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ABSTRACT: Jet propulsion 10 (JP-10) droplets with and without
aluminum nanoparticles in conjunction with HZSM-5 zeolite and
surfactants were ultrasonically levitated, and their oxidation
processes were explored to identify how the oxidation process of
JP-10 is catalytically aﬀected by the HZSM-5 zeolites and how the
surfactant and Al NPs in the system impacted the key experimental
parameters of the ignition such as ignition delay time, burn rate,
and the maximum temperatures. Singly levitated droplets were
ignited using a carbon dioxide laser under an oxygen−argon
atmosphere. Pure JP-10 droplets and JP-10 droplets with silicon
dioxide of an identical size distribution as the zeolite HZSM-5 did
not ignite in strong contrast to HZSM-5-doped droplets. Acidic
sites were found to be critical in the ignition of the JP-10. With the
addition of the surfactant, the characteristic features of the JP-10 ignition were improved, so the ignition delay time of the zeolite-JP10 samples were decreased by 2−3 ms and the burn rates were increased by 1.3 to 1.6 × 105 K s−1. The addition of Al NPs increased
the maximum temperatures during the combustion of the systems by 300−400 K. Intermediates and end products of the JP-10
oxidation over HZSM-5 were characterized by UV−vis emission and Fourier-transform infrared transmission spectroscopies,
revealing key reactive intermediates (OH, CH, C2, O2, and HCO) along with the H2O molecules in highly excited rovibrational
states. Overall, this work revealed that acetic sites in HZSM-5 are critical in the catalytic ignition of JP-10 droplets with the addition
of the surfactant and Al NPs, enhancing the oxidation process of JP-10 over HZSM-5 zeolites.
volumetric energy of 39.6 kJ cm−3.2 Consequently, JP-10 is not
only used as a high-energy density fuel for advance airbreathing propulsion systems but also utilized in the
experimental and theoretical physical chemistry and material
sciences communities to study key features in the fundamental
decomposition and oxidation mechanism of ring-strained
molecules. These studies are vital to build up eﬃcient
combustion models and to design proﬁcient coolants along
with chemical heat sinks for advanced aircraft and missile
engines.7−13
Over the past decades, researchers exploited a great variety
of approaches to study the thermal decomposition and
oxidation of JP-10 such as distinct reactor types (ﬂow tube,
jet stirred, and batch),11,14−20 shock tubes,2,7,21 and hightemperature chemical reactors (Table 1) with identiﬁed

1. INTRODUCTION
Jet propulsion 10 (JP-10) represents one of the most
promising synthetic hydrocarbon fuels exploited in military
aircrafts due to its attractive thermophysical properties such as
low freezing point, high speciﬁc impulse, and low viscosity.1−6
The exo-TCD (tricyclo[5.2.1.02.6] decane) or exo-tetrahydrodicyclopentadiene molecule (C10H16; Scheme 1) represents
the principal constituent of JP-10; the strained polycyclic
molecular structure of this hydrocarbon results in a high
Scheme 1. Molecular Structure of exoTetrahydrodicyclopentadiene (JP-10) (Top) and the
Surfactant (Bottom)a
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Table 1. Compilation of Prior Experimental Studies on the Pyrolysis of JP-10
method

temperature (K)

pressure (bar)

residence time (ms)

refs

vacuum ultraviolet photoionization (ALS/NSRL)
shock tube
electrically heated tube
ﬂow reactor with a ﬁxed bed/microﬂow tube
shock tube
ﬂow tube reactor
ﬂow tubular reactor
jet-stirred reactor
annular tubular reactor
system for thermal diagnostic studies
system for thermal diagnostic studies
batch reactor
tubular reactor
thermal block
batch reactor
ﬂow reactor

1100−1600/927−1083
1166−1522
823−1008
673−733/700−980
1000−1600
298−1700
930−1080
848−933
903−968
373−873
473−935
823−903
883−963
623−698
583−683
900−1600

0.8/1.101
2.53−3.04
45
60/1
6−8
0.002−0.004
1.7
1

a few 0.01/124−144

10
24
25
26
7
14
8
16
18
23
1
19
20
3
17
15

34
34
1−38
1
345
40
0.00667

6500−13,000/400
0.5
2.10−9.35
3.2−5.3
500−6000
1038−5000
1800
480−26,400
1.8 × 106
2.4 × 105, 7.2 × 107
3.6 × 107

Scheme 2. Radicals Generated via C−H Bond Cleavages in JP-1010a

The reaction energies for the CH bond ruptures were calculated at the B3LYP/6-311G** and G3 level and are given in kJ mol−1.10

a

products compiled in Table S1.10,22,23 The majority of these
products were reported in a chemical microreactor setup by
Zhao et al.10 by exploiting vacuum ultraviolet photoionization
detection along with studies by Johnson et al.,24 Pan et al.,25
and Huang et al.26 Electronic structure calculations by
Morozov et al.22 provided a theoretical framework of these
ﬁndings and yielded in-depth mechanistical insights into the
feasible pathways, leading to the pyrolysis products of JP-10.
These studies revealed that the decomposition of JP-10 is
initiated by distinct C−H bond cleavages10,22,24 followed by
C−C bond β-scissions via biradical intermediates; these
pathways are consistent with the cleavage of strained C−C
bonds eventually initiating the unimolecular decomposition of
the carbon skeleton of JP-10 (Scheme 2).24 Zhao et al.10
revealed that R1, R4, R5, and R6 represent favorable channels
due to the lower endoergicities of the C−H bond
cleavages.10,22 Overall, the pyrolysis of JP-10 was found to be
mostly eﬃcient at temperatures exceeding 873 K due to the
high activation energies of at least 397 kJ mol−1 to cleave the
carbon−hydrogen bond(s) (Scheme 2).10,14−17,20,21

