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ABSTRACT: Nanosheet MFI zeolites (Zeolite Socony Mobil, five) have grown in
popularity in cracking catalysis considering their tunability in porous topologies, acidic
sites, and sheet thickness, thus allowing them to selectively adsorb molecules of
specific sizes, shapes, and polarities, resulting in improved cracking performance for a
specific fuel. Five different MFI zeolites in the form of a mesoporous nanosheet
structure with a controlled concentration of acidic sites denoted as NSMFI(y), where
y is Si/Al ratio, have been synthesized. The effects of the relative acidity content of
these NSMFI(y) samples on the zeolite-catalyzed combustion of aluminum
nanoparticles (AlNPs)-aided exo-tetrahydrodicyclopentadiene (JP-10) mixed ener-
getic fuel droplets levitated in an oxygen−argon atmosphere were investigated using
time-resolved imaging (optical and thermal infrared) and spectroscopic techniques
(UV−vis and FTIR). The addition of 1.0 wt % of NSMFI(y) zeolites to AlNPs-JP-10
fluid fuel results in critically reduced ignition delays (9 ± 2 ms), elevated ignition
temperatures (2800 ± 170 K), and prolonged burning times (60 ± 10 ms) with an enhanced combustion efficiency. The NSMFI(y)
zeolites, which possess high acidity and significant mesoporosity, play a crucial role in improving the combustion efficiency by
effectively catalyzing the chemical activation of JP-10 and prolonging the burning of the igniting droplet. The NSMFI (60) variant
with the highest acidic site content achieved a maximum combustion efficiency of 80 ± 6%. A comprehensive catalytic combustion
mechanism has been elucidated based on the detected reactive intermediates such as hydroxyl radical (OH) and aluminum
monoxide (AlO). These findings will help to critically advance the development of next-generation, sustainable, and innovative
mixed nanofluid fuels.
KEYWORDS: nanofluid fuel, nanosheet MFI zeolite, fuel additives, exo-tetrahydrodicyclopentadiene (JP-10),
droplet combustion chemistry, reaction intermediates, ultrasonic levitation

1. INTRODUCTION
Nanofuels, hydrocarbon fuels mixed with metal-based nano-
additives, exhibit exceptional performance compared to pure
hydrocarbon fuels and have garnered significant interest in the
advancement of volume-limited air-breathing propulsion
systems.1−8 JP-10 (exo-tetrahydrodicyclopentadiene, C10H16)
has emerged as one of the most promising synthetic single
component hydrocarbon jet fuel9−13 due to its high energy
density (39.6 kJ cm−3) and desirable thermophysical proper-
ties, such as low freezing point (−79 °C), and low flash point
(54 °C).14,15 Aluminum nanoparticles (AlNPs, energy density:
84 kJ cm−3) have been proven as an efficient catalyst for
decreasing ignition delays, boosting fuel flame temperatures,
and facilitating thermal degradation of hydrocarbon fuels, such
as JP-10.1−3,15−17 However, the usage of AlNPs in JP-10 fluid
fuel may causes NPs to agglomerate, resulting in lower
dispersion stability and less sustainable combustion of AlNPs−
JP-10 mixed fuel.16,18,19 Zeolites, a specific catalyst made up of
aluminosilicates possessing a higher surface area, better
hydrothermal stability, and superior shape selectivity have

been contemplated as ideal catalysts for hydrocarbon
cracking.18,20−27

The catalytic activity of zeolites is quite diverse, affecting
both chemical and size-dependent mechanisms. The advance-
ment of synthetic approaches and characterization techniques
has enabled the fabrication of desirable zeolite materials with a
variety of physiochemical properties, such as framework
compositions, acidic site inclusion, and structural morpholo-
gies. As a result, these materials have become popular as
industrial catalysts in cracking, as absorbents and ion
exchangers, in isomerization processes, and hydrocarbon
synthesis.18,20,23,26,28 Chemically, acidic sites are characterized
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as the presence of a hydroxyl group bridging Al and Si
(Bronsted acid) and extra-framework aluminum (Lewis acid),
which is usually determined via silicon dioxide (SiO2) to
aluminum oxide (Al2O3) ratios or simply via Si/Al ratios. The
total acidic sites along with the types of cations (H+, Na+, K+,
Li+) in the structural framework are crucial factors in the
process of catalytic cracking of hydrocarbon fuels. On the other
hand, distinct zeolites have unique porous architectures that
selectively adsorb molecules of specific sizes, shapes, and
polarities, resulting in improved catalytic cracking performance
for the reactions that are difficult or technically inaccessible for
conventional catalysts.25 Considering the pore size of zeolites,
microporous zeolites (ZSM-5, possessing pore diameter: 0.51−
0.56 nm), however, have poor diffusion efficiency for catalytic
cracking or combustion of large molecules, such as JP-10 (size:
0.67 nm × 0.38 nm).18 The fabrication of the nanosheet
zeolite with pore diameters extended to meso or macro pore
sizes and diffusion lengths (determined by the thickness on
nanosheet) limiting to nanometers can considerably improve
diffusion efficiency and access to extended acidic sites to the
reactants, resulting in effective catalytic performance.18,29−33

For example, compared to standard HZSM-5 having MFI
structure, nanosheet HZSM-5 provided 30% greater con-
versions for catalytic cracking of n-heptane.34,35 In addition, a
substantial quantity of mesopore volume between the sheets
was maintained in the unilamellar nanosheet MFI zeolite.
Alternatively, acidic sites’ accessibility can also be improved by
incorporating an enhanced fraction of Al2O3 materials in their
structure.36

