢") along with its weak *C counterpart at m/z =
137 (CCyH,¢"). The trace amount of higher harmonic VUV
light photoionizes molecular oxygen (O,) and helium (He),
resulting in the peaks at m/z = 32 (weak) and m/z = 4 (very
weak), respectively. Upon gradually increasing the temperature
of the microreactor and recording the corresponding mass
spectra, product formation can be noted at 650 K for the
oxidation of pure JP-10, indicating the commencement of
decomposition for the fuel. At this temperature, apart from the
mass peaks from reactant molecular oxygen (m/z = 32),
helium (m/z = 4), and parent JP-10 ions (m/z = 136, 137), 16
additional m/z values at m/z = 58, 64, 66, 67, 68, 80, 81, 82,
93, 94, 95, 96, 107, 108, 121, and 122 were detected. However,
in the presence of AINP, the oxidative decomposition of JP-10
has been found to commence at 550 K, which is 100 K lower
than without AINP; this is accompanied by 12 product peaks
(m/z = 58, 66, 67, 68, 80, 81, 94, 95, 96, 107, 108, and 121). It
is worth mentioning that for the pyrolysis of pure JP-10, the
thermally decomposed products started to form at a much
higher temperature, i.e., at 1200 K.

With an increase in the temperature, the number of mass
peaks increased with and without AINP (Figure 2). The
temperature of the microreactor was increased to a point
where the parent JP-10 ion peak completely vanished, implying
its full decomposition. The presence of AINP inside the reactor
resulted in a significant lowering of the full decomposition
temperature for JP-10 by 150 K compared to its oxidation
without the additive and by 350 K with respect to its gas-phase
thermal cracking."> During the oxidation in the absence of
AINP, it yielded 41 product mass peaks at the highest
temperature (1400 K) and no survival of JP-10, whereas the
same number of peaks emerged in the AINP-assisted oxidation
at its characteristic temperature of 1250 K. The features in the
respective mass spectra representing the full decomposition of
JP-10 with (1250 K) and without AINP (1400 K) in the He—
O, mixed carrier gas are similar, but the relative intensities of

https://doi.org/10.1021/acs.jpca.3c08125
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the peaks are different. In general, the most intense mass peaks
appear at m/z = 15, 39, 42, 52, 54, 66, and 78. Even at high
temperatures, no signal was observed at m/z values exceeding
136 (CyoH;6") and 137 (*CC4H,¢"); this finding rules out any
molecular mass growth processes, representing the sensitive
and crucial detection of the nascent decomposition and/or
oxidation products of individual JP-10 molecules under our
experimental conditions.

3.2. Decomposition Profiles. The most notable phenom-
enon derived from the above-mentioned mass spectra is the
diminishing intensity for the parent molecular peak of JP-10 at
m/z 136 (CyoH¢") with increasing temperature. The
intensity ratios of the decomposed peak at m/z = 136 at the
corresponding temperature to that of the intact JP-10 at 10 eV
ionization energy are defined as the decomposition ratio
(D.R.). Figure 3 depicts the plot of decomposition ratios as a
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Figure 3. Decomposition ratios for JP-10 passing through the high-
temperature chemical microreactor seeded in helium (black), a
helium—oxygen mixture (green), and a helium—oxygen mixture over
aluminum nanoparticles (AINP) (red).

function of temperature for three different sets of reaction
conditions: (i) pyrolysis (black trace; carrier gas: helium), (ii)
oxidation (green trace; carrier gas: helium—oxygen mixture),
and (jii) oxidation in the presence of AINP (red trace; carrier
gas: helium—oxygen mixture) of JP-10. The overall pattern for
the decomposition ratio curves undergoing oxidations is
remarkably distinct from the pyrolysis; the oxidation also
results in a significantly earlier onset of decomposition of JP-10
at 550 K (red curve, with AINP) and 650 K (green curve,
without AINP), respectively, compared to 1200 K for the
pyrolysis (black curve), under otherwise identical experimental
conditions."” The efficiency for the full decomposition of the
JP-10 fuel was also enhanced for the oxidation processes
compared to the pyrolysis; specifically, the oxidation in the
presence of AINP is found to be the most efficient among all of
the mentioned cases (at 1250 K).

Based on the slope of the decomposition curves as a
function of temperature for the oxidation processes, there are
two temperature ranges: (1) the low-temperature region (550—
1000 K) and (ii) the high-temperature region (1000—1400 K);
a common trend is that the slope of the latter is much steeper
than the former. Although the decomposition initiated at a
lower temperature for the oxidation in the presence of AINP,
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the corresponding graph descends with a less steep slope
(DR.= 0.62 at 950 K) in the low-temperature segment
compared to the oxidation in the absence of AINP (D.R.= 0.51
at 950 K). However, above 1000 K, in the high-temperature
region, the decomposition curve representing the oxidation in
the presence of AINP displays a sharp decline in the
magnitudes of the decomposition ratios in comparison with
that without any additive. This observation indicates the
significant role of AINP during the decomposition of the fuel,
thus lowering the full decomposition temperature drastically.

3.3. Identification of the Products: Photoionization
Efficiency Curves. To decipher the effects of oxidation of JP-
10 with and without AINP, the primary requisite is to identify
the nature of the products entrained in the molecular beam.
This is achieved through an extraction and detailed analysis of
distinct PIE curves followed by a comparison with the products
corresponding to the pure JP-10 pyrolysis.'> Overall, 63
products were identified in each of the oxidation events,**~*°
which are constituted of four major classes: (i) oxidized
molecules, (ii) oxidized radicals, (iii) closed-shell hydro-
carbons, and (iv) hydrocarbon radicals. Table 1 provides an
overview of these molecular classes, including their ionization
energies and appearance temperature range. Figures 4, 5 and 6
display the PIE curve fittings for the identified species. The PIE
curve fittings for the products from the oxidation of JP-10
without the nanoparticles are also shown in the Supporting
Information, (Figures S2—S4). Table S1 represents a
comparison of the appearance of the products generated in
different experimental conditions: pyrolysis only, pyrolysis in
the presence of AINP, oxidation without any additive, and
oxidation with AINP.