Distinct catalysts have been proposed to decrease the
activation energy in the decomposition of JP-10. Li et al.27
explored the eﬀects of gold nanoparticles, but the improvement
of the cracking rate of JP-10 only achieved 10% with the
dispersion stability of metal nanoparticles, limiting the use as a
catalyst in JP-10 decomposition. On the other hand, zeolites
microporous, aluminosilicate mineralshave emerged as
potentially eﬀective catalysts in the decomposition and also
oxidation of JP-10 due to their high catalytic activity, thermal
stability, cation exchange capability, shape selectivity, and
eﬀective acidic sites in their structural framework.13,28−30 The
catalytic activity of zeolites critically depends on multiple
factors such as the aluminum content in terms of the silicon
dioxide (SiO2) to aluminum oxide (Al2O3) ratio of the zeolite
framework,13,31−35 the type of cation (H+, Na+, K+, and Li+)
exchange in the aluminum framework,32,36 the pore size,13,35,37
the particle size38 of the zeolite, and also the moisture level.39
Particular attention has been devoted to Zeolite Socony Mobil
5 (ZSM-5)a Mobil ﬁve (MFI) type of zeolite, where its
framework is formed by bonding multiple pentasil units.37,40
B
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diﬀerence to the shorter diﬀusion paths that resulted in less
secondary reactions and hydrogen shifts due to the limited
amount of time products and reactants within the channels.
Kim et al.13 compared the catalytic activities and properties
of various zeolites (HBEA, HY, HMOR, HFER, and HZSM-5)
by studying the catalytic cracking of JP-10 and ZSM-5 that
showed the highest catalytic activity among all other zeolites by
providing the highest C1−C4 product yield. Here, the
comparison is based on the C1−C4 product yield due to
several reasons. Methane (CH4), ethane (C2H6), ethene
(C2H4), propane (C3H8), propylene (C3H6), and butane
(C4H10) were the dominant gaseous products formed during
the catalytic oxidation of JP-10 over zeolite.13 HZSM-5 was
revealed to yield the highest yields of C1−C4 hydrocarbons,
while HFERa catalyst with the smallest micropore diameter
of 0.42 nmproduced the lowest amount of C1−C4 products,
thus demonstrating the critical role of the pore sizes and
diﬀusion-limited decomposition in the catalytic activity of
zeolites. The remaining zeolites explored (HBEA, HY, and
HMOR) had larger micropore diameters (0.65, 0.78, and 0.66
nm) than HZSM-5 (0.56 nm) but yielded smaller amounts of
C1−C4.13 These results are also supported by the product
distributions observed by Huang et al.26 in the catalytic
cracking of JP-10 over HY zeolite. The product distribution
observed by the HY zeolite was similar to the HZSM-5
product distribution; however, the majority of the HY zeolite
products were C5 products [cyclopentadiene (C5H10) and
cyclopentene (C5H8)] rather than C1−C4 products. This
could be attributed to the larger pore sizes of HBEA, HY, and
HMOR that allowed for a quicker rate of diﬀusion, resulting in
less time for the primary products to undergo catalytic cracking
reactions that produce C1−C4. Overall, the micropore
diameter of HZSM-5 revealed to be the ideal size out of all
the zeolites for the production of C1−C4 products. Kim et
al.13 also observed that JP-10 with HZSM-5 produced higher
amounts of acyclic hydrocarbons and aromatics than with
other catalysts due to the narrow channels that provided more
time for the primary decomposition products to react with the
acidic sites available.
Despite the aforementioned progress in understanding the
catalytic activities in the decomposition of JP-10 in the
presence of zeolite catalysts, concerns on the limited
volumetric energy density of JP-10 of only 40 kJ cm−3,
which severely constrain the range and hence performance of
air-breathing propulsion systems, are growing. The development of the next generation of air-breathing propulsion
systems requires fuel with higher energy per volume and
molecular weight compared to traditional hydrocarbon fuel.
This necessitates the next generation of high-energy-density
fuel and of high-energy-density fuel additives, ultimately
enhancing the performance and range of air-breathing
propulsion systems. Aluminum nanopowder (Al NP) highenergy-density fuel additives hold promising applications in air
breathing engine applications.47−52 Having high energy density
(84 kJ cm−3) and higher surface-area-to-volume ratio,
aluminum nanoparticles signiﬁcantly improve the JP-10
ignition delay, increase the maximum ﬂame temperatures,
and reveal a rapid burning rate of JP-10.47,49,53−57 However,
there is currently an incomplete understanding of the
underlying mechanisms involved in the decomposition and
oxidation of metal-doped JP-10-based fuel, in particular, in the
presence of zeolites. To our best knowledge, no experimental
work has been conducted on the oxidation of Al NPs in the

This structure creates 10-membered ring micropores of 0.51 to
0.56 nm in diameter.41 In general, zeolite frameworks are solely
microporous in nature, but distinct ZSM-5 structures with
both micropores and mesopores such as NaZSM-5, HZSM-5,
and HZSM-5 nanosheets can be synthesized with a mesopore
diameter of 2 to 50 nm.13,33,37 These dimensions can be
compared to the JP-10 molecule holding a maximum diameter
of 0.67 nm and a minimum diameter of 0.38 nm.10,42 The
pores create straight and sinusoidal channels throughout the
structure and allow molecules such as JP-10 to diﬀuse and to
react with interior surface sites, which leads to the catalytic
decomposition of JP-10. The smallest diameter of JP-10 of 0.38
nm allows diﬀusion into the micropore channels (0.51−0.56
nm) of ZSM-5, but the diﬀusion is limited for the 0.67 nm
diameter JP-10; however, the larger mesopores (2−50 nm)
would easily allow all JP-10 molecules to diﬀuse through.
Therefore, JP-10 is thought to react preferentially with the
acidic sites of the mesopores.13,34,35
Extensive research exists from the material science
community on the cracking of JP-10 in the presence of these
zeolites. Due to the limited space in this journal, only key
ﬁndings will be reported, which are important to place the
present experiments into context. Xing et al.34 examined the
decomposition and oxidation of JP-10 over ZSM-5 in the
temperature ranges from 773 to 873 K; the authors revealed
that cracking rates of JP-10 improved by more than 45%
compared to non-catalyzed thermal cracking with major
products reported in Table S2. Hence, ZSM-5 catalysts have
outstanding performance in catalytic cracking and oxidation of
JP-10 due to the robust open silica structure,43 ideal pore
size,13,35 and number of catalytic acidic sites in the ZSM-5
framework.13,35 However, unwanted side eﬀects such as the
deactivation of the zeolite catalyst by coke formation and
dealumination processes during the decomposition and
oxidation of JP-10 have not been solved yet.32,44−46 Xing et
al.34 reported that a fundamental limiting factor for the
catalytic cracking of JP-10 was the number of acidic sites
available on the external surfaces of HZSM-5.34 Multiple
studies have suggested that the initial reaction of JP-10 and the
ﬁrst β-scission of the JP-10 carbenium ions proceed with the
acidic sites on the external surfaces of the ZSM-5.13,34 Unless
in the gas phase, where radical intermediates are formed, ionic
intermediates likely dominate the catalytic decomposition in
the presence of zeolites. The β-scission of the JP-10 carbenium
ions usually occurs along with excessive isomerization. The
primary products then undergo further secondary reactions
within the zeolitic pores on the internal acidic sites. Tian et
al.35 completed a study to minimize the limitations of the
micropores by turning HZSM-5 into nanosheets.35 The
majority of the acid sites were located on the internal surfaces
of the zeolite, which limited the JP-10 catalytic cracking rate.
The purpose of creating the HZSM-5 nanosheets was to create
mesopores with more external acidic sites and shorter diﬀusion
paths to enhance the catalytic activity. This provided more
mesopores with accessible external acidic sites, which increased
the catalytic activity of the initial reaction of JP-10 molecules
and carbenium ions. The same catalytic cracking products as
observed by Xing et al.34 were revealed with the HZSM-5
nanosheets, with the addition of butane, butene, pentane, and
pentene.34,35 The product distribution observed from the
nanosheets was slightly diﬀerent from the normal HZSM-5 in
that there was a decrease in gaseous products (methane,
ethane, propane, and butane). Tian et al.35 attributed the
C
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presence of JP-10 over HZSM-5 catalysts. Therefore, the
objectives of the present work are to investigate the catalytic
oxidation of JP-10 (system a) over HZSM-5 ﬁrst as a reference
system and then in the presence of added Al NPs (system b)
exploiting an ultrasonic levitation apparatus.58 We further
explore the eﬀects of adding the surfactant (Span 80) to the JP10-zeolite (system c) and JP-10-zeolite-Al NP (system d) on
the oxidation of JP-10.