Here, considering these effects, MFI zeolites in the form of a
mesoporous nanosheet structure with controlled concentration
of acidic sites denoted as NSMFI(y), where y is the Si/Al ratio
varying with 60, 80, 100, 125, and 150 were fabricated and
tested to explore how NSMFI(y) zeolites with variable acidic
site content influence the combustion efficiency against AlNPs-
JP-10 mixed energetic fuels. In order to assess the combustion
efficiency of NSMFI(y) zeolite materials to AlNPs-JP-10
energetic fuels, we explored the combustion of single levitating
droplets, mimicking those formed in liquid fuel injection
systems initiated through heating with a carbon dioxide laser;
we subsequently recorded the combustion behavior by
synchronized and temporally resolved imaging (thermal and
optical) and spectroscopic techniques (UV−vis emission and
Fourier transform infrared absorption spectroscopy). In these
processes, the NSMFI(y) zeolite seeded AlNPs-JP-10 droplet
expands initially upon heating due to the diffusional trapping
of highly volatile species generated in the system, resulting in
catalytic micro explosions and sustainable combustion with
extended burning time. NSMFI(y) zeolites with extended
mesoporosities with diameters of 7.5 ± 0.5 nm furnish JP-10
with individual compartments, leading to microexplosion. A
time-resolved systematic study of the combustion of AlNPs-JP-
10 fluid fuels doped with 1% by weight of NSMFI(y) zeolite
material droplets revealed superior combustion efficiency with
enhanced burning periods, and the underlying reaction
mechanism has been unravelled based on the detection of
reactive intermediates. This foundational study on the
combustion of acoustically levitated NSMFI(y) zeolite-doped
AlNPs-JP-10 droplets could aid in the development of next-
generation sustainable revolutionary multicomponent nano-
fluid fuels.

2. MATERIAL AND METHODS
2.1. Materials. JP-10 (C10H16, purity ≥ 98%) was purchased from

BOC science and used without further purification. AlNPs (diameter:
80 nm, purity = 99.99%) and NSMFI(y) zeolite materials were
prepared at Texas Tech University, U.S.A. and Chonnam National
University, S. Korea, respectively and reported earlier.37,38 In brief, the
NSMFI(y) zeolite materials were synthesized using the quaternary
ammonium surfactant (denoted as C22−6−6Br2) as the hierarchically
unilamellar structure directing agent.29,38 The detailed procedure of
C22−6−6Br2 synthesis is available in the Supporting Information. In a
typical synthesis of NSMFI(y) zeolites, water glass (29 wt % aqueous
solution, Si/Na = 1.57, DAEJUNG), sodium aluminate (41 wt %
Na2O, 53 wt % Al2O3, Na/Al = 1.27, Sigma-Aldrich), H2SO4 (98%,
Daejung), C22−6−6Br2, and distilled water were used to obtain a gel
c o m p o s i t i o n o f x A l 2 O 3 : ( 3 1 . 8 + 0 . 7 x ) -
Na2O:100SiO2:7.5C22−6−6Br2:24H2SO4:4000H2O, wherein x was
assigned value as 0.833, 0.625, 0.5, 0.4, and 0.333 for the desired
Si/Al ratio. At first, the water glass solution was added to the
surfactant solution all at once while vigorously stirring using a
magnetic stirrer at room temperature. To this solution was added an
aqueous solution of sodium aluminate dropwise under vigorous
stirring. Thereafter, an aqueous solution of H2SO4 was rapidly added
to this solution. The resultant mixture was immediately shaken by
hand or with a mechanical stirrer for 5 min to obtain a homogeneous
gel. After further stirring for 6 h with a magnetic stirrer in an oven at
60 °C, the gel mixture was transferred to a Teflon-lined stainless steel
autoclave and heated at 150 °C for 4−5 days with a rotation of 60
rpm. Under hydrothermal conditions at a high temperature, this
extended synthesis period is necessary for the development of a well-
ordered crystalline zeolite structure. The products were filtered and
washed with distilled water and then dried in an oven at 130 °C. All of
the zeolites were calcined at 550 °C for 4 h under air flow. The
resultant nanosheet zeolites are denoted as NSMFI(y) in which y
refers to the Si/Al ratios of 60, 80, 100, 125, and 150.

2.2. Sample Preparation. Five samples of AlNPs-JP-10 doped
with different NSMFI(y) zeolites were prepared by mixing as low as 1
wt % of each of the AlNPs powder and zeolite of NSMFI(60),
NSMFI(80), NSMFI(100), NSMFI(125), and NSMFI(150) with JP-
10. All samples were sonicated for 30 min to ensure that the AlNPs
and zeolite materials were evenly dispersed and no suspensions were
seen during the experiment. JP-10 containing 2 wt % AlNPs was also
prepared as a reference system for fair comparison with 1 wt % each of
AlNPs and zeolites in JP-10. It should be noted that 2 wt % AlNPs is
the threshold concentration for JP-10 combustion. Prior to the
combustion study, Raman analysis was also conducted on each sample
to ascertain whether the combination of AlNPs and NSMFI(y) zeolite
materials with JP-10 resulted in the formation of new species or any
other intermolecular interactions that altered the fundamental
properties of each component in the multicomponent systems. The
characteristics features of NSMFI(y) zeolites and NSMFI(y) zeolites
doping into AlNPs-JP-10 samples are presented in Figures S4 and S5,
and listed in Tables S2 and S3, respectively. It should be noted that
the addition of zeolites to the AlNPs-JP-10 fluid does not disrupt
individual frequencies.