The class of oxidized molecules formed includes aliphatic
alcohols, ketones, and aldehydes, as well as cyclic (aromatic)
alcohols, ketones, aldehydes, and ether. Initially, at relatively
low temperature (650 K) for both the oxidation reactions, the
major oxidized compounds (Figure 4 and Table 1) detected
are furan (C,H,0), 2,4-cyclopentadiene-1-one (CH,O),
phenol (C,H;OH), 2-cyclohexene-1-one (CsHgO), cresol
(CH;C4H,OH), benzyl alcohol (C¢H;CH,OH), and dime-
thylphenol ((CH;),C¢H;OH). The small-sized molecules (1—
3 carbons) such as formaldehyde (HCHO), acetaldehyde
(CH4CHO), ethenol (CH,=CHOH), and 2-propenal
(CH,=CHCHO) tend to form at higher temperatures.
Water (IE = 12.6 eV),"” a common combustion end product,
was also identified in the mass spectra recorded at 15.4 eV
(Figure SS). At the initial decomposition temperature (650 K),
larger open-shell oxygenated radicals (e.g., phenoxy
(C¢H0®), methylphenoxy (CH;C¢H,0°®), dimethylphenoxy
((CH;),C4H;0°%), etc.) have also been observed to form in
addition to the oxidized molecules.*****® As the temperature
increases to and surpasses 1,050 K, small-sized short-lived
radicals like formyl (HCO®) and ethynyloxy (HCCO®)
radicals are also seen (Figure 4 and Table 1).

Various closed-shell hydrocarbon molecules were pro-
duced in the form of 1,3-cyclopentadiene (CsHg), cyclo-
pentene (C;Hg), cyclohexadiene (C¢Hg), and cyclohexene
(CgH,p) at the beginning of the oxidation process, at 650 K. As
the temperature was increased, particularly at the correspond-
ing decomposition temperatures of 1250 or 1400 K, a complex
pool of closed-shell hydrocarbons was also discovered. The
detected hydrocarbons are summarized in Table 1, and the PIE
curve fittings for these molecules are shown in Figure 5. Many
of these hydrocarbons were also detected in the decomposition

https://doi.org/10.1021/acs.jpca.3c08125
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Table 1. Mass, Molecular Formula, Structure, and Ionization Energy (L.E.) of the Individual Products Formed during the
Oxidation of JP-10 on AINP“

Temperature
Molecular LE
Mass Name Structure o range of
formula (eV)
appearance
Oxidized Molecules
18 H>O Water H/O\H 12.6 850 - 1,250 K
"
30 HCHO Formaldehyde /C:O 10.9 1,250 K
H
Ethenol ho” X 9.3 1,250 K
44 CoH40
Acetaldehyde X 10.2 1250 K
56 C;H40 2-Propenal /\/O 10.1 1,250 K
o}
Acetone )k 9.7 550 - 1,250 K
58 CsHO Propanal P 9.9 550-1,250K
Propen-2-ol )L 8.6 550-1,250K
OH
o}
68 C4H40 Furan ﬂ\ /7 8.8 550-1,250K
80 CsHsO 2,4-Cyclopentadiene-1-one @IO 9.4 550 - 1,250 K
82 CsHeO 2-Cyclopenten-1-one Q:O 9.4 550 -1,250K
94 CeHsO Phenol QOH 8.5 550-1,250K
96 CeHsO 2-Cyclohexene-1-one <;>:o 9.2 550~ 1,250 K
0
106 C7HsO Benzaldehyde @)‘\H 9.5 1,050 - 1,250 K
Cresol QOH 8.3 550 - 1,250 K
108 C7HzO
OH
Benzyl alcohol @—/ 9.0 550 — 1,250 K
. OH
122 CsHi10O Dimethylphenol Q 8.2 550-1,250 K
Oxidized Radicals
29 CHO Formyl H——C=—0 8.1 1,050 - 1,250 K
41 C;HO Ethynyloxy HC=C—O 95 1,050 - 1,250 K
93 CsHsO Phenoxy @‘O 8.6 550-1,250K
95 Ce¢H,0 1,3-Cyclohexadienyloxy @O 9.0 550-1,250 K
o]
107 C7H,0 Methylphenoxy 8.5 550-1,250 K
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Table 1. continued
121 CsHoO Dimethylphenoxy o 8.4 550-1,250 K
Hydrocarbon Molecules
16 CH4 Methane CH4 12.6 1,250 K
26 C,H, Acetylene CH==CH 11.4 1,250 K
28 CoHy Ethylene H,C——=CH, 10.5 850-1,250 K
Allene H,C——=C——=CH, 9.7 1,250 K
40 C3Hy
Methylacetylene —— 10.4 1,250 K
42 C3Hs Propene PN 9.7 1,250 K
50 C4H, Diacetylene —_— 10.1 1,250 K
52 CaHy Vinylacetylene 7 9.6 1,250 K
54 C4Hs 1,3-Butadiene / / 9.1 1,050 - 1,250 K
1-Butene /—/ 9.6 1,250 K
56 C4Hs
2-Butene /:/ 9.1 1,250 K
64 CsH, Ethynylallene /\c\ 9.2 1,250 K
1,3-Cyclopentadiene @ 8.5 650 - 1,250 K
66 CsHs
1-Penten-3-yne \/ 9.0 650 — 1,250 K
Cyclopentene @ 9.0 650 - 1,250 K
68 CsHs
1,3-Pentadiene NN 8.6 650 — 1,250 K
76 CeHa o0-Benzyne @ 9.1 1,050 — 1,250 K
Benzene @ 9.2 850-1,250K
78 CsHs
Fulvene @z 8.4 850 - 1,250 K
1,3-Cyclohexadiene @ 8.3 650 - 1,250 K
30 CeHs
1,4-Cyclohexadiene @ 8.8 650 - 1,250 K
Cyclohexene @ 8.9 650 — 1,250 K
82 CsHio
2,4-Hexadiene e g 8.2 650 - 1,250 K
90 C7He Fulvenallene @iC: 8.3 1,250 K
Toluene @— 8.8 650 - 1,250 K
92 C7Hg
5—Methy1ene.—1,3— 79 650 1.250 K
cyclohexadiene
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Table 1. continued