2. EXPERIMENTAL METHODS
2.1. Materials. JP-10 (C10H16, ≥98% pure Scheme 1),
AlNPs (nominal diameter of 80 nm, 99.99%), and the
sorbitane monooleate surfactant (C24H44O6-span 80, ≤60
Scheme 1) were purchased from BOC Science, Novacentrix,
and Sigma-Aldrich, respectively, and were used without further
puriﬁcation. The zeolites samples (HZSM-5) were synthesized
in house. Brieﬂy, MFI zeolites were synthesized hydrothermally using a Teﬂon-lined autoclave. Aluminum isopropoxide (C9H21O3Al, ≥98%, Sigma-Aldrich) and tetraethylorthosilicate (SiC8H20O4-TEOS, 98%, TCI) are used as
aluminum (Al) and silica (SiO2) precursors, respectively.
Tetrapropylammonium hydroxide (C12H29NO-TPAOH, 40%
solution in water, Sigma-Aldrich) was used as the microporedirecting agent. The molar composition of the synthesis gel
was 9TPAOH/xAl2O3/25SiO2/495H2O/100C2H5OH, where
x is varied among 0 and 0.5. In a typical synthesis, 35.42 g of
TPAOH and 20.07 g of C2H5OH were dissolved in 10.29 g of
distilled water. Into this solution, a desired amount of
C9H21O3Al was added under vigorous stirring until the
solution became transparent. After that, 23.15 g of TEOS
was added dropwise, and the resultant solution was stirred for
24 h at room temperature. The ﬁnal gel was transferred to a
Teﬂon-lined autoclave, which was hydrothermally treated at
413 K for 48 h. After the hydrothermal synthesis, the solution
was cooled down to room temperature, and the precipitate was
collected by ﬁltration, dried in an oven at 373 K, and calcined
at 773 K for 4 h under air condition. Except the purely
siliceous sample (silicalite-1), the aluminum-containing zeolite
sample was further ion-exchanged to the protonated form with
1 M ammonium nitrate solution (NH4NO3) three times. The
molar amount of NH4NO3 in the ion-exchange solution was 10
times larger than the molar amount of aluminum in the zeolite
framework. Each ion-exchange process was carried out for 2 h
at room temperature. After the ion-exchange process, the
zeolite samples were calcined at 773 K for 4 h under air
conditions to form proton-exchanged zeolite. Hereafter, the
purely siliceous sample and H+-exchanged zeolite samples are
named silicalite-1 and HZSM-5, respectively.
2.2. Sample Preparation. Four distinct JP-10 samples
were prepared by mixing JP-10 with (a) 5 wt % HZSM-5
zeolite (zeolite-JP-10), (b) 5 wt % HZSM-5 zeolite and 1 wt %
Al NPs (zeolite-Al-JP-10), (c) 1 wt % HZSM-5 zeolite and
span 80 (zeolite-JP-10-surfactant), and (d) 1 wt % HZSM-5
zeolite, 1 wt % Al NPs, and span 80 (zeolite-Al-JP-10surfactant). Levitated droplets are shown in Figure 1. It is
important to note that without the surfactant, the HZSM-5
zeolite did not disperse uniformly within JP-10. Therefore,
samples (a) and (b) required high concentrations (5 wt %) of
the zeolite in order to transfer zeolite particles into the
levitated JP-10 droplets. In contrast, in the presence of the
surfactant, particle agglomeration of both Al NPs and HZSM-5
zeolites was eliminated, and the nanoparticles and zeolite were
uniformly distributed in JP-10 at a concentration of as low as 1

Figure 1. Optical images of levitated droplets of JP-10 containing (a)
5 wt % HZSM-5 zeolites (hereafter, zeolite-JP-10), (b) 5 wt %
HZSM-5 zeolites and 1 wt % Al NPs (hereafter, zeolite-Al-JP-10), (c)
1 wt % HZSM-5 zeolites and 5 wt % span 80 (hereafter, zeolite-JP-10surfactant), and (d) 1 wt % HZSM-5 zeolites, 1 wt % Al NPs, and 5
wt % span 80 (hereafter, zeolite-Al-JP-10-surfactant).

wt %. All samples were sonicated (Branson 3510:115 V AC, 10
min) to ensure that no separation between the particles and
the liquid takes place during the experiments. As reference
systems, samples of JP-10 with silicalite-1, that is, pure silicon
dioxide, of an identical size distribution as HZSM-5 were also
prepared for the study. However, the silicalite-1/JP-10 samples
did not ignite at all. This behavior was expected since the
acidity of the silicalite-1 is very low compared to the HZSM-5
sample (Figure 2, Table 2). With the insuﬃcient acidic sites
within the silicalite-1 surfaces, the catalytic activity of the initial
reaction of JP-10 molecules and carbenium ions will be
restricted. As a result, the reactive intermediates which initiate
the ignition process of JP-10 will not be formed with the
silicalite-1/JP-10 samples. Therefore, silicalite-1/JP-10 samples
did not ignite at all.
2.3. Material Characterization for Zeolite Samples.
Wide-angle X-ray powder diﬀraction patterns were obtained on
a Rigaku MiniFlex 600 diﬀractometer using Cu Kα radiation in
the 2θ range of 5 and 50°. The morphology of the zeolites was
identiﬁed by scanning electron microscopy (SEM, Gemini
500), operated with an accelerating voltage of 1 kV. From the
SEM images, histograms of average size distributions of zeolite
crystals were constructed by counting 100 of zeolite particles
with ImageJ software. Nitrogen adsorption and desorption
isotherms were measured using ASAP 2020 (Micromeritics) at
liquid nitrogen temperature. Prior to the measurements, the
samples were degassed under vacuum at 573 K for 3 h. The
surface area of the powders was analyzed with the Brunauer−
Emmett−Teller (BET) method. The Si/Al ratio was obtained
using inductively coupled plasma optimal emission spectroscopy (ICP-OES, PerkinElmer, OPTIMA 8300). The acidity of
zeolite samples was analyzed by the temperature-programmed
desorption equipped with mass detector (TPD-MS) technique
D
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2.4. Acoustic Levitation Apparatus and Characterization Techniques. The oxidation of singly levitated JP-10
droplets in the presence of zeolite was examined by exploiting
an ultrasonic levitator. The detailed description of this device
can be found in earlier publications.49,58−60 In brief, the
levitator consists of a piezoelectric transducer at an oscillation
frequency of 58 kHz and a concave shape reﬂector. A standing
wave is generated from the reﬂection of the ultrasonic sound
waves between the transducer and the reﬂector; the acoustic
radiation pressure counterbalances the gravitational force and
hence levitates the droplet slightly below one of the pressure
nodes of the standing wave. This ultrasonic levitator is
implemented into a pressure-compatible stainless-steel process
chamber, so the levitated droplet can be studied in diﬀerent
gas(eous) environments (inert, toxic, and/or reactive). In the
current study, the droplets were levitated in an environment of
60% oxygen (O2, 99.9999%, Airgas) and 40% argon (Ar,
99.9999%, Airgas) at a total pressure of 936 ± 1 Torr to
overcome the minimum ignition conditions of the present
droplets.49 The droplets were oblate spheroids in shape with
mean horizonal and vertical diameters of 2.4 ± 0.3 and 1.4 ±
0.2 mm, respectively (Figure 1). The droplets were introduced
into the pressure node with the help of a homemade droplet
deposition system.58 This unit consists of a microneedle, a
wobble stick, polyetheretherketone tubing, and a syringe. The
levitated droplets were then heated using a carbon dioxide
(CO2) laser emitting at a wavelength of 10.6 μm. The laser
output can be tuned in between 1 and 40 W; the present work
was performed at an output power of 32 W, which is achieved
by setting the duty cycle of the CO2 laser to 80%; this laser
power overcame the minimum ignition conditions of the
present droplets.49
The ignition process of JP-10 in the presence of the zeolite
samples was characterized using ultraviolet−visible (UV−vis)
and Fourier-transform infrared (FTIR) spectroscopies along
with an IR thermal-imaging and a high-speed optical camera.
Raman spectroscopy of the droplets was attempted, but the
spectra exhibited a smooth structureless continuum with no
discrete peaks. Reactive intermediates, atoms, and closed-shell
molecules including terminal oxidation products produced
during the oxidation were detected via UV−vis emission
spectroscopy in emission and through FTIR. UV−vis spectra
were recorded via a StellarNet SILVER-Nova UV−vis
spectrometer by exploiting a ﬁber optic probe covering the
wavelength range of 200−1100 nm with a spectral resolution
of 2 nm. The UV−vis spectra of the JP-10-zeolite samples
before ignition were recorded via the same UV spectrometer
but exploiting a Hamamatsu L10290 UV−vis ﬁber light source
and Y-type ﬁber-optic reﬂectance probe.60 FTIR transmission
spectra were recorded with the help of a Nicolet 6700 FTIR
spectrometer over the wavelength range of 500−5000 cm−1 to
detect gases evolved during the ignition event. Time scales of