2.3. Methods. The combustion of singly levitated NSMFI(y)
zeolites doped AlNPs-JP-10 energetic fuel droplets was investigated
using an ultrasonic levitator in association with a time-resolved UV−
vis, IR, Raman, optical, and thermal imaging laboratory simulation
setup (Scheme 1 and Figure S1). The detail of levitation setup has
been described previously.39−44 In brief, the levitator consists of a
piezoelectric transducer with a 58 kHz oscillation frequency and a
concave-shaped reflector. The reflection of ultrasonic sound waves
between the transducer and the reflector generates a standing wave
with five pressure nodes; the acoustic radiation pressure counter-
balances the gravitational pull, lifting the droplet slightly below one of
the standing wave’s pressure nodes at position three. This ultrasonic
levitator is mounted in a pressure-compatible stainless-steel process
chamber. Nanofluid fuel samples were injected using a homemade
droplet deposition technique, resulting in the creation of oblate
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spheroidal droplets (typical volume of about 10 ± 0.5 μL) within the
pressure node. The droplets were levitated in a controlled
environment of 20% oxygen (O2, 99.99% Airgas) and 80% argon
(Ar, 99.99% Airgas) at a total pressure of 800 ± 20 Torr to surpass
the rational ignition conditions.
The levitated droplets were heated by a CO2 laser beam with an

output of 32 ± 2 W at 10.6 μm, exceeding the ignition threshold of
the current droplets. Upon ignition, the combustion features were
characterized using time-resolved ultraviolet−visible (UV−vis) and
Fourier-transform infrared (FTIR) spectroscopies along with an IR
thermal-imaging and a high-speed optical camera. UV−vis spectra
were captured 1 cm away from the droplet combustion by a fiber
optic probe of a UV−vis spectrometer (StellarNet SILVER-Nova)
covering the wavelength range 200−1100 nm with a spectral
resolution of 2 nm and a temporal resolution of 1 ms. The FTIR
spectra were collected using a Nicolet 6700 FTIR spectrometer over
the wavelength range of 500−5000 cm−1 immediately following each
droplet combustion to avoid any deactivation of the gaseous species
formed.
A Phantom Miro 3a10 camera equipped with a Navitar Zoom 6000

modular lens system recorded the videos of ignition events at a frame
rate of 1000 frames per second (fps). Additionally, an FLIR A6703sc
infrared camera recorded the thermal-imaging videos of the ignition
process. The droplets were also characterized by our home-built
Raman spectrometer using a Q-switched Nd:YAG laser (CrystaLaser,
model QL532-1W0), where the scattered light from the sample was
collected through a convex lens followed by passing through an
ultrasteep long-pass edge filter (Semrock, model LP03-532RE-25) to
eliminate the elastically scattered 532 nm laser light and ultimately
detected by HoloSpec f/1.8 holographic imaging spectrograph (Kaiser

Optical Systems, model 2004500-501 and Holoplex HPG-532)
equipped with a PI-Max 2 ICCD camera (Princeton Instruments)
through a slit (width = 100 μm). The optical specifications and
calibration procedure for the Raman spectrometer can be found in the
Supporting Information. All of the measurements were performed at
least three times to ensure the maximum reproducibility of the
combustion process.

3. RESULTS AND ANALYSIS
3.1. NSMFI(y) Zeolites Characterization. The unilamel-

lar structural motif with mesoporosity of five NSMFI(y)
zeol i tes , NSMFI(60), NSMFI(80), NSMFI(100),
NSMFI(125), and NSMFI(150) with regulated Si/Al ratios
(Figure 1A) was validated by scanning electron microscopy
(SEM), transmission electron microscopy (TEM), Raman, X-
ray diffraction (XRD), and N2 sorption analysis. Figure 2A
shows high-resolution SEM images of the materials, revealing
their general forms and surface roughness. The mesopores of
the crystal unit can be easily identified between the randomly
distributed nanosheets. The individual nanosheets get shaper
when the Si/Al ratio increases. The TEM images (Figure 2B)
depict highly crystalline structures in the samples. Further-
more, self-pillar organization of ultrathin nanosheets is
recognized confirming the formation of a unilamellar-like
structure.36 The thickness of the nanosheets in NSMFI(60) is
found to be 2.21 nm, while it increases to 2.69 nm for
NSMFI(150) (Figure 1C,D). Increased Si/Al ratios can result
in thicker nanosheets due to fewer Al-induced distortions and
reduced hydrogen bonding, which promotes crystal
growth.45,46 This observation confirms the variation in the Al
content, which decreased from 0.833 to 0.333, in the zeolite
samples.
Raman spectra reveal the key bonding motif of Si−O−Si and

Si−O−Al in the crystal structure (Figure S4). The character-
istics Raman peaks and bands corresponding to Si−O−Si and
Si−O−Al modes are invariantly observed at positions with
known bonds and functional group assignments, confirming
the formation of MFI zeolites (Table S2).47 The unilamellar
structural motif was also further confirmed by XRD measure-
ments (Figure 1E). Every synthetic zeolite material possesses
typical crystalline XRD reflections that are very distinctive and
follow the MFI structure (JCPDS no. 00−044−0002).
The mesoporosity of five rationally designed NSMFI(y)

zeolite materials was characterized with a nitrogen (N2)
adsorption isotherms technique (Figure S2). The average pore
diameter of each sample was extracted using the Barrett−
Joyner−Halenda (BJH) algorithm (Figure 1F). Although the
thickness of the nanosheets varies depending on the Si/Al
ratios, there is no statistically significant alteration in the pore
diameter, which remains constant at 7.5 ± 0.5 nm. Unlike the
distribution of pore sizes, the zeolite samples exhibit a
noticeable rise in acidic sites from 0.009 to 0.020 mmol g−1