Phenylacetylene Q{ 8.8 1,250 K
102 CsHs
Benzocyclobutene 7.5 1,250 K
/
104 CsHs Styrene 8.4 850 - 1,250 K
p-Xylene 0 8.5 1,050 — 1,250 K
106 CsHio
1,3,5-Cyclooctatriene @ 7.9 1,050 - 1,250 K
Indene 8.3 1,050 — 1,250 K
116 CoHg
1-Ethynyl-4-methylbenzene —@7: 8.5 1,050 - 1,250 K
118 CoHio Indane ©i> 8.5 1,050 — 1,250 K
Hydrocarbon Radicals
15 CH3 Methyl CH5 9.8 1,250 K
27 CoH; Vinyl H,C=—=CH 8.3 1,250 K
29 CoHs Ethyl HaC——CH, 8.1 1,050 - 1,250 K
39 C;3H; Propargyl [ 8.7 1,250 K
41 CsHs Allyl PZN 8.1 1,050 - 1,250 K
65 CsHs Cyclopentadienyl @ 8.4 1,050 - 1,250 K
91 C7H; Benzyl @ 72 1,250 K

“The products are classified into different categories, and their temperature ranges of appearance are also compiled.

of helium-seeded JP-10" but only at temperatures exceeding
1200 K. In this study, a highly reactive organic hydrocarbon-—
ortho-benzyne (C4H,, m/z = 76) has also been detected at the
full decomposition temperatures. The formation of isomeric
species at m/z = 76, such as (E) and/or (Z)-hexa-1,5-diyne-3-
ene (IE = 9.1 eV) could not be ruled out completely, but o-
benzyne is likely to be the predominant or sole contributor as
realized through the detection of a benzyl radical (C;H,, m/z =
91), which is a combination product of o-benzyne and a methyl
radical.”® For m/z = 80, the cyclohexadienes could have
formed via the cyclization of the metastable, isomeric
methylcyclopentadienes (IE = 8.4 eV).* The latter can also
undergo endoergic rearrangement, followed by hydrogen loss,
to produce fulvene at higher temperatures, which is identified
above 850 K in this experiment.

On the other hand, none of the oxidation cases in the given
temperature range resulted in the detection of the typical
hydrocarbon decomposition product, the molecular hydrogen
(H,), in the mass spectra recorded at an energy of 15.4 eV
(Figure SS). Extraction of PIE curves further reveals that
hydrocarbon radicals form in noticeable concentrations at
temperatures exceeding 1,050 K as a general trend. These
radicals are summarized in Table 1 and the corresponding PIE
curve fittings are depicted in Figure 6. Among the observed
species, the benzyl radical (C,H;) was exclusively detected in
this study, and it was not reported in the pyrolysis study of
helium-seeded JP-10."* The remaining weak mass peaks at m/z
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= 53, S5, 67, 69, 79, and 81 have been assigned to the 13¢c
variant of some of the observed species by extracting and
matching corresponding PIE curves with their >C analogues
presented here, which are the major isotopic contributors
(Figure S6).

3.4. Temperature-Dependent Abundances. 3.4.7. Oxi-
dized Products. Figure 7 shows the normalized intensities as a
function of the temperature for the mass peaks containing the
oxidized products. The majority of the mass peaks (m/z = 93,
94, 95, 96, 107, 108, 121, 122) follow bell-shaped temperature-
dependent yields with maxima observable in the temperature
range of 1050 + 100 K for both the oxidation processes,
irrespective of the presence of AINP. These species containing
six and seven carbon atoms include oxygenated radicals
carrying the (hydrogenated) benzene ring such as phenoxy
(CeH0°®, m/z = 93), 1,3-cyclohexadienyloxy (C¢H,O°, m/z =
95), methylphenoxy (C,H,0°, m/z = 107), and dimethylphe-
noxy radicals (CgH,0°®, m/z 121) along with phenol
(C¢HOH, m/z = 94), 2-cyclohexene-1-one (C(H O, m/z =
96), cresol (CH;C(H,OH, m/z 108), benzyl alcohol
(HOCH,C¢H;, m/z 108), and dimethylphenol
((CH;),C¢H;0H, m/z = 122). For these species, above
1050 K, the oxidation of JP-10 with AINP is sharper than the
one without the nanoparticles.

Each of the mass peaks for m/z = 29, 41, 56, 68, 80, 82, and
106 consists of multiple molecule(s) and/or radical(s). Their
temperature-dependent abundances also display a complex
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Figure 4. Experimental photoionization efficiency curves (PIE, black traces) for the oxidized products (magenta, purple, and orange reference
traces) formed by the oxidation of JP-10 over aluminum nanoparticles (AINP) along with the experimental errors (gray shaded area). The errors
originate from the measurement errors of the photocurrent by the photodiode and a 16 error of the PIE curves averaged over the individual scans.
In the case of multiple isomeric contributions, individual reference PIE curves are presented, and the overall fitted curve is depicted by the red
trace; the single-component fits are also shown with a red trace only. The JP-10 fragment implies the photolysis fragment of JP-10 generated upon

dissociative photoionization.

pattern in general, having intensity maxima at around 1250 K
followed by decay at higher temperatures for oxidation without
the nanoparticles. In the presence of AINP, no decay for these
peak intensities has been observed in the experimental heating
temperature range of 650—1250 K, except for the m/z = 68,
80, and 82 peaks.

