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H I G H L I G H T S

• Metal additives to improve performance of hydrocarbon fuels.

• Acoustic levitation of jet propellant droplets and carbon dioxide laser ignition.

• Ultraviolet-visible, Fourier-transform infrared, and Raman spectroscopies.

• Maximum flame temperature, combustion efficiency, and ignition delay time.

• Ignition mechanisms of aluminium (Al) nanoparticles.

A B S T R A C T

We investigated the effects of aluminum nanoparticles produced by acetonitrile-assisted ball milling on the ignition of JP-10 droplets acoustically levitated in oxygen
and argon. A carbon dioxide laser ignited the droplets, and the induced combustion processes were followed via ultraviolet-visible and Fourier-transform infrared
spectroscopies together with a high-speed thermal-imaging camera. The increased ignition delay times, the reduced maximum flame temperatures, and the lower
production of aluminum monoxide (AlO) radicals for the acetonitrile-milled aluminum sample suggest that its AlNnCmOvHx surface layer limits oxidation of the
aluminum core to a greater extent than the amorphous Al2O3 surface layer surrounding traditional aluminum nanoparticles.

1. Introduction

The hydrocarbon fuel tricyclo[5.2.1.02,6]decane (exo-tetra-
hydrodicyclopentadiene; C10 H16; Scheme 1) or Jet Propulsion 10 (JP-
10) has attractive properties for applications in air-breathing jet-pro-
pulsion missile systems including a high thermal stability, a low
freezing point, and a high volumetric energy density of 39.6 kJ cm−3

[1–4]. JP-10 has consequently been extensively studied both experi-
mentally and theoretically to understand its oxidation and thermal
decomposition mechanisms [5]. Traditional hydrocarbon fuels such as
JP-10 are limited, however, to a volumetric energy density of
40 kJ cm−3. To improve the performance of air-breathing propulsion
systems, methods to increase the energy density of the fuel are therefore
required. The energy density of hydrocarbon fuels can be enhanced by
adding high energy-density solids such as combustible metals; alu-
minum (Al), for example, with the high energy density of 84 kJ cm−3

[6] has generated considerable interest as a fuel additive [7–18]. The
addition of Al particles to JP-10 has been shown to increase the

maximum flame temperatures, the burn times, and the combustion ef-
ficiencies in addition to reducing the ignition delay times [7–18].

Owing to the increased surface-area-to-volume ratio, the combus-
tion rates of Al nanoparticles are higher than for micrometer-diameter
aluminum particles [19–23]. Functionalizing the surface of Al nano-
particles with a variety of ligands such as alkenes has the advantage of
improving their reactivity and dispersibility in fuels [24]. Wet chem-
istry methods based on organo-aluminum compounds have been em-
ployed to grow these ligand-capped Al nanoparticles [25–27]. How-
ever, for incorporation in fuels, the ligand-capped Al nanoparticles need
to be produced inexpensively and in large quantities. One possible
suitable fabrication approach capable of producing the larger quantities
required and enabling the particle’s surfaces to be functionalized in-
volves high-energy milling in which the nanoparticles are abraded from
the surfaces of aluminum balls [28]. To produce nanoparticles rather
than only polishing the surfaces, the aluminum balls need to be milled
together with a suitable liquid or vapor that binds strongly to the sur-
faces and diffuses rapidly into any cracks formed. The most suitable
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milling agent was found to be acetonitrile (ACN) vapor, which pro-
duced aluminum particles with a mean diameter of approximately
35 nm. The resulting Al nanoparticles have flat, plate-like structures as
a consequence of the milling.

These studies also employed density functional theory (DFT) to
calculate the energetics for the binding of acetonitrile and the different
dissociative fragments to the aluminum surface [28]. The undissociated
acetonitrile molecule has a binding energy of only 25–42 kJ mol−1 on
an aluminum surface, and so should desorb from aluminum with a
lifetime below 20 μs at room temperature. Therefore, acetonitrile must
chemisorb to the surface by a mechanism in which acetonitrile first
dissociates and the resulting fragments form stable bonds with the
aluminum. The DFT calculations predict that the most energetically
favorable pathway for the dissociative bonding of acetonitrile to alu-
minum involves cleavage of the C-C bond followed by attachment of the
resulting CH3 and CN fragments to the aluminum surface. The pro-
duction of the Al nanoparticles consumes a factor of approximately 10
more acetonitrile than required to form the single, chemisorbed
monolayer discussed above. During the milling, the chemisorbed acet-
onitrile decomposes to form mainly hydrogen (H2) gas initially but also
smaller quantities of methane (CH4) and ethane (C2H6) in the later
stages. The surface chemistry of the final nanoparticles produced was
studied by X-ray photoelectron spectroscopy (XPS), which suggests that
a layer of AlNnCmHx formed that oxidizes upon exposure to atmosphere
to yield AlNnCmOvHx with a thickness estimated to be 3.5 nm. A com-
bination of thermogravimetric analysis and mass spectrometry (TGA-
MS) were also used to investigate the composition of the surface layer.
In descending order, the mole fractions desorbing from the samples
were H2 > CH4 > C2H4 ≈ C2H6 > propene (C3H6) ≫ NH3, which
suggests that most of the nitrogen from the acetonitrile remained
bonded to the aluminum nanoparticles. Thus, although the XPS spec-
trum in the Al 2p region cannot clearly distinguish between Al-O, Al-N,
and Al-C bonds, these TGA-MS measurements favor the formation of
strong nitride-like Al-N bonds.