(Figure S3 and Table S1).
3.2. Ignition Event. To visualize the ignition events, we

recorded the synchronized and temporally resolved optical and
infrared images on the combustion of AlNPs-JP-10 energetic
fluid fuels containing NSMFI(y) zeolites. The time-resolved
optical images of the entire event that were collected are
shown in Figure S6, with a 5 ms interval between each image.
Upon exposure to the carbon dioxide laser, the droplet
expands significantly due to the diffusional entrapment of high
velocity species NSMFI(y) and AlNPs, resulting in the
formation of a gloomy cloud along with white sparkling at

Scheme 1. (A) Top View of the Levitator System Displaying
the Ultrasonic Levitator, Process Chamber, Carbon Dioxide
Laser, Raman Spectrometer, FTIR Spectrometer, Fiber
Optic UV-Vis Spectrometer, Infrared Camera, and Optical
Camera; (B) Pulse Sequence for the Experimental Setup at
Time to Collect Reference Spectra and Reference Images

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c12078
ACS Appl. Mater. Interfaces 2024, 16, 53938−53949

53940

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12078/suppl_file/am4c12078_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12078/suppl_file/am4c12078_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12078/suppl_file/am4c12078_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12078/suppl_file/am4c12078_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12078/suppl_file/am4c12078_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c12078/suppl_file/am4c12078_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.4c12078?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.4c12078?fig=sch1&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c12078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the center (lower panel of Figure 3A, and upper panel of
Figure S6), followed by catalytic combustion (Figure S6, lower
panel). As soon as the JP-10 autoignition temperature of 509 K
is attained,14 the flame quickly spreads over the nanofluid spray
cloud displaying maximum brightness and combustion temper-
ature (Figure 3A,C). The temperature profiles of each
NSMFI(y)/AlNPs system show that the ignition delay,
which is defined by the time difference between the initial
laser shot and the commencement of the ignition point, along
with the maximum temperature attained, varies with the overall
textural properties of the NSMFI(y) zeolite materials (Figure
3E). The ignition delay time decreases from an average of 20 ±
3 ms for NSMFI(150)/AlNPs to an average of 9 ± 2 ms for
NSMFI(60)/AlNPs, whereas the mean maximum temperature
increases from 2580 ± 155 K to 2800 ± 170 K, respectively
(Figure 3D,E). The system’s high temperature is attained by
the irradiation of a CO2 laser beam on droplets of JP-10
containing nanomaterials (NSMFI(y) and AlNPs), which serve
as heat transfer carriers, and postignition burning. The
temperature fluctuations of radiated power are caused by the
random burst out (a thermodynamically non-equilibrium
process) of nanoparticles. To clarify the ignition delay and
maximum flame temperature measured during the combustion
of AlNPs-JP-10 energetic fuels with five NSMFI(y) zeolites, a
reference system containing 2 wt % of AlNPs in JP-10 was
used, as the nanofluid fuels being investigated consist of 1 wt %
of both AlNPs and NSMFI(y) zeolites in JP-10. The ignition

delay and achieving maximum temperature of 2 wt % of AlNPs
nanoparticles in JP-10 is found to be 22 ± 3 ms and 1840 ±
120 K, respectively, under identical experimental conditions.
However, under controlled circumstances, JP-10 containing 1
wt % of AlNPs or NSMFI(y) zeolites, individually did not
combust.
To identify the key species as reaction intermediates,

products, and individual atoms formed during the combustion,
we recorded temporally resolved UV−vis emission spectra over
127 ms with data collection times of 1 ms per spectrum within
the wavelength range of 200−1100 nm during the combustion.
Figure 3B shows the observed spectra of NSMFI(60)/AlNPs,
while Figure S7 shows the spectra of the other systems. The
point of exposure was denoted as time zero, and the ignition
stage began at 9 ms (Figure 3B, first red spectrum), which was
consistently documented by both optical (upper panel, Figure
3A) and thermal imaging (Figure 3E, rising edge of the blue
profile). After commencing ignition, flames remained active for
a short length of time (15 ± 5 ms) before ceasing and
reactivating, revealing two temporally separate stages. Two
distinct stages were likewise seen in the combustion of the four
remaining investigated nanofluid systems (Figure S7). Among
the five NSMFI(y)/AlNPs zeolite systems studied herein, the
intensity in the two stages varies significantly. Specifically, the
average intensity is higher in the second stage compared to the
first stage for the first three systems: NSMFI(60)/AlNPs,
NSMFI(80)/AlNPs, and NSMFI(100)/AlNPs, whereas, it is