Figure 2. (a) Nitrogen (N2) adsorption isotherms and (b) ammonia
(NH3) TPD-MS proﬁles of H+-MFI-65 (hereafter, HZSM-5) and
MFI-∞ (hereafter, silicalite-1). The ammonia TPD proﬁles can be
deconvoluted to three peaks: total peak ﬁt (red), weak (green), and
strong (blue) acidic sites. The nitrogen adsorption isotherm of
HZSM-5 was oﬀset by 50 cm3 g−1.

with a BEL-CAT (Bel Japan Inc.). Prior to the measurement,
all the zeolite samples were preheated with helium (He) for 2
h to degas adsorbed molecules. Preheated samples were cooled
down to 323 K, at which ammonia (NH3) was adsorbed on the
zeolite surface using 5 wt % NH3/He gas ﬂow for 1 h. After
then, samples were purged with He gas for 0.5 h and stabilized
for 1 h. The desorption process was carried out under helium
ﬂow with a ramping rate of 10 K min−1.
Table 2. Physicochemical Properties of Zeolite Samples

aciditye (mmol g−1)
name

Si/Al ratio

HZSM-5
silicalite-1

65
∞

a

average crystal size (nm)

SBET (m2 g−1)

Vtot (cm3 g−1)

total

weak

strong

218 ± 22
216 ± 18

339
308

0.26
0.19

0.035
0.010

0.020
0.006

0.015
0.004

b

c

d

a

Si/Al ratio determined by ICP-OES. bAverage crystal size determined by SEM images in Figure 4. cSBET, BET surface area calculated by BET
theory. dVtot, total pore volume calculated at P/P0 = 0.95 by BJH theory using the adsorption branch of N2. Adsorption isotherm in Figure 2a.
e
Amount of acidic sites determined by NH3 TPD-MS in Figure 2b.
E
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single-crystalline with smooth and well-faceted surfaces. The
average sizes of two zeolite samples were obtained using
ImageJ software exploiting an average of about 100 particles.
As revealed in the histograms in Figure 4, two zeolite samples
were obtained as very similar crystal sizes between 200 and 250
nm. The average sizes of HZSM-5 and silicalite-1 were
calculated as 218 and 216 nm, respectively (Table 2). The
XRD and SEM investigations conﬁrmed that the two zeolite
samples were successfully synthesized into the same framework
type of crystalline MFI structure with very uniform size and
shape of individual zeolite particles. The porosity of zeolite
samples was characterized with nitrogen (N2) adsorption
isotherms, which conﬁrmed a typical characteristic adsorption
phenomenon of the microporous crystal (Figure 2). The two
samples are solely microporous. The BET surface areas and
total pore volumes are not signiﬁcantly diﬀerent from each
other (Table 2). Contrary to other textural properties, the
acidity of the zeolite samples was distinct due to the diﬀerence
of aluminum content in the framework. As shown in ammonia
(NH3) TPD-MS proﬁles in Figure 2b, the HZSM-5 desorbed
ammonia according to the increase in desorption temperature,
whereas the silicalite-1 sample showed a negligible ammonia
TPD proﬁle. Due to the purely siliceous framework of the
silicalite-1 sample, no appreciable acidic sites existed in the
zeolite framework.
3.2. Temperature Proﬁles. Figure 5 compiles the
temporal temperature proﬁles for the ignition of zeolite-JP10 (Figure 5a) and zeolite-Al-JP-10 droplets (Figure 5b) with
and without the span 80 surfactant. For both zeolite-JP-10 and
zeolite-Al-JP-10 droplets, characteristic ignition features such
as the ignition delay time were improved with the addition of
the surfactant. In the preignition stage, zeolite-JP-10 required 5
ms to reach the autoignition temperature of JP-10 of 509
K,3,9,47 whereas the addition of span 80 reduced this time by 2
to 3 ms (Figure 5a). A similar reduction was observed for
zeolite-Al-JP-10 droplets without and with surfactants reaching
the autoignition temperature after 4 ms and only 1 ms,
respectively. Overall, adding the surfactant decreased the
ignition delay time of the samples by 2 to 3 ms. It shall be
stressed that for the zeolite-JP-10 and zeolite-Al-JP-10 systems,
40 and 76% of the droplets ignited, respectively. This increased
to 70 and 100% with the addition of the surfactant,
demonstrating superior ignition statistics in the experiments.
After the autoignition, in the second state of the oxidation
process, a rapid temperature increase occurred with maximum
rates of 2.6 ± 0.4 × 105 and 4.3 ± 0.3 × 105 K s−1 for zeoliteJP-10 without and with the surfactant, respectively (Figure 5a).
Similarly, the zeolite-Al-JP-10 systems without and with the
surfactant revealed maximum rates of 3.5 ± 0.3 × 105 and 4.8
± 0.3 × 105 K s−1, respectively. Therefore, the burn rate of
both the zeolite-JP-10 and zeolite-Al-JP-10 samples slightly
improved with the addition of the surfactant. In the third stage,
the droplet ignited, and the temperature increased more slowly
compared to the second stage, reaching a maximum value
(Tmax) after typically 25 to 30 ms, except for the zeolite-JP-10
system without the surfactant; the latter reached Tmax much
slower due to weak dispersion of HZSM-5 zeolite within JP-10.
Consequently, the catalytic oxidation and maximum temperature of zeolite-JP-10 signiﬁcantly improved with the addition
of the surfactant. For each system, average Tmax temperatures
were obtained as follows