Aluminum nanoparticles are traditionally manufactured by methods
involving liquid-phase chemistry or vapor-phase condensation [21].
When exposed to air, aluminum forms an amorphous aluminum oxide
(Al2O3) surface layer with a thickness of approximately 2–4 nm [23].
Several ignition mechanisms have been proposed for such standard
nanoparticles, the details of which differ for nano- or micron-sized Al
particles and different heating rates [20,21,23,29]. Broadly speaking,
diffusion through the surrounding amorphous Al2O3 shell initially
limits oxidation of the aluminum core. As the temperature increases,
the amorphous Al2O3 undergoes a phase transformation into the crys-
talline cubic form γ-Al2O3. The aluminum core melts and expands,
which exerts pressure on the brittle γ-Al2O3 layer and, hence, cracks
form. The resulting increased exposure of the aluminum core to the
oxidizer releases significant energy and thus causes the particle to ig-
nite. The ignition mechanism probably differs for the AlNnCmOvHx

surface and flat, plate-like structures for the Al nanoparticles produced

by high-energy milling with acetonitrile.
We reported previously on the effects of untreated, prestressed, and

superquenched aluminum particles with mean diameters of 100 nm,
250 nm, 500 nm, 1.6 μm, and 8.8 μm on the oxidation of JP-10 droplets
acoustically levitated in an oxygen-argon mixture [30]. A carbon di-
oxide laser ignited the aluminum-containing JP-10 droplets, and the
induced combustion processes were followed via ultraviolet–visible
(UV–Vis), Fourier-transform infrared (FTIR), and Raman spectroscopies
together with high-speed optical and IR thermal-imaging cameras. We
found that the aluminum particles were necessary to ignite the JP-10
droplets and resulted in higher flame temperatures. The effects of the
aluminum particles on the combustion processes increased for smaller
diameters, although the different stress treatments did not cause ob-
servable variations. We thus demonstrated the suitability of the present
levitator apparatus to study the ignition of hydrocarbon fuels with
energy densities enhanced by metal additives.

To probe the acetonitrile-milled aluminum particles, X-ray photo-
electron spectroscopy, thermogravimetric analysis combined with mass
spectrometry, infrared spectroscopy, dynamic light scattering, scanning
electron microscopy, and helium ion microscopy were employed [28].
However, the effects of the acetonitrile-milled aluminum particles with
their different surface-layer composition and flat, plate-like shape on
the ignition of hydrocarbon fuels has not been studied. We therefore
used the levitator experimental apparatus to investigate the effects of
the acetonitrile-milled aluminum nanoparticles on the ignition of JP-10
droplets and compared the results with those for standard 100 nm-
diameter untreated aluminum particles surrounded by an amorphous
Al2O3 layer. More specifically, for each type of aluminum nanoparticle
dispersed in a JP-10 droplet, we measured and compared the tem-
perature temporal profiles of the combustion process to obtain the ig-
nition delay times and the maximum flame temperatures reached; we
recorded the ultraviolet-visible (UV-Vis) emission spectra at the instant
of ignition to identify the reactive intermediates, the individual atoms,
and the molecules produced by the oxidation; and finally we measured
the FTIR transmission spectrum of the gaseous products after the
combustion to identify the final state molecules. The resulting in-
formation is used to provide insight into the suitability of acetonitrile-
milled aluminum particles as a metal additive to hydrocarbon fuels
such as JP-10.

2. Experimental methods

The analytes were prepared by mixing 1% by wt. of the ACN-milled
or untreated aluminum nanoparticles with JP-10 and then homo-
genizing ultrasonically. The Al nanoparticles were dispersed uniformly
throughout the droplet following sonication, and the experiments were
completed before any significant separation occurred between the
particles and the liquid. The particle size distributions were measured
by dynamic light scattering (DLS), which gave a mean diameter and
standard deviation of 34 ± 9 nm or 97 ± 9 nm for the ACN-milled or
untreated particles, respectively. A droplet of JP-10 containing one of
these aluminum nanoparticle types was levitated in an ultrasonic levi-
tator. The levitator experimental apparatus has been reviewed in detail
previously [31,32]. The levitator is enclosed within a pressure-compa-
tible process chamber to enable the droplet to be studied in the gas or
gases of interest. In the present experiments, the chamber was filled
with a 60% oxygen and 40% argon gas mixture at a total pressure of
936 Torr. The droplets studied were oblate spheroids with horizontal
and vertical diameters varying from 2.0 to 2.8 mm and 1.2 to 1.6 mm,
respectively. A droplet was dispensed into the central pressure
minimum using a microneedle attached to the end of a wobble stick,
which enables full translational motion of the needle and rotation about
its central axis. The needle is connected via chemically inert poly-
etheretherketone (PEEK) tubing and a then vacuum compatible valve to
a syringe located on the outside port of the process chamber.