Figure 1. (A) Five nanosheet MFI zeolites: NSMFI(60), NSMFI(80), NSMFI(100), NSMFI(125), and NSMFI(150) with controlled Si/Al ratio.
(B, C) HRTEM images of NSMFI(60) zeolite and NSMFI(150), respectively. The thickness of the nanosheets was also measured and depicted in
the figures. Raman spectrum of NSMFI(60) is shown in (D). The Raman peaks and bands of the NSMFI(60) zeolite are assigned inside the figure.
Wide-angle powder XRD patterns (E) and pore size distribution measured from N2 adsorption isotherm (F) of five nanosheet MFI zeolites.
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less pronounced in the second stage for the remaining two
systems: NSMFI(125)/AlNPs and NSMFI(150)/AlNPs.
However, a single stage ignition event was detected for the
reference system containing 2 wt % of AlNPs in the JP-10. A
noteworthy observation in the UV−vis emission spectra of all
systems containing NSMFI(y)/AlNPs zeolites is the longer
burning time, measuring 60 ± 10 ms. Contrarily, the reference
experiment with 2 wt % of AlNPs nanoparticles in JP-10 had a
strict constraint on the combustion time, which was set at 20 ±
8 ms.
In order to enhance the visibility of the emission peaks, a

blackbody background spectrum was subtracted in the region
of special interest from 200 to 800 nm7. Figure 4A shows the
deconvoluted spectrum of NSMFI(60)/AlNPs, and other
deconvoluted spectra are shown in Supporting Information
(Figure S8). The UV−vis peak/band center positions assigned
to the individual species exhibited a higher level of
concordance with the existing literature48−50 and are listed in
Table 1. The species hydroxyl (OH; A2Σ+ → X2Π),
methylidyne (CH; A2Δ → X2Π), and water (H2O), which
are major intermediates or products of JP-10 combustion,
along with atomic sodium (Na; 2S1/2 − 2P1/2 and/or 2S1/2 −
2P3/2), and diatomic aluminum monoxide (AlO; A2Σ+ →
X2Σ+) are identified. Traces of potassium as impurity are also
detected in the emission spectra (K; 2S1/2 − 2P3/2 and/or 2S1/2
− 2P1/2). It should be noted that OH is either not detected or
has a very weak signal within the noise level during the
reference experiment of JP-10 combustion in the presence of 2
wt % of AlNPs. Instead, O2 (B3∑u

− − X3∑g
−) is observed at a

wavelength of 336 nm. It is apparent that the NSMFI(y)
zeolites affect AlNPs-JP-10 combustion.

3.3. Detection of Gaseous Products and Combustion
Efficiency. To identify the gaseous products generated during
combustion, the FTIR spectra were collected for each droplet
combustion, and combustion efficiency was calculated. The
absorption characteristics of the five NSMFI(y) doped AlNPs-
JP-10 zeolite systems, as well as the controlled AlNPs-JP-10
system, appeared to be comparable, with the same major
features appearing in all systems (Figure 5). To improve
visibility, the three sections (600−735, 2230−2420, and
2820−3000 cm−1) were magnified, and all peaks or bands
were labeled (a)−(k) within the figure and listed in Table S4.
The observed peaks or bands of the vibrational modes of CO2,
H2O, and unreacted JP-10 were consistent with the available
literature.51−53

The combustion efficiencies were calculated based on the
standard end products of the hydrocarbon (JP-10) via the
following stoichiometric oxidation reaction: C10H16(l) +
14O2(g) → 10CO2(g) + 8H2O(g), as JP-10 was the sole
source of carbon. The two most intense bands, spanning from
2840 to 3000 cm−1 and from 2170 to 2460 cm−1, were utilized
to represent the stretching of C−H bonds in unreacted JP-10
and the antisymmetric stretching of CO2, respectively, as the
reactant and final product. The number densities or moles of
CO2 released during combustion were determined by using a
calibration curve generated by measuring the intensities of
certain bands as a function of different pressures of CO2 in the
process chamber under the same experimental conditions
(Figure S10). The measured combustion efficiencies of five
NSMFI(y) doped AlNPs-JP-10 zeolite systems and reference
AlNPs-JP-10 system along with combustion and burn times are
plotted in Figure 6. One important finding in this context is
that the combustion efficiency is time-dependent and rises as

Figure 2. (A) SEM images of (a, f) NSMFI(60), (b, g) NSMFI(80), (c, h) NSMFI(100), (d, i) NSMFI(125), and (e, j) NSMFI(150) zeolites at
low (top row) and high (bottom row) magnifications. (B) TEM images of (a, f) NSMFI(60), (b, g) NSMFI(80), (c, h) NSMFI(100), (d, i)
NSMFI(125), and (e, j) NSMFI(150) zeolites at low (top row) and high (bottom row) magnifications.
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the burning period lengthens. All systems that include zeolites
have remarkably improved combustion efficiency, with
percentages ranging from 41 to 80%. On the other hand, the
combustion efficiency of the reference experiment, which
contained 2 wt % of AlNPs nanoparticles in JP-10, was strictly
limited to 28 ± 3%. Among the five zeolite systems,

NSMFI(60)/AlNPs had the highest combustion efficiency at

80 ± 6%; the efficiency steadily declined to 41 ± 5% for

NSMFI(150)/AlNPs as the Si/Al ratio increased.

Figure 3. Synchronized and temporally resolved (A) optical images, (B) UV−vis emission spectra, and (C) thermal images during the ignition of
the JP-10 droplet containing NSMFI(60)/AlNPs. The ignition delays and temperature profiles of AlNP-JP-10 nanofuel doped with five NSMFI(y)
zeolite samples having controlled Si/Al ratios are shown in (D) and (E), respectively. For a reference JP-10 ignitions in the presence of 2% of
AlNPs are also depicted in their respective ignition delay and temperature profile plots.