fuel ignitions are short, typically in the order of a few tens of
milliseconds.9,47,49,61 Therefore, optical videos of these highspeed events were captured by a Phantom Miro 3a10 camera
(Supporting Information; Movies M1 and M2) with a Navitar
Zoom 6000 modular lens system at a rate of 1000 frames per
second (fps). Additionally, thermal-imaging videos of the
ignition process were acquired by the FLIR A6703sc infrared
camera; this assists in the examination of important features in
the combustion process such as ignition delay, maximum ﬂame
temperature (Tmax), and burn rate. In this work, thermalimaging videos were acquired over six temperature ranges of
283−363, 353−473, 423−623, 523−873, 773−1473, and
973−1773 K at a frame rate of 387.55 s−1. The thermalimaging videos of the highest three temperature ranges were
acquired with an ND2 ﬁlter. In order to enhance the statistical
accuracy for the ignition process of JP-10-HZSM-5 samples,
each temperature range was duplicated by ﬁve separate ignition
events, so a total of 30 videos were acquired for the full
temperature range. The videos of each temperature range were
then converted to temporal plots of the maximum temperature
using the FLIR ResearchIR Max program. Consequently,
temporal proﬁles of each temperature range were combined in
order to obtain a single temperature temporal proﬁle for the
full range of observed temperatures. Finally, the temperatures
above the autoignition of JP-10 (509 K)3,9,47 were calibrated in
the temperature temporal proﬁle by extracting the emissivity of
the ﬂame.47

3. RESULTS
3.1. Crystallinity and Acidity of the Zeolite Samples.
The crystallinities of diﬀerent zeolite samples were analyzed by
X-ray diﬀraction (XRD). As shown in Figure 3, all the zeolite

Figure 3. XRD patterns of HZSM-5 and silicalite-1.

samples exhibited similar XRD patterns that corresponded to
the typical reﬂections of the zeolite framework (JCPDS 420023).62 Very sharp XRD reﬂections indicate that the
individual crystalline domains were well-faceted and singlecrystalline. In fact, the suggested crystalline morphology was
conﬁrmed by SEM. As visualized in Figure 4, the zeolite
samples exhibited a typical coﬃn-shaped morphology with very
uniform size and shape. The individual zeolite crystals are

Tmax(zeolite‐JP‐10) = 2240 ± 102 K
F

(1)
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Figure 4. SEM images of (a) HZSM-5 and (b) silicalite-1 and (c,d) their respective histograms.

Tmax(zeolite‐JP‐10‐surfactant) = 2380 ± 108 K

(2)

Tmax(zeolite‐Al‐JP‐10) = 2620 ± 107 K

(3)

Tmax(zeolite‐Al‐JP‐10‐surfactant) = 2627 ± 116 K

(4)

spectra of the systems are compiled in Tables 3 and 4. The
observed UV−vis peaks and band centers exhibited a closer
agreement with the published literature.47,64−69 Here, the UV−
vis emission spectra are dominated by hydroxyl (OH),
methylidyne (CH), diatomic carbon (C2), molecular oxygen
(O2), and formyl (HCO) in the range of 300−580 nm.64 The
OH (289−310 and 340−360 nm) and CH (∼390 nm)
emissions represented the A 2 ∑+ −X 2Π and A2 Δ−X 2Π
transitions, respectively.64,65 The shoulder peak (330−340
nm) next to the OH could be due to the emissions of the O2 or
HCO which represented the B3∑u−−X3∑g− and Ã 2A″−X̃ 2A′
transitions, respectively.64,70 Both O2 and HCO transitions are
appeared at the same wavelength (∼337 nm),64,70 so it was
diﬃcult to separate. The C2 swan bands at 612 nm are deﬁned
through the d3Πg−a3Πu transition.64,65 In the zeolite sample,
replacement of silicon by aluminum causes a cation charge
deﬁciency; this deﬁciency is compensated not only by protons
(H+) but also by sodium (Na+) and potassium (K+)32,36
Hence, in the present work, we also observed strong Na and K
emissions centered around 589 and 767 nm. In addition, highly
excited rotational−vibrational modes of water (H2O) appeared
as broad bands throughout the UV−vis emission spectra
(600−900 nm).69 Water is also evident through the broad
emissions from 900 to 1000 nm.67 It is also noted that the
UV−vis emission spectra of the zeolite-Al-JP-10 droplets did
not show any signiﬁcant peaks for aluminum monoxide
(AlO)the dominating diatomic species formed in the
oxidation of aluminum.47,48 This could be due to the lower
ﬂame temperatures observed for the zeolite-Al-JP-10 samples
(2200 K) versus 2690 K for systems without the zeolites,47
thus eliminating any chemiluminescence of AlO. The spectral
comparison of the UV−vis reﬂectance spectra are compiled in
the Supporting Information (Figures S1 and S2). No discrete
reﬂectance peaks are evident from zeolite or aluminum. Since
more than 95% by weight of the droplet contained JP-10, the

within the error limits, the addition of the surfactant does not
change the maximum ignition temperature for the zeolite-JP10 and zeolite-Al-JP-10 systems. However, the addition of
aluminum nanoparticles systematically increases Tmax by 300 to
400 K by considering the higher energy density and enhanced
energy release in the oxidation process. Once the systems reach
Tmax, the temperatures decrease as the fuel is consumed. At the
end after about 60 ms, the droplet falls out of the trap and
drops on the transducer.63 Since our goal is to study the
combustion of the levitated droplet, the temperature
ﬂuctuations occurring by the splash ignition are neither
shown in Figure 5 nor discussed.
3.3. UV−Vis Emission Spectroscopy. Figures 6 and 7
compare the UV−vis emission spectra for the ignition of
zeolite-JP-10 (Figure 6) and zeolite-Al-JP-10 droplets (Figure
7) without (a) and with (b) surfactants. A black-body
spectrum was ﬁtted to the UV−vis raw data and obtained
ﬂame temperatures of 2307 ± 60 K (zeolite-JP-10), 2223 ± 70
K (zeolite-JP-10-surfactant), 2225 ± 70 K (zeolite-Al-JP-10),
and 2200 ± 65 K (zeolite-Al-JP-10-surfactant). The spectral
features in the UV−vis emission spectra of all four systems
reveal that the atoms, molecules, and radicals generated from
the JP-10 ignition are similar in each system. Hence, the
contribution from the ﬂame emission to the blackbody
background should be similar, so all four systems exhibited
similar ﬂame temperatures within the error limits. However,
with the addition of the surfactant, relative intensities of the
bands especially in the 300 to 500 nm wavelength range
increased (Figures 6b and 7b). The band centers and
assignments for the observed peaks in the UV−vis emission
G
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Figure 6. UV−vis emission spectrum produced during ignition of
droplets of (a) zeolite-JP-10 and (b) zeolite-JP-10-surfactant. The
total ﬁt (red line) was obtained by simultaneously optimizing a blackbody background and Gaussian peaks (green lines) across the 270−
1100 nm wavelength range. Here, the black-body background of (a)
2307 ± 60 and (b) 2223 ± 70 K has been subtracted to show the
emission peaks and bands more clearly. The assignments of bands a−s
are presented in Table 3.