Considering the remaining mass peaks that correspond
solely to the oxygenated species, m/z = 30 (formaldehyde,
HCHO), m/z = 44 (acetaldehyde, CH;CHO and ethenol,
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CH,=CHOH), and m/z 58 (acetone, CH;COCHj;;
propanal, CH;CH,CHO and propen-2-ol, CH;C(OH)
=CH,), the maximum abundance at 1,250 K for the AINP-
assisted oxidation is evident; a similar pattern is observed for

m/z = 44 undergoing oxidation without any AINP additive.
However, the maximum intensity has been marked at 1,350 K
for the m/z = 30, 58 peaks in the latter case, and an overall

diminished intensity for all of these three mass peaks is

https://doi.org/10.1021/acs.jpca.3c08125
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Figure S. Experimental photoionization efficiency curves (PIE, black traces) in the range of (A) 8.0—10.2 eV and (B) 8.0—11.5 eV for the closed-
shell hydrocarbon products (blue and green reference traces) generated during the oxidative decomposition of JP-10 over aluminum nanoparticles
(AINP) along with the experimental errors (gray shaded area). The errors originate from the measurement errors of the photocurrent by the
photodiode and a 16 error of the PIE curves averaged over the individual scans. In the case of multiple isomeric contributions, individual reference
PIE curves are presented, and the overall fitted curve is depicted by the red trace; the single component fits are also shown with a red trace only.
The JP-10 fragment implies the photolysis fragment of JP-10 generated upon dissociative photoionization.

recorded at the maximum temperature during heating (1400
K).

3.4.2. Hydrocarbon Radicals. The trend in the temper-
ature-dependent abundances of the hydrocarbon radicals [m/z
= 1S (methyl, *CH;), m/z = 27 (vinyl, *CH = CH,,), m/z = 39
(propargyl, *CH,—C=CH), m/z = 65 (cyclopentadienyl,
*CsH;) and m/z = 91 (benzyl, *C,H;)] is significantly
different from the oxidized products. The temperature versus

intensity plots for hydrocarbon radicals are shown in Figure 8.
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During the oxidation of JP-10 carried out without any
additive, the generation of open-shell hydrocarbon products
has been registered to begin from 1250 K, except for the vinyl
radical (m/z = 27), which could be detected at and above 1350
K. Other than the benzyl radical (m/z = 91), the abundances
for all of the other radicals increased until the highest
temperature of the experiment was reached (1400 K). In the
presence of the AINP, the formation of all of the mentioned
hydrocarbon radicals in detectable amounts is found to

https://doi.org/10.1021/acs.jpca.3c08125
J. Phys. Chem. A 2024, 128, 1665—1684


https://pubs.acs.org/doi/10.1021/acs.jpca.3c08125?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c08125?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c08125?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c08125?fig=fig5&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c08125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A pubs.acs.org/JPCA
m'z =15 m/z = 27 m/z = 39 -
Methyl radical Vinyl radical Propargyl radical

2

‘»

cC

9

E T I T I 1 T 1 1 1 T 1 1
8 80 85 90 95 100 85 90 95 100 85 9.0 95 100
N m/z =65 m/z =91

g Cyclopentadienyl Benzyl radical

5 radical

Z —— Ethynylallene ("*C

—Fit

7 <
95 100 85 9.0
Photon Energy (eV)

1 1
9.5 10.0

Figure 6. Experimental photoionization efficiency curves (PIE, black traces) for the hydrocarbon radical products formed during the oxidative
decomposition of JP-10 over aluminum nanoparticles (AINP) along with the experimental errors (gray shaded area) originating from the
measurement errors of the photocurrent by the photodiode and a 1-¢ error of the PIE curves averaged over the individual scans. In the case of
multiple isomeric contributions, individual reference PIE curves are presented, and the overall fitted curve is depicted by the red trace. The JP-10

fragment implies the photolysis fragment of JP-10 generated upon dissociative photoionization.

commence also at 1250 K, except for the benzyl radical (m/z =
91), whose significant formation is initiated early, at 1150 K. It
is notable that the temperature-dependent radical yields are
remarkably shifted toward lower temperature during the
oxidation in the presence of AINP.

3.4.3. Hydrocarbon Molecules. The temperature evolution-
normalized intensity plot for the hydrocarbon species observed
in this study is depicted in Figure 9. The formation of closed-
shell hydrocarbon species is favored at elevated temperatures.
Among the aliphatic unsaturated hydrocarbons, except for the
m/z = 54 (1,3-butadiene, H,C = CH-CH = CH,) and m/z =
56 (1-butene, H;C—CH,—CH = CH, and 2-butene, H,C—
CH,—CH = CH,) peaks, the intensities of the rest tend to
increase until the highest temperature (1400 K) for the
oxidation without AINP. Under similar experimental con-
ditions, while formation of some of the cyclic hydrocarbons is
facilitated [benzyne (C¢H,, m/z = 76), S-ethenylidene-1,3-
cyclopentadiene/fulvenallene (C,Hy,, m/z = 90), phenyl-
acetylene and benzocyclobutadiene (CgHg, m/z = 102)], rest
of the cyclic hydrocarbons have been observed to decline
slightly with the increase in temperature. Generally, the extent
of the decline in the mass peak intensities is greater for the
larger hydrocarbons.

The presence of AINP in the course of oxidative
decomposition of JP-10 induces an early initiation for the
generation of a few hydrocarbons compared to the oxidation
without the nanoparticles, such as acetylene (m/z = 26),
ethylene (m/z = 28), diacetylene (m/z = 50), vinylacetylene
(m/z = 52), benzyne (m/z = 76), fulvenallene (m/z = 90),
phenylacetylene/benzocyclobutene (m/z = 102), and indene/
1-ethynyl-4-methylbenzene (m/z = 116). On an interesting
note, the hydrocarbon molecules with a higher degree of
unsaturation are set to form at much lower temperatures with
AINP; especially, the generation of o-benzyne at a temperature
of 1050 K is remarkable.