Figure 4. (A) UV−vis emission spectrum (upper panel) with blackbody radiation corrected and deconvoluted (bottom panel) for the identification
of key species and their (B) temporal profiles during the ignition of JP-10 containing NSMFI(60)/AlNPs droplet. The black and red solid traces
represent the experimental emission spectrum and blackbody radiation (A, upper panel). The black solid and green dot traces in the bottom panel
reflect the treated data and each component’s total fit, respectively. The vibrational mode assignments for the peaks or bands are listed in Table 1.
All temporal profiles were obtained using the constrained linear least-squares method.7
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4. DISCUSSION
Before we engage in the discussion, we first compile all the key
results of the experimental studies:

• The NSMFI(y) zeolites doped with AlNPs-JP-10
droplets exhibit a high propensity for ignition and have
a significantly prolonged burning duration, leading to
enhanced combustion efficiency. Therefore, the pres-
ence of NSMFI(y) zeolites is crucial for the ignition
process and its underlying mechanism.

• The incorporation of NSMFI(y) zeolites to the AlNPs-
JP-10 system resulted in a reduction of the ignition delay
by 4 to 13 ms, and an increase in the maximum
temperature by 750 to 950 K, depending on the Si/Al
ratio of the zeolites, in turn depending on the

concentration of acidic sites on external surfaces,
implying improved ignition features of the AlNPs-JP-
10 (Figure 3E).

• The UV−vis emission data revealed the presence of OH,
CH, and H2O, which are key intermediates and products
of JP-10 combustion, along with dominance of atomic
Na peak implies that NSMFI(y) zeolites also burn
extensively upon ignition (Figures 4 and S8).

• Gas-phase AlO was also detected. The existence of
reactive AlO in the flame, which can also enhance the
combustion of JP-10, suggests that NSMFI(y) zeolites
possess multiple mechanisms at action in the catalytic
combustion of the AlNPs-JP-10 system.

• The time traces of the detected species confirm the
simultaneous formation of Na with others OH, CH,
AlO, and H2O implying that the ignition was facilitated
either by NSMFI(y) zeolites with AlNPs acting as heat
transfer carriers, or by both zeolite and AlNPs.

• The FTIR data confirmed an accumulation of end
products, namely, CO2 and H2O, in the combustion of
JP-10. The dominant signal ratios of CO2 (at 2170−
2460 cm−1) to unreacted JP-10 (2840−3000 cm−1) of

Table 1. Vibrational Mode Assignments for the Peaks and Bands in the Emission Spectrum of JP-10 Containing NSMFI(y)/
AlNPs Dropletsa

peak/band
peak/band center

(nm)
molecule, atom, or

radical ref band (nm) transition
vibrational quantum numbers (ν′, ν″) or (ν1′, ν2′, ν3′)

− (ν1″, ν2″, ν3″)
1 286.8 OH 287.5−289.3 A2∑+ − X2Π (2,1)
2 309.2 OH 309 A2∑+ − X2Π (0,0)
2′ 336 O2 337 B3∑u

− − X3∑g
− (0,14)

3 431.1 CH 431.4 A2Δ − X2Π (0,0)
4 468 AlO 467.2 A2∑+ − X2∑+ (2,1)
5 512.0 AlO 512.3 A2∑+ − X2∑+ (2,3)
6 589.1 Na 589.00 2S1/2 − 2P1/2

589.59 2S1/2 − 2P3/2
7 707.8 H2O 690−710 ro-vib. mode (1,0,3)−(0,0,0)
8 743 H2O 719−795 ro-vib. mode (1,2,2)−(0,1,3)
9 766.6 K 767.50 2S1/2 − 2P3/2

769.90 2S1/2 − 2P1/2
a2’ is applicable for reference system JP-10 with 2 wt % AlNPs only (Figure S8F).

Figure 5. FTIR spectra after identification of gaseous products during
ignition of JP-10 droplets doped with (A) AlNPs, (B) NSMFI(60)/
AlNPs, (C) NSMFI(80)/AlNPs, (D) NSMFI(100)/AlNPs, (E)
NSMFI(125)/AlNPs, and (F) NSMFI(150)/AlNPs. The bands of
the products and unreacted JP-10 are assigned and listed in Table S4.
The light red and gray shades represent the carbon dioxide (CO2) and
water (H2O) reaction products, respectively, and the light green shade
represents unreacted JP-10 vapor.

Figure 6. Plot showing the ignition time and combustion efficiency
for JP-10 droplets containing AlNPs, NSMFI(60)/AlNPs,
NSMFI(80)/AlNPs, NSMFI(100)/AlNPs, NSMFI(125)/AlNPs,
and NSMFI(150)/AlNPs. Blue and gray columns stand for
combustion efficiency and combustion time, respectively.
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each zeolite system compared to reference system
implies that NSMFI(y) zeolites significantly improve
the catalytic combustion of AlNPs-JP-10 energetic fuel.

• The combustion efficiency increases from 41% to 80%
when the acidity concentration of NSMFI(y) zeolites is
raised from NSMFI(150) to NSMFI(60).

Zeolites represent excellent heterogeneous catalysts for
hydrocarbon combustion due to their specific features,
including high acidity and a distinctive structure. In order to
ignite the primary fuel, JP-10 of AlNPs-JP-10 on NSMFI(y)
zeolite catalysts, JP-10 molecules must either diffuse to acidic
sites within the zeolite frameworks or come into close contact
with zeolites during droplet expansion to ensure an effective
catalyst−substrate interaction. The NSMFI(y) zeolites that we
designed possess high acidity along with substantial porosity
with a diameter of 7.5 ± 0.5 nm. Thus, NSMFI(y) zeolites
provide a greater number of acid sites on their surface to the
substrate than any other ZSM-5 zeolites, which have an
average pore diameter of 0.51−0.56 nm,18 anticipating higher
catalytic activity to JP-10 (dia: 0.38−0.67 nm).
Upon ignition, emission characteristics from exciting