Figure 5. Temperature temporal proﬁles produced by igniting
droplets of (a) zeolite-JP-10 and zeolite-JP-10-surfactant and (b)
zeolite-Al-JP-10 and zeolite-Al-JP-10-surfactant. The laser irradiation
started at t = 0 s.

concentrations of the zeolite and aluminum were insuﬃcient to
generate any distinct features in UV−vis reﬂectance spectroscopy.
3.4. FTIR Spectroscopy. Figure 8 shows the FTIR
transmission spectrum following ignition of a zeolite-JP-10surfactant droplet. The IR data collected after the complete
combustion of the droplet captured the gaseous products of
the oxidation. The absorption features of the combustion
products and evaporated JP-10 were labeled (a−k) in Figure 8
and are tabulated in Table 5. The ﬁnal products of the
oxidation of JP-10, carbon dioxide (CO2), and water (H2O)
were detected by the FTIR measurements. The observed
band/peaks of the vibrational modes of CO2,66,71,72 H2O,66
and unreacted JP-1048 exhibited a close agreement with the
published literature. The FTIR transmission spectra of the
oxidation products of all four systems revealed similar features,
so the FTIR spectra of the remaining three systems are
presented in the Supporting Information (Figures S3−S5,
Tables S3−S5).

4. DISCUSSION
Our experiments yielded the following key results which are
compiled and discussed below:
(1) JP-10 droplets did not ignite in the absence of HZSM-5;
hence, the presence of HZSM-5 is critical to the ignition
process and the inherent mechanism.
(2) JP-10 droplets with pure silicon dioxide (silicalite-1) of
identical size distributions as HZSM-5 did not ignite.
Therefore, the presence of acidic sites in the HZSM-5
zeolite is critical to the ignition process and to the
underlying mechanism.
(3) The addition of aluminum nanoparticles to the zeoliteJP-10 systems increased the maximum temperature
(Tmax) by 300 to 400 K.
(4) Adding the surfactant to the zeolite-JP-10 and zeolite-AlJP-10 systems decreased the ignition delay time by 2 to 3
ms; it further increased the burn rate of the JP-10 by 1.3
H
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to happen, the molecular diameter of JP-10 (0.38−0.67
nm)10,42 and pore size of HZSM-5 must allow diﬀusion.
Therefore, the diﬀusion rate of JP-10 is strictly controlled by
the pore size of HZSM-5.34,35 The zeolite (HZSM-5) used in
this work is solely microporous with a pore diameter ranging
from 0.51 to 0.56 nm,33,37 so JP-10 can only diﬀuse with its
elongated dimension parallel into micropore channels;
diﬀusion is limited by the 0.67 nm diameter of JP-10. Also,
due to the absence of mesopore channels (2−50 nm diameter)
in the zeolite framework, decomposition of JP-10 is most likely
controlled by the acidic sites located on the outer surfaces of
the micropores.35,73 For this reason, the zeolite-JP-10 system
(system a) exhibited a slower ignition rate and it took more
time to reach the Tmax (Figure 5a). However, with the addition
of the surfactant, the particle agglomeration was mostly
eliminated (Section 2.2)55,74 and the diﬀusion rate of JP-10
into HZSM-5 was improved;55 this likely increased the ability
of individual JP-10 molecules to interact with the acidic sites
within the zeolite. As a result, ignition properties (burning rate
and ignition delay time) of zeolite-JP-10 droplets (systems c
and d) were improved with the addition of the surfactant
(Figure 5).
Once the ignition started (Figure 5), zeolite-JP-10 samples
(systems a and c) showed a slight temperature drop at higher
temperatures (T > 1600 K) compared to the zeolite-Al-JP-10
samples (systems b and d). This is possibly due to the greater
stability of the HZSM-5 catalytic structure31,33 in zeolite-Al-JP10 samples (systems b and d) at higher temperatures. The Si−
O−X−Al (X = Na, H, and K) moiety in the zeolite framework
represents an essential structure to retain the catalyst stability
and eﬃciency during the ignition process of JP-10,32 but the
stability of this moiety is greatly aﬀected by the dealumination
process; this process has been shown to occur at temperatures
as low as 700 K.31,33 However, with the presence of Al NPs in
the JP-10-zeolite droplets, the dealumination process in the
zeolite framework can be slowed down;32 hence, the presence
of Al NPs may improve the zeolite’s catalytic stability at higher
temperatures. In addition to this, Al has excellent heat
conductivity; this allows heat to distribute quickly within the
zeolite-Al-JP-10 droplet. Therefore, unlike zeolite-JP-10
samples, zeolite-Al-JP-10 samples exhibited a steady temperature increase at higher temperatures (Figure 5b). Finally, the
Tmax values of the temperature temporal proﬁles of zeolite-AlJP-10 samples were signiﬁcantly higher than the zeolite-JP-10
samples. This is mostly due to the high energy density (84 kJ
cm−3) and high surface-area-to-volume ratio of the Al NPs
present in zeolite-JP-10 samples.47,49
Second, in the present work, reactive intermediates,
individual atoms, and ﬁnal oxidation products produced by
the catalytic oxidation of JP-10 over HZSM-5 were identiﬁed
by UV−vis emission spectroscopy and FTIR spectroscopy
(Figures 6−8). However, before discussing the emission
features in the UV−vis emission spectra (Figures 6 and 7) of
zeolite-JP-10 systems (systems a−d), it is important to
understand how these emission lines and bands are generated
in Figures 6 and 7. For example, emissions resulting in the C2
feature at 613 nm, with the corresponding excitation energy, E,
of 3.24 × 10−19 J, require a temperature, E/kb, of 2.3 × 104 K
(where kb is the Boltzmann constant). In the present work, the
highest temperatures achieved (ﬂame temperatures) by the
UV−vis emission spectra were around 2200 K, which is a
factor of about 10 lower than the temperature required (2.3 ×
104 K). Therefore, the emission lines in the UV−vis spectra

Figure 7. UV−vis emission spectrum produced during ignition of
droplets of (a) zeolite-Al-JP-10 and (b) zeolite-Al-JP-10-surfactant.
The total ﬁt (red line) was obtained by simultaneously optimizing a
black-body background and Gaussian peaks (green lines) across the
270−1100 nm wavelength range. Here, the black-body background of
(a) 2225 ± 70 and (b) 2200 ± 65 K has been subtracted to show the
emission peaks and bands more clearly. The assignments of bands are
presented in Table 4.