3.5. Product Branching Ratios. In order to visualize the
quantitative product distribution over the entire temperature
range, the bar charts of the branching ratios of each product
formed during the oxidation of JP-10 without and with AINP
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are shown in Figure 10 at different temperatures. The
respective individual branching ratios are calculated by
accounting for the photoionization cross sections.'” Both the
plots represent similar trends, but the remarkable dissimilarity
belongs to the product distributions at 1250 K for the given
oxidation parameters. However, the branching ratios for the
products formed in the presence of AINP at this temperature
match closely with the oxidation products generated in the
absence of AINP at 1400 K.

The most prominent primary products formed at 650 K in
the presence of AINP are 1,3-cyclopentadiene (CsH,, 32.8 +
1.3%), methylphenoxy radical ((CH;)C¢H,0°%, 12.9 + 1.1%),
dimethylphenoxy radical ((CH,),C¢H;0°, 9.4 + 0.1%), 1,3-
cyclohexadienyloxy radical (C4H,0°, 7.3 + 0.8%), 1-penten-3-
yne (CsHg, 6.6 = 0.7%), phenol (C¢H;OH, 4.8 & 0.1%), and
2,4-cyclopentadiene-1-one (CgH,O, 3.6 + 0.9%). The
corresponding branching ratios of the above-mentioned
products are also in the comparable range (+£1.0%) in the
case of oxidation in absence of the AINP, except slightly higher
for 1,3-cyclopentadiene (36.3 + 1.3%) and dimethylphenoxy
radical (11.2 + 0.9%). Remarkably, the primary difference
relates to the phenoxy radical (C¢HsO®), which is only
generated in the presence of AINP at this temperature (4.6 +
0.1%).

The total branching ratios for the oxidized products versus
hydrocarbons with and without AINP are displayed in Figure
11. At 1050 K, the total yield of oxidized species (65.3 + 2.3%
with AINP versus 69.4 + 1.9% without AINP) exceeds the
combined share of hydrocarbons and hydrocarbon radicals.
Phenoxy (C¢H;O®), methylphenoxy ((CH;)CsH,O°), 1,3-
cyclohexadienyloxy (C¢H,0°*), and dimethylphenoxy radicals
((CH;),C¢H;0°) along with 2-cyclohexene-1-one (C4HO),
phenol (C¢H;OH), 2,4-cyclopentadiene-1-one (CH,O),
benzyl alcohol (CqH;CH,OH), and furan (C,H,O) emerge
as the major oxidized products at this temperature. At 1250 K,
the comparison between JP-10 oxidation with and without
AINP reveals notable distinctions. The presence of AINP leads
to reduced branching ratios for oxidized products while
exhibiting higher values for specific unsaturated hydro-

https://doi.org/10.1021/acs.jpca.3c08125
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Figure 7. Comparison of temperature-dependent abundances of the mass peaks corresponding to oxidized products (as a function of normalized
mass peak intensities) in presence (red trace) and absence (black trace) of AINP during oxidation of JP-10 in the temperature range of 650—1400

K. The y-error bars are due to the experimental errors of the mass peak intensities evaluated by averaging recorded mass spectra.

carbons/hydrocarbon radicals. The oxidized species are found
to have lower individual shares in the overall product
distribution for the AINP-assisted oxidation, as shown in
Table 2. On the contrary, the production of hydrocarbon
radicals and unsaturated hydrocarbons was clearly facilitated in
the presence of AINP (Table 2), except in the case of the most
contributing product—1,3-cyclopentadiene. At the higher
temperatures, the small C1—C4 hydrocarbons also noticeably
appear in both the oxidations, and the trend is identical to that
seen in the case of pyrolysis of pure JP-10.

The general trend in both of the oxidation cases at their
corresponding full decomposition temperature of JP-10 reveals
the major products to be 1,3-cyclopentadiene (CsHy), benzene
(Cg¢Hg), a cyclopentadienyl radical (*CsHs), toluene (C,Hg),
S-methylene-1,3-cyclohexadiene (C,Hy), styrene (C,Hy), 1-
penten-3-yne (CsHy), propene (C;Hy), and a methyl radical
(*CH,). Only two oxidized products, specifically the open-shell
species phenoxy (C4H;O®) and methylphenoxy radicals
((CH;)C4¢H,40°®) are obtained with measurable branching
ratios of about 2%.
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4. DISCUSSION

The above-mentioned observations suggest a complex
chemistry involved in the oxidation of JP-10 compared to
the simple pyrolytic cracking of the fuel studied earlier.'> The
presence of AINP during oxidation induces further critical
effects. Multiple key outcomes from the experimental results
can be extracted, which not only highlight the chemical
transformations during the oxidative decomposition of JP-10
but also assess the significant role of the AINP in facilitating
the oxidation process.

Notably, the presence of AINP lowers the onset temperature
for oxidative decomposition by 100 K (550 K compared with
650 K without AINP). It is also worth mentioning that the
initial product formation commenced at a significantly lower
temperature than 1200 K, as reported for the thermal
decomposition of the precursor.”” Moreover, AINP-assisted
oxidation achieves full fuel decomposition at 1250 K, much
earlier compared to the oxidation without AINP (1400 K) and
helium-seeded thermal decomposition at 1600 K. This
indicates that AINP eases the oxidation process, allowing it
to occur at a much lower temperature.

https://doi.org/10.1021/acs.jpca.3c08125
J. Phys. Chem. A 2024, 128, 1665—1684


https://pubs.acs.org/doi/10.1021/acs.jpca.3c08125?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c08125?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c08125?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.3c08125?fig=fig7&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.3c08125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry A

pubs.acs.org/JPCA

(A) with AINP

—e&—m/z = 15 (Methyl radical)
—e—m/z = 27 (Vinyl radical)

——m/z = 39 (Propargyl radical)
—&—m/z = 65 (Cyclopentadienyl radical)
—e—m/z = 91 (Benzyl radical)

Intensity (arb. units)

e

850 950 1050 1150
Temperature (K)

650 750 1250

—e— with AINP —e— without AINP

(B)

Normalized Intensity

T T T T T T T T
650 750 850 950 1050 1150 1250 1350 1450
Temperature (K)

Figure 8. (A) Temperature-dependent abundances of hydrocarbon
radicals in the presence of aluminum nanoparticles (AINP) probed as
a function of absolute intensity in the mass spectra and (B)
comparison of the abundances (as a function of normalized mass peak
intensities versus temperature) of hydrocarbon radicals in the
presence (red trace) and the absence (black trace) of AINP during
oxidation of JP-10. The y-error bars are due to the experimental errors
of the mass peak intensities evaluated by averaging recorded mass
spectra.