reaction intermediates or products were monitored and
identified (Figures 4A and S8), providing insight into the
underlying combustion mechanism. The dominant emission
characteristic observed in the combustion of all investigated
NSMFI(y) doped AlNPs-JP-10 systems is the atomic sodium
(Na; 2S1/2 − 2P1/2 and/or 2S1/2 − 2P3/2) line at a wavelength of
589.1 nm.48 Since, this characteristic is significantly less
pronounced in a controlled experiment with a 2 wt %
concentration of AlNPs in JP-10 (as impurities only)
compared to other NSMFI(y) doped AlNPs-JP-10 zeolite
systems, the substantial release of Na during the combustion of
NSMFI(y) doped AlNPs-JP-10 droplets may be strongly
associated with one of the primary components, Na2O, present
in NSMFI(y) zeolites. It implies that NSMFI(y) zeolites burn
extensively after taking part in the catalytic combustion process
and releasing Na. The species hydroxyl (OH; A2Σ+ → X2Π),
methylidyne (CH; A2Δ → X2Π), and water (H2O), which are
major intermediates or products of JP-10 combustion, are
identified. Recent electronic structure calculations revealed
that the decomposition of JP-10 is initiated by the C−H bond
cleavages forming six distinct JP-10 carbon-centered (C10H15)
radicals (Scheme 2B, R1−R6) followed by strained C−C
bonds rupture.54 Moreover, approximately 92% of the
decomposition of JP-10 is governed following hydrogen
abstraction reaction mechanism.12 The Bro̷nsted acid sites in
NSMFI(y) zeolites are the bridging hydroxyl groups between
the Al and Si tetrahedral centers. Taking into account the
strong acidity of NSMFI(y) zeolites,55 the oxygen centers are
protonated to mask; hence, JP-10 activation by the hydroxyl
groups of zeolites become less feasible. Rather than NSMFI(y)
zeolites react with molecular oxygen at raised temperature
upon expansion due to the diffusional trapping of high velocity
species in droplets forming a hydroxyl (OH) radical by
transferring the H atom. The released OH then abstracts one
hydrogen atom from the JP-10 molecule in the gas phase
resulting the formation of (C10H15) radicals, thereby initiating
the propagation chain that leads to the desired products
including OH with CH and H2O. The gas phase C−H
activation energy of the simplest saturated hydrocarbon
methane is 415 kJ mol−1, which is comparable to the C−H
activation energy of JP-10 as mention in the scheme. However,

in the presence of OH radicals, methane’s energy barrier
decreased to 10 kJ mol−1.56 Low temperature ignition of JP-10
by OH radical was also reported where hydrogen abstractions
predominantly occur from secondary carbon sites in JP-1012.
The substantial decrease in barrier energy in C−H bond
activation of hydrocarbons in the presence of OH radicals
suggests that this reaction occurred, with the OH radical acting
as a key scavenger in the ignition process. Another study has
also shown a comparable phenomenon in which the catalyst
interacts with the oxidant (H2O2) instead of the substrate,
cyclohexane hydrocarbon. This interaction leads to the
formation of radicals such as hydroxyl (OH), which
subsequently removes a hydrogen atom from the substrate
cyclohexane followed by the formation of end products.57

Subsequently, the Al−O−Si generates atomic Al and SiO
(silicon monoxide) as a favorable pathway due to the lower
bond dissociation energy of AlO (512 kJ mol−1) than SiO (798
kJ mol−1), followed by oxidation of Al to AlO and stable SiO2,
respectively. In contrast, the breakage of the Si−O bond of Al−
O−Si directly produces AlO at elevated temperatures during
combustion (Scheme 2A).
Additional observations encompass aluminum monoxide

(AlO; A2Σ+ → X2Σ+) as one of the key species formed in situ.
The formation of AlO might originate from the zeolite Al−O−
Si motif, from where the initial OH radical was released via the
aforementioned mechanism. It could also be linked to the
decomposition/oxidation of AlNPs.15,58 Our recent inves-
tigations have revealed that the gas-phase AlO formation can
enhance the catalytic combustion of JP-10 by extracting
hydrogen, leading to the generation of AlOH and JP-10
radicals initiated via the formation of van der Waals complexes
in the entrance channel by weakly stabilized of 8−48 kJ mol−1,
which then undergo a unimolecular decomposition to generate
smaller reaction products.59

The temporal profiles associated with the species present in
the luminous flame resulting from the combustion were
retrieved and displayed in Figures 4B and S9. Their time traces

Scheme 2. Formation Pathways for Reactive Species in
NSMFI(y) Zeolites Doped with AlNPs-JP-10 Catalytic
Combustion (A) and Hydrogen Abstraction Mechanism
(B)a

aThe reaction energies for C−H bond ruptures of unimolecular
decomposition of JP-10 are adopted from literature54 and given in kJ
mol−1.
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exhibit a rapid increase after ignition commences and reach a
maximum, followed by a gradual decrease to the baseline level
over the next 15 ± 5 ms. This time period serves to reaffirm
the duration of the initial glowing phase. The simultaneous
existence of Na with other identified species (OH, CH, AlO,
and H2O) indicates that the ignition was facilitated either by
NSMFI(y) zeolites with AlNPs acting as heat transfer carriers,
or by both zeolite and AlNPs. Considering the pathways
offered by NSMFI(y) zeolites, the zeolite system with the
highest Al/Si composition is expected to have the greatest
catalytic activity against AlNPs-JP-10. To verify this statement,
each system’s combustion efficiency was calculated from their
corresponding FTIR measurement.
The analysis of the FTIR spectra obtained from the