to 1.6 × 105 K s−1; overall, the characteristic features of
the JP-10 ignition were improved.
(5) The UV−vis emission measurements revealed the
dominance of OH, C2, CH, O2, and HCO radicals
along with highly excited rotational−vibrational modes
of H2O.
(6) The FTIR data revealed the “terminal” gas-phase
oxidation products of JP-10, that is, CO2 and H2O.
First, the temperature temporal proﬁles were exploited to
characterize the ignition features (ignition delay time, burning
rates, and Tmax) in the zeolite-JP-10 samples (systems a−d);
the addition of the surfactant to the zeolite-JP-10 and zeoliteAl-JP-10 systems critically improved the ignition features of JP10, as evidenced in Figure 5. These ﬁndings may help to
acquire an understanding on the catalytic cracking and
oxidation mechanism of JP-10 over HZSM-5 to explain the
experimental trends.31,33−35,73 In order to ignite JP-10 in the
presence of the zeolite, JP-10 molecules must be able to diﬀuse
to the acidic sites within the HZSM-5 zeolite surfaces. For this
I
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Table 3. Vibrational Mode Assignments for the Peaks or Bands in the UV−Vis Emission Spectrum of Droplets of Zeolite-JP-10
and Zeolite-JP-10-Surfactant
peak
or
band
a
b
c
d
e
f
g
h

peak wavelength or band
center (nm)a zeolite

peak wavelength or band
center (nm)a zeolite-span80

286.5
289.5
309.5
336.5

286.5
289.5
309.5
336.5

300−580 (broad)
589.0

354.5
389.0
300−580 (broad)
589.0

molecule,
atom, or
radical
OH
OH
OH
O2
HCO
OH
CH
OH, C2, CH
Na

i
j
k
l
m

613.5
678.1
701.5
753.5
767.5

613.0
676.1
701.5
753.5
767.5

C2
H2O
H2O
H2O
K

n
o
p
q
r
s

781.0

788.0
802.5
849.5
883.5
944.5 opt. ﬁber. absorp.h
998.5

H2O
H2O
H2O
H2O
H2Of
H2O

849.5
892.5
944.5 opt. ﬁber. absorp.h
998.5

ref wavelength
(nm)
287.5−289.3b
287.5−289.3b
309.0b
337.0b
337.6b,i
342−359b,c
390.0b,c
refb
589.59d
589.00d
612.2b
632−683e
690−710f
719−795e
767.50d,g
769.90d,g
719−795e
719−795e
847−906e
847−906e
928−966f refh
972−1017e,h

transition
A2∑+−X2Π
A2∑+−X2Π
A2∑+−X2Π
B3∑u−−X3∑g−
Ã 2A″−X̃ 2A′
A2∑+−X2Π
A2Δ−X2Π
S1/2−2P3/2
S1/2−2P1/2
d3Πg−a3Πu
ro-vib. mode
ro-vib. mode
ro-vib. mode
2
S1/2−2P3/2
2
S1/2−2P1/2
ro-vib. mode
ro-vib. mode
ro-vib. mode
ro-vib. mode
ro-vib. mode
ro-vib. mode

branch; vibrational quantum numbers:
(ν′, ν″) or (ν′1, ν′2, ν′3)−(ν″1 , ν″2 , ν″3 )
R1, R2, Q1, Q2; (2,1)
R1, R2, Q1, Q2; (2,1)
Q2; (0,0)
(0,14)
(1,0), (2,1)
(0,0)

2
2

(1,3)
(1,1,3)−(1,5,1)
(1,0,3)−(0,0,0)
(1,2,2)−(0,1,3)

(1,2,2)−(0,1,3)
(1,2,2)−(0,1,3)
(0,0,3)−(1,3,1)
(0,0,3)−(1,3,1)
(2,0,1)−(0,0,0)
(2,2,0)−(0,4,1)

a
Measurements are accurate to within 2 nm. bReference 59. cReference 60. dReference 61. eReference 64. fReference 62. gReference 63. hReference
46. iReference 65.

Table 4. Vibrational Mode Assignments for the Peaks or Bands in the UV−Vis Emission Spectrum of Droplets of Zeolite-AlJP-10 and Zeolite-Al-JP-10-Surfactant
peak
or
band
A
B
C
D
E
F
G

peak wavelength or band
center (nm)a zeolite-Al-JP10
309.5

300−580 (broad)
589.5

peak wavelength or band
center (nm)a
zeolite-Al-JP-10-span80
288.5
309.5
337.1
355.0
388.5
300−580 (broad)
589.0

H
I
J
K
l
m

612.5
642.5
678.5
702.5
753.5
769.5

613.0

n
o
p
q
r
s
t

778.0
802.5
832.5
847.5
888.5
944.5 opt. ﬁber. absorp.h
998.5

778.0

678.1
708.0
752.5
769.5

847.5
888.5
944.5 opt. ﬁber. absorp.h
998.5

molecule,
atom, or
radical
OH
OH
O2
HCO
OH
C−H
OH, C2, CH
Na
C2
H2O
H2O
H2O
H2O
K
H2O
H2O
H2O
H2O
H2O
H2Of
H2O

ref wavelength
(nm)
287.5−289.3b
309.0b
337.0b
337.6b,i
342−359b,c
390.0b,c
refb
589.59d
589.00d
612.2b
632−683e
632-683e
690−710f
719−795e
767.50f,g
769.90f,g
719−795e
719−795e
811−839e
847−906e
847−906e
928−966f refh
972−1017e,h

transition
A2∑+−X2Π
A2∑+−X2Π
B3∑u−−X3∑g−
Ã 2A″−X̃ 2A′
A2∑+−X2Π
A2Δ−X2Π
S1/2−2P3/2
S1/2−2P1/2
d3Πg−a3Πu
ro-vib. mode
ro-vib. mode
ro-vib. mode
ro-vib. mode
2
S1/2−2P3/2
2
S1/2−2P1/2
ro-vib. mode
ro-vib. mode
ro-vib. mode
ro-vib. mode
ro-vib. mode
ro-vib. mode
ro-vib. mode

branch; vibrational quantum
numbers: (ν′, ν″) or (ν1′, ν2′, ν3′)−(ν1″,
ν2″, ν3″)
R1, R2, Q1, Q2; (2,1)
Q2; (0,0)
(0,14)
(1,0), (2,1)
(0,0)

2
2

(1,3)
(1,1,3)−(1,5,1)
(1,1,3)−(1,5,1)
(1,0,3)−(0,0,0)
(1,2,2)−(0,1,3)

(1,2,2)−(0,1,3)
(1,2,2)−(0,1,3)
(2,1,1)−(0,0,0)
(0,0,3)−(1,3,1)
(0,0,3)−(1,3,1)
(2,0,1)−(0,0,0)
(2,2,0)−(0,4,1)

a

Measurements are accurate to within 2 nm. bReference 59. cReference 60. dReference 61. eReference 64. fReference 62. gReference 63. hReference
46. iReference 65.
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possibility could be the involvement of AlO in the dealumination process of the zeolite framework to slow down the
dealumination rate at higher temperatures (Figure 5b).32 This
could also make aluminum oxide species unavailable for
chemiluminescence at a given temperature. Therefore, the
emission features of the zeolite-JP-10 samples in Figures 6 and
7 can be discussed based on the three regions of the UV−vis
emission spectra (200−600, 600−900, and 900−1100 nm). In
the wavelength region from 200 to 600 nm, the OH, CH, O2,
HCO, and C2 radicals dominated the UV−vis emission spectra
of zeolite-JP-10 samples (systems a−d). These radicals are the
characteristic features of the UV−vis emission spectra of
hydrocarbon ﬂames,64 and these excited species can be formed
via the following possible chemical reactions.64,75
OH
CH + O2 → CO + OH*

(5)

where * denotes an electronically excited state.
C2

Figure 8. FTIR transmission spectrum following ignition of droplets
of the zeolite-JP-10-surfactant. The rovibrational peaks/bands of the
products and unreacted JP-10 are labeled (a−k) and assigned in Table
5. The total ﬁt (red line) and individual peak ﬁt peaks (green lines)
are shown. FTIR transmission spectra of other three systems are
shown in the Supporting Information.