In addition, the decomposition patterns of the fuel as a
function of temperature during the oxidation and the pyrolysis
are significantly distinct; especially, the oxidation with and
without the AINP represent mutually exclusive trends in the
corresponding decomposition curves (Figure 3) with contrast-
ing efficiencies in two temperature regimes: 550—1000 and
1000—1400 K.

At 650 K, the early oxidative decomposition stages of JP-10
lead to the detection of various five- and six-membered cyclic
oxygenated molecules and radicals (Table 1). On the other
hand, 1,3-cyclopentadiene dominates the yield among the five-
membered cyclic hydrocarbons. In total, 23 oxidized products,
including water, are formed (Figures 4—6 and 10).

The temperature-dependent abundances of the products in
Figure 7 show a bell-shaped pattern for oxidized radicals and
molecules, except for m/z = 29, 41, 56, 68, 80, 82, and 106,
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indicating complex trends possibly involving multiple mole-
cules and/or radicals. The overall branching ratios for the
oxidized species reach a peak at 1050 K regardless of the
presence of AINP (Figure 11). However, in the JP-10/AINP
oxidation system, the temperature-dependent decay of these
species is enhanced.

The open-shell hydrocarbon species cyclopentadienyl
(CsH;®), propargyl (C3H;"), and methyl (CH;*) radicals are
detected from 1,050 + 100 K onward and only significantly
increase as the temperature increases until the full decom-
position of JP-10 (Figures 2, 8, and 10). Particularly, for the
vinyl and benzyl radicals, the onset temperature of formation is
100 K lowered through the presence of AINP compared to that
of the oxidation of JP-10 without the AINP additive.

Finally, the yields of the closed-shell hydrocarbon molecules
exceed those of the oxidation products at temperatures above
1200 K (Figure 11); as a common trend, the presence of AINP
lowers the temperature by 100 K for the initial production.
The major contributors of the hydrocarbon molecules at the
full decomposition temperatures are 1,3-cyclopentadiene
(C¢Hg), benzene (CgHg), toluene (C,Hg), styrene (C,Hg),
and propene (C;Hg); the detection of highly unsaturated
hydrocarbons such as acetylene (C,H,), allene (C,H,),
methylacetylene (C;H,), diacetylene (C,H,), vinylacetylene
(C4H,), ethynylallene (C;H,), phenylacetylene (CgHy), and
reactive benzyne (C¢H,) is notable too.

Considering a general oxidation process of JP-10, mecha-
nistic paths are proposed to involve an initial endoergic
decomposition to C,oH, radicals—either by atomic hydrogen
losses operating in the pyrolysis of JP-10"® or an atomic
hydrogen (H) abstraction channel by molecular oxygen (O,).
A schematic for the generation of early intermediates from JP-
10 via the two possible pathways is shown simultaneously in
Figure 12.

The analogy of the proposed formation of C,oH,; radicals
with and without oxygen is experimentally implicated through
the detection of ubiquitous five-membered cyclic hydrocarbons
1,3-cyclopentadiene (CsH) and cyclopentene (CsHg) at the
initial decomposition temperatures. From R1, these species
could be formed with associated endoergicities of 225 and 297
k] mol™, respectively.15 However, the energetics of the
elementary steps leading to the formation of in situ-generated
JP-10 radicals (C;oH,;5: R1—R6, Figure 12) reveal an endoergic
requirement by ~200 kJ mol™' on average in the case of the H-
abstraction channel by molecular O, as compared to that of
~400 kJ mol™" for the homolytic C—H cleavage. This lowering
of reaction enthalpies reflects on the early onset of
decomposition of JP-10 at 650 K in the presence of molecular
oxygen instead of 1200 K, as recorded for the pyrolysis event.
Subsequently, the oxidation reactions may proceed via addition
of molecular oxygen to the radical sites, followed by
isomerization and/or fragmentation of reactive, oxygenated
intermediates, yielding oxygenated as well as hydrocarbon
species.

4.1. Low-Temperature Regime. Analyzing the trends in
the low-temperature regime (550—1050 K) of the decom-
position curves, it is apparent that although there is an earlier
onset of product formation in the presence of AINP, the overall
decomposition efficiencies of up to 1000 K are slightly less
than the oxidation in the absence of AINP. This influence of
the AINP could have originated from the existing passivation
layer of alumina (ALO;) surrounding the metallic core
(A]).>°7>* It has been suggested that the release of the

https://doi.org/10.1021/acs.jpca.3c08125
J. Phys. Chem. A 2024, 128, 1665—1684
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Figure 9. Comparison of temperature-dependent abundances of the mass peaks corresponding to closed-shell hydrocarbon products (as a function
of normalized mass peak intensities) in presence (red trace) and absence (black trace) of AINP during oxidation of JP-10. The y-error bars are due
to the experimental errors of the mass peak intensities evaluated by averaging recorded mass spectra.