combustion of NSMFI(y) doped AlNPs-JP-10 droplets
revealed a significant increase in the signal ratios of CO2 (at
2170 to 2460 cm−1) to unreacted JP-10 (at 2840 to 3000
cm−1) in comparison to the reference system. It implies that
NSMFI(y) zeolites significantly improve the catalytic combus-
tion of AlNPs-JP-10. Although all five zeolites have similar
pore sizes of 7.5 ± 0.5 nm, for NSMFI(150)/AlNPs-JP-10 to
NSMFI(60)/AlNPs-JP-10, the combustion efficiency rises
from 41 to 80%. It could be related to the fact that the
number of acidic sites in zeolite systems rises from 0.14 to 0.40
mmol g−1, respectively. These findings are consistent with the
aforementioned statement and may help our understanding of
the function of acidic sites better in the zeolite-catalyzed
combustion mechanism of AlNPs-JP-10. Previous research on
the AlNPs-JP-10 system demonstrated that the formation of
gas-phase reaction intermediates or products is driven by
simple catalytic combustion of JP-10 via hydrogen abstraction
by AlO or atomic oxygen (O) as a viable pathway.60 The initial
products AlO or O are formed when the surface of AlNPs,
composed of inert Al2O3, fractures, exposing the aluminum
core to exoergic oxidation with an energy of −15 kJ mol−1.
Likewise, hydrogen abstraction from JP-10 by molecular
oxygen (O2) or aluminum (Al) is endothermic and is not
considered further. The absence of an O or OH signal in the
UV−vis spectrum of the reference system suggest that the JP-
10 radical (C10H15) is also formed through hydrogen
abstraction by AlO. Unlike the reference system, the
incorporation of these NSMFI(y) zeolite materials to AlNPs-
JP-10 fluid fuel results in multicomponent mixed fuel systems.
When it comes to multicomponent systems, the ignition of JP-
10 can be triggered by either zeolite or AlNPs, or perhaps both.
In addition to the aforementioned pathways for JP-10
activation by OH, the presence of AlO in all zeolite systems
confirms zeolites’ active participation in the catalytic
combustion process, which may be launched by a reaction
with oxygen, followed by the abstraction of H atoms from JP-
10 to produce C10H15 radicals. The presence of acidic sites in
NSMFI(y) zeolites might enhance the production of OH and
AlO; therefore, NSMFI(60) with a higher concentration of
acidic sites is expected to exhibit a reduced ignition delay.
Once the ignition is initiated, it is crucial to maintain

continuous and prolonged burning in order to achieve
complete combustion. The maximum thickness of the
NSMFI(y) zeolite sheets is 2.2 ± 0.5 nm, and they have a
pore diameter of 7.5 ± 0.5 nm. These features limit coke
formation in the channels and promote diffusion efficiency
through knudsen and intercrystalline diffusion of NSMFI(y).35

It is noted that the macropore (over 50 nm pore diameter) is
incomparably larger than the molecular size of high density fuel

molecules, including JP-10; nonetheless, the mesopore is more
relevant. As a result, the overall burning time is 60 ± 10 ms,
compared to 30 ± 10 ms in other droplet combustion systems
using nanofluids.7 Although the burn time is nearly the same,
the combustion efficiency changes depending on the acidity
concentration of the zeolites, implying a facilitated combustion
of JP-10 in the presence of NSMFI(60) zeolite rather than in
the presence of NSMFI(150). Additionally, the supply of an
abundant pool of reactive oxidant throughout the ignition
extends the process with greater efficiency. Evidently, our
NSMFI(y) zeolites, having strong acidity and large meso-
porosity, as well as a sheet thickness of 2.2 ± 0.5 nm, achieved
a combustion efficiency of up to 80 ± 6%.

5. CONCLUSIONS
In conclusion, we investigated the nanosheet MFI zeolite-
catalyzed combustion of aluminum nanoparticle-aided exo-
tetrahydrodicyclopentadiene (JP-10) mixed energetic fuel
droplets levitated in an oxygen−argon atmosphere by
exploiting time-resoled imaging (optical and infrared thermal)
and spectroscopic techniques (UV−vis and FTIR). The
addition of only 1.0 wt % of NSMFI(y) zeolites to AlNPs-
JP-10 fluid fuel lowers the ignition delay, boosts the ignition
temperature, and increases the burning time, implying that
these NSMFI(y) zeolites are critical in the ignition and
sustained combustion of the igniting droplet. The UV−vis
emission spectra corroborate the production of the species
OH, CH, AlO, H2O, and Na, providing insight into the
chemistry involved in the ignition stages of combustion;
whereas, the prolonged emission duration implies ongoing
combustion. The formation of the above-mentioned species
has been explained by the initiation reaction of zeolite with
molecular oxygen upon expansion of the droplets forming
hydroxyl (OH) radicals, which then abstracts one hydrogen
atom from the JP-10 resulting in the formation of (C10H15)
radicals thereby initiating the propagation chain that leads to
the desired products. Alternatively, these products could have
evolved as a result of the decomposition of (C10H15) radicals,
which are created via hydrogen abstraction of JP-10 by AlO
generated during the oxidation of zeolites and/or AlNPs.
However, it is obvious that the NSMFI(y) zeolites with strong
acidity and substantial mesoporosity are associated with the
increased combustion efficiency reaching 80 ± 6% with
sustained combustion. Thus, the findings will aid in the
development of next-generation sustainable revolutionary
multicomponent nanofluid fuels.
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