C + CH → C*2 + H

(6)

where the atomic carbon is most likely produced by
CH + H → C + H 2

(7)

CH
were not caused by heat, but the emissions of the intermediates
and products were the result of electronically excited states
formed through chemical reactions (chemiluminescence). In
Figure 7, UV−vis emission spectra of zeolite-Al-JP-10 systems
(systems b and d) did not show any signiﬁcant peaks for the
dominating diatomic species (AlO) formed in the oxidation of
aluminum;47,48 thus, all four zeolite systems (systems a−d)
behaved similar to each other. The absence of AlO peaks in the
zeolite-Al-JP-10 systems could be due to two reasons. One is
the lower ﬂame temperatures observed for the zeolite-Al-JP-10
samples (2200 K) versus 2690 K for systems without the
zeolites.47,48 The lower ﬂame temperatures in zeolite-Al-JP-10
samples are possibly due to the deactivation of the zeolite
catalyst by coke formation and dealumination processes during
the decomposition and oxidation of JP-10. An alternative

C2 + OH → CO + CH*

(8)

These radicals were actively involved in the decomposition
process of JP-10 and formed a variety of primary and
secondary decomposition products listed in Table S2.34,35
The spectral features observed in the 600−900 nm region were
dominated by the emission bands from H2O molecules in
highly excited ro-vibrational states.67,69
H2O
OH + H → H 2O*

(9)

These features were supported by measurements of H2O
vapor at temperatures of around 2500 K, which also produced
similar overall broad features to present work in the same
wavelength region.67,69 Here, each feature represents diﬀerent

Table 5. Vibrational Mode Assignments for the Peaks or Bands in the FTIR Transmission Spectrum of Droplets of Zeolite-JP10
band
a
b
c
d
e
f
g
h
i
j

k

peak or band wavenumbera (cm−1)
3756
3714
3657
3612
2956
2929
2879
2347
2359
2279
1600
1457
1466
668
648
619, 655, 680, 720

ref band (cm−1)

molecule

c

H2O
CO2
H2O
CO2
C10H16
C10H16
C10H16
CO2
CO2
13 16
C O2
H2O
C10H16
C10H16
CO2
13 16
C O2
CO2

3756
3714.8d
3657c
3612.8d
2942e
2913e
2865e
2349.1d
2300−2380f
2283c
1595c
1456e
1468e
667.4d
649.0c
620−710f

number (symmetry)

vibrational modeb

3(b1)
1(σg+) + 3(σu+)
1(a1)
1(σg+) + 3(σu+)
68
62
57
3(σu+)

νas(H2O)
combination band
ν(H2O)
combination band
ν(CH)
ν(CH2)
ν(CH)
νas(CO2)
νas(CO2)
νas(CO2)
δ(OH)
scissoring (CH2)
scissoring (CH2)
δ(CO2)
δ(CO2)
δ(CO2)

3(σu+)
2(a1)
54
55
2(πu)
2(πu)
2(πu)

Spectral resolution of 4 cm−1. bν denotes stretch; bend; and as, antisymmetric. cReference 61. dReference 66. eReference 47. fReference 67.

a

K
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combination bands of water, so they were labeled (ν1, ν2, ν3) in
Tables 4 and 5, where ν1, ν2, and ν3 represented the O−H
symmetrical stretch, the H−O−H bend, and the O−H
asymmetric stretch of water molecule, respectively.67 Similarly,
the broad absorption region from 900 to 1000 nm closely
represented the diﬀerent combination bands of H2O vapor, but
the spectral interpretation was complicated by the absorption
from the optical ﬁber in the same wavelength region.
Finally, spectral features in the FTIR transmission spectra
(Figures 8 and S3−S5) reveal the standard end products of the
hydrocarbon (JP-10) oxidation.
C10H16(l) + 14O2 (g) → 10CO2 (g) + 8H 2O(g)
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Thus, CO2 and H2O and unreacted JP-10 are found to be
the end products of the catalytic oxidation of JP-10 over
HZSM-5 zeolite systems (systems a−d).

5. CONCLUSIONS
We acoustically levitated JP-10 droplets with and without
aluminum nanoparticles in conjunction with HZSM-5 zeolite
and surfactants (systems a−d) exploiting a levitator experimental setup. The singly levitated droplets were ignited using
a carbon dioxide laser under an oxygen−argon atmosphere; the
oxidation processes were characterized using FTIR and UV−
vis spectroscopies along with infrared thermal imaging and
high-speed optical cameras. The objective of this work was to
identify how the oxidation process of JP-10 is catalytically
aﬀected by the HZSM-5 zeolites and how the surfactant and Al
NPs in the system impacted the key experimental parameters
of the ignition such as the ignition delay time, burn rate, and
maximum temperatures. Overall, pure JP-10 droplets and JP10 droplets with silicalite-1 of an identical size distribution as
HZSM-5 did not ignite in strong contrast to the HZSM-5doped droplet. Consequently, the acidic sites present in the
HZSM-5 zeolite are critical in the ignition of the JP-10
droplets. With the addition of the surfactant, the characteristic
features of the JP-10 ignition were improved, so the ignition
delay time of the zeolite-JP-10 samples was decreased by 2−3
ms and the burn rates were increased by 1.3 to 1.6 × 105 K s−1.
Besides improving the ignition delay time and burn rates, the
addition of Al NPs increased the maximum temperatures
during the combustion of the systems by 300−400 K.
Furthermore, intermediates and end products of the JP-10
oxidation over HZSM-5 were characterized by UV−vis
emission and FTIR transmission spectroscopies. The UV−vis
emission spectra revealed key reactive intermediates (OH, CH,
C2, O2, and HCO) formed during the catalytic oxidation
process of JP-10 over the zeolite along with the H2O molecules
in highly excited rovibrational states. The strong Na and K
atomic emissions in the UV−vis measurements conﬁrmed that
the charge deﬁciency caused by the aluminum in the HZSM-5
zeolite framework is compensated by protons and monovalent
cations: sodium and potassium. The FTIR measurements
revealed CO2 and H2O as terminal gaseous products during
the oxidation of JP-10 over HZSM-5 zeolites. Overall, this
work showed that the HZSM-5 zeolite is critical in the ignition
of JP-10 droplets with the addition of the surfactant and Al
NPs, causing a positive impact to the oxidation process of JP10 over HZSM-5 zeolite systems (systems a−d).

Optical high-speed video of the ignition of the JP-10
droplet containing zeolite and span 80 (MP4)

■

Optical high-speed video of the ignition of the JP-10
droplet containing zeolite, aluminum NPs, and
span 80 (MP4)
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