acquired chemical energy within the particle via diffusion-
controlled chemical reactions is vastly hindered due to the
AL Oj; shell on the Al core, and the shell itself serves as a
barrier. However, the aforementioned analogy is counter-
intuitive according to the very recent findings that reveal
unusual chemical reactivity of the alumina shell toward JP-10
during a thermal decomposition study in the absence of
molecular oxygen.* Hence, the contrasting nature of the
alumina layer, that is, the suppression of its reactivity in the
present work, emerges owing to the presence of oxygen (O,)
flow in the molecular beam. Due to the significant partial
pressure of oxygen in the sample mixture and the inertness of
the alumina coating, individual hot JP-10 molecules prefer
interaction with gaseous oxygen molecules instead of the oxide
layer on the nanoparticles. In addition, from a statistical
viewpoint, the higher concentration of oxygen most likely
obstructs the adsorption of the JP-10 molecules on the alumina
surface of AINP, thus restricting the heterogeneous oxygen-
atom transfer step from the shell material to the JP-10 radicals
(CioHs: R1 —R6).*® Previous experimental and computational
studies also suggested that the oxide shell can grow and thicken
and/or undergo phase change in an oxygen-rich environment

1678

at elevated temperatures via the chemisorption of molecular
oxygen on the partially oxidized sites and naked metallic
surfaces; >~ this would constrain the chances of fuel—AINP
chemical interactions at this temperature regime. Summing up
the above-mentioned factors, it can be concluded that in the
low-temperature segment, AINP does not exhibit any
noticeable chemical activity, except being a better heat transfer
medium, that is, by supplying about 200 kJ mol™' energy
(Figure 12) to the JP-10 + O, reaction system, which allows
the formation of a C,jH;s radical precursor and ultimately
resulting in an early onset of decomposition.

4.2. High-Temperature Regime. At the higher-temper-
ature end (>1200 K), the yield of the hydrocarbon molecules
and radicals exceeds that of the oxidized species; this
corroborates that the endoergic (~400 kJ mol™') pyrolysis
channels of JP-10" (Figure 12) are accessible easily and
preferred over the competing oxidation channels in this
temperature regime. Moreover, the decline in the yields of the
oxidized species as a function of temperature suggests that
these molecules become thermally unstable, thus undergoing
facile decomposition. This scenario is in line with the detection
of small-sized (C1—C2) oxygenated species at elevated

https://doi.org/10.1021/acs.jpca.3c08125
J. Phys. Chem. A 2024, 128, 1665—1684
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Figure 10. Individual branching ratios of the species obtained in the oxidative decomposition of JP-10 (A) in the absence of aluminum
nanoparticles (AINP) and (B) in the presence of AINP for the temperature range (A) 650—1250 K and (B) 650—1400 K, respectively. The error
bars are evolved due to the uncertainties determined by averaging the recorded photoionization efficiency curves. The topmost shaded areas at
temperatures 1400 and 1250 K depict full decomposition of JP-10 in the absence and the presence of AINP, respectively.
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Figure 11. Overall branching ratios for the oxidized products versus hydrocarbon molecules and radicals collectively during oxidation of JP-10 in
the presence of aluminum nanoparticles (AINP, blue and red traces) and in the absence of AINP (black and gray traces), respectively. The error

bars are linked with the standard errors in the individual branching ratios.

Table 2. Branching Ratios of a Few Key Species at 1250 K for the Oxidation of JP-10 without and with AINP

species
phenoxy radical C¢H;0°®
phenol C¢H;OH
1,3-cyclohexadienyloxy radical C¢H,0°
methylphenoxy radical (CH;)C¢H,0°
dimethylphenoxy radical (CH,),C¢H;0°
methyl radical *CH,;
propargyl radical *C;H;
propene C3Hy

vinylacetylene
1,3-butadiene

cyclopentadienyl radical *CsH;
benzene CgHg
fulvene CeHg
toluene C,Hg
styrene CgHg
1,3-cyclopentadiene CsHg

molecular formula

H,C= CH-C=CH
H,C=CH-CH=CH,

branching ratio

Without AINP (%)

With AINP (%)

12.7 + 04 19 £ 0.1
14 £ 0.1 03 £ 0.1
41+ 10 0.03 + 0.01
5.1+ 06 2.5+ 0.1
1.1 £ 0.1 0.0 + 0.01
0.8 + 0.1 2.8 £ 0.5
02 + 0.1 22+ 038
0.9 £ 0.1 74 + 0.5

0.05 + 0.01 31+03
0.9 + 0.1 32+ 06
2.8 + 04 10.0 £ 0.7
6.6 + 0.7 114 £ 0.8
12 £ 0.1 24 + 04
64 + 0.1 8.1+ 0.5
1.6 + 0.1 6.5+ 07

285 + 1.1 21.5 £ 0.5

temperatures, such as the formyl radical (HCO), formaldehyde
(H,CO), the ethynyloxy radical (HCCO), acetaldehyde
(CH;CHO), and ethenol (C,H;0H). The complicated
pattern in the temperature-dependent abundance plot (Figure
7) for some multicomponent mass peaks could be explained by
the combined effects of the thermal instabilities and
corresponding yields for the constituent oxidized species as
opposed to hydrocarbon radicals or/and molecules.

The presence of AINP in the microreactor further lowers the
decomposition temperatures for JP-10 during the oxidation
compared to the pyrolysis; this lowering might be linked to
two effects mediated by AINP: (i) the large specific surface
area-to-volume ratio for the nanoparticles can act as an
excellent heat supplier with thermal conductivity of AINP at
room temperature = 237 W m~' K™!°' during contact with the
JP-10 vapor and may enhance the extent of thermal energy
transfer to the parent molecule exceeding the predicted
reaction enthalpies of +400 kJ mol™' for the initiall C—H
bond cleavage to occur at lower temperature and (ii) active
chemistry of the AINP inducing a facile C—H bond cleavage.
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As we move to the high-temperature range (1000—1400 K),
the decomposition curve becomes much steeper in the
presence of AINP; a full decomposition of the fuel is achieved
at a much lower temperature of 1250 K; further, the generation
of intermediate hydrocarbon radicals commenced much earlier
compared to the oxidation in the absence of any additive
(Figure 8) (1050 K). These crucial observations collectively
suggest a strong chemical activity of the AINP. At temperatures
above the melting point of the AINP (933 K), it is proposed
that the alumina shell ruptures due to the volume expansion of
the Al core, generating aluminum nanodroplets. These exposed
nanodroplets®> °° at the given temperature range react
violently with the molecular oxygen, yielding reactive
intermediates such as aluminum monoxide (AlO) and atomic
oxygen (Al + O, —» AlO + 0),°® both of which can facilitate
the C—H bond cleavage of parent JP-10 molecules*® compared
to the oxidation without the additives and thus supply
sufficient precursors (e.g, hydrocarbon radicals) for quantita-
tive decomposition. The atomic oxygen-mediated pathways
generating the initial C;;H;s radicals (R1—R6) plus the

https://doi.org/10.1021/acs.jpca.3c08125
J. Phys. Chem. A 2024, 128, 1665—1684
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Figure 12. Schematic for the formation of initial intermediates from
JP-10; hydrocarbon radicals (C;oH,5: R1—R6) upon pyrolytic C—H
bond cleavages (above the arrow, black) and via the abstraction of
atomic hydrogen by molecular oxygen (below the arrow, red) with the
computed reaction enthalpies in kJ mol™" at the B3LYP/6-311G**
level.'*° These radicals subsequently participate in the oxidation
chemistry, leading to the formation of oxygenated species.

hydroxyl radical (OH) involve enthalpy changes in the range of
=29 to 11 kJ mol™". On the other hand, the aluminum
monoxide (AlO)-driven H-atom abstraction pathways are
predicted to be exoergic, spanning a range of —64 to —24 kJ
mol™.*° The energy barriers of 4—20 kJ mol™' from the
separated reactants (JP-10 + AIO) can be spontaneously
accessed at the given temperature range to produce van der
Waal complexes between the C, H,s radicals and AIOH,
stabilized by —71 to —109 kJ mol™" prior to the formation of
separated products. Being a highly reactive intermediate, AIO
is likely to get fully consumed within the reactor tube while
readily reacting with the parent hydrocarbon molecule and
finally dissipating in the molten aluminum matrix, leaving no
traces of gaseous AlO to be detected. An earlier onset for the
significant yields in the hydrocarbon radicals and molecules
(Figures 8 and 9) also renders direct evidence in favor of the
enhanced chemical reactivity exhibited by the AINP. On the
contrary, the accelerated decomposition of the oxidized
species, i.e., representing the steeper slope in the temper-
ature-dependent yield curves (Figure 7) in the presence of
AINP, in turn, supports the fact that at a high temperature, the
exposed Al core surface should trigger their fragmentations.
Nevertheless, besides possessing influential reactivity, these
nanoparticles still may function as superior heat transfer media.
Thus, the critical temperature lowering for the destruction of
JP-10 could be attributed to an efficient catalytic effect of the
AINP, and slashing the decomposition temperature by 100—
150 K definitely provides an essential advantage for
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implementing realistic next-generation engine designs in the
air-breathing propulsion systems.

5. CONCLUSIONS

The oxidation of exo-tetrahydrodicyclopentadiene (JP-10,
CoH;s) has been explored over a combustion-relevant
temperature range of up to 1400 K in a chemical microreactor
in the presence of aluminum nanoparticles (AINP); the results
are compared to those obtained from the oxidation of the fuel
without AINP additives under otherwise identical experimental
conditions. The temperature-dependent product distributions
are unambiguously identified by exploiting isomer-selective
vacuum ultraviolet (VUV) photoionization mass spectrometry
and extracting photoionization efficiency (PIE) curves. The
mass spectra reveal an early onset of product formation at 550
K during oxidation in the presence of AINP compared to the
initial decomposition at 1200 K in the case of gas-phase
pyrolysis of JP-10. The primary products consist of cyclic,
oxidized species such as 2,4-cyclopentadiene-1-one (CsH,O),
phenol (CsH;OH), 1,3-cyclohexadienyloxy radical (CsH,0*),
methylphenoxy radical ((CH;)C¢H,O°), and dimethylphenoxy
radical ((CH,),C4H;0°) along with the five-membered cyclic
hydrocarbon, 1,3-cyclopentadiene (CsHg). At the highest
temperature, apart from the major cyclic hydrocarbon
products, 1,3-cyclopentadiene (C;Hy), benzene (C¢Hy), cyclo-
pentadienyl radical (*CiH;), and toluene (C,Hg), a few
aliphatic species—1-penten-3-yne (CsH), propene (C;Hy),
and methyl radical (*CH;)—are also detected. The temper-
ature-dependent decomposition curves of the parent JP-10
display a decrease in the decomposition temperature by 100—
150 K in the presence of AINP, thus indicating the critical role
of AINP in the decomposition of JP-10. While the trend in the
decomposition patterns for the oxidation processes and that of
the pyrolysis are remarkably different, the curves for the
oxidation with and without AINP are also mutually exclusive in
the low-temperature (300—1000 K) and high-temperature
(1000—1400 K) ranges. As evaluated from the product
branching ratios, in the low-temperature range, the oxidized
molecules and radicals are found to be dominant products;
with the increase in temperature, hydrocarbon molecules and
radicals prevail. AINP is suggested to act as efficient heat
transfer media triggering the oxidative decomposition of JP-10,
100 K lower than the oxidation without the additive. At
elevated temperatures (1000—1400 K), the decomposition of
JP-10 is significantly enhanced in the presence of AINP and
reveals quantitative destruction of the fuel at 1250 K. This
efficient role of the AINP likely emerged from the spallation of
the reactive aluminum metallic core, which reacts with
molecular oxygen, generating aluminum monoxide (AlO)
and atomic oxygen followed by their chemical interactions
through hydrogen atom abstraction from JP-10, easing the
primary C—H cleavage compared to that in the gas phase, thus
resulting into a remarkable lowering in the energy barrier. The
detailed findings of this experimental study contribute to the
development of next-generation air-breathing propulsion
systems with aluminum nanoenergetic material (ALNEM)-
assisted JP-10 combustions, thus maintaining lower operational
engine temperatures, which provide higher sustainability and
longer flight time.
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