The droplets were ignited using a carbon dioxide laser emitting at a

Scheme 1. Molecular structure of exo-tetrahydrodicyclopentadiene (JP-10).
The carbon and hydrogen atoms are represented by the grey and white spheres,
respectively.
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wavelength of 10.6 μm with a power adjustable between 1 W and 40 W.
The duty cycle of the laser was set to 80% for all experiments, which
produced an output power of 32 W. To aid ignition the laser beam was
focused to a small diameter (1/e2) of 0.2 mm on the droplet, which was
achieved using an 8X beam expander to minimize the limitation by
diffraction followed by a copper parabolic mirror with a focal length of
300 mm. An optical model describing the propagation of the CO2 laser
beam through a JP-10 droplet containing Al particles has been devel-
oped in the Supporting Information of Ref. [30].

UV-Vis, FTIR, and Raman spectroscopies were employed to follow
the oxidation processes during and after the ignition event. In the UV-
Vis spectrometer set-up, a fiber-optic probe located inside of the process
chamber is supported by an x, y, z manipulator, which permits the read
fiber to be aligned on the droplet at a separation of approximately
6 mm. The UV–Vis spectrum emitted by the igniting droplet is collected
by the read fiber, leaves the chamber by a conflat fiber-optic feed-
through, and lastly is dispersed in a StellarNet SILVER-Nova UV-Vis
spectrometer. The spectrometer covers the 200 nm to 1100 nm wave-
length range and has a resolution of 2 nm. The gases produced within
the process chamber were identified by FTIR transmission spectroscopy
in the 400–4000 cm−1 wavenumber region by combining a Nicolet
6700 FTIR spectrometer (Thermo Scientific) with two stages of copper
mirror optics. Raman spectra of the droplet were collected in situ using a
Q-switched Nd:YAG laser operating at 532 nm. The Raman-shifted
photons, backscattered from the droplet, were focused by a lens into a
HoloSpec f/1.8 holographic imaging spectrograph equipped with a PI-
Max 2 ICCD camera (Princeton Instruments). The spectra were collected
over the two Raman-shift ranges of 300–2450 cm−1 and
2400–4400 cm−1 simultaneously. FTIR spectra of the JP-10 droplets
containing the aluminum nanoparticles before levitation were recorded
by an attenuated total reflection (ATR) accessory placed inside the FTIR
spectrometer. High-speed optical videos of the igniting droplets were
recorded with a Phantom Miro 3a10 camera at frame rates of up to
1000 per second.

Infrared thermal-imaging videos of the ignition event were recorded
using an FLIR A6703sc camera. A delay of 0.2 s between the starting
pulses sent first to the infrared camera and then to the CO2 laser en-
abled precise synchronization of their respective timescales and for the
temperature of the droplet to be recorded before the ignition. To op-
erate at the higher frame rate of 387.55 s−1 a ¼ window was employed,
which corresponds to 160 × 120 pixels and a 10 mm × 8 mm field of
view (FOV) centered on the droplet. Videos for separate ignition events
were recorded over each temperature range of 283–363 K, 353–473 K,
423–623 K, 523–873 K, 773–1473 K, and 973–1773 K, where the
quoted temperatures are the values before correcting for the emissivity.
To improve the statistical accuracy for the highly stochastic combustion
processes, five ignition events were recorded for each temperature
range giving a total of 30 videos. The videos were converted to tem-
poral plots of the maximum temperature within the 10 mm × 8 mm
FOV and subsequently combined to give a single-temperature temporal
profile over the full range of observed temperatures.

The emissivity of luminous, sooty flames can be approximated by
[33]

= e1 kl (1)

where k is the absorption coefficient and l is the effective path length in
the flame. To our knowledge, the absorption coefficient k for flames
produced by JP-10 containing Al nanoparticles has not been measured
and determining the path length l precisely is not practicable. There-
fore, placing the flame temperature obtained from the IR camera on an
absolute scale via equation (1) would be highly inaccurate. Instead, we
therefore simultaneously recorded an IR thermal video and measured a
UV-Vis emission spectrum of the same ignition event. The absolute
temperature of the ignition was determined by performing a black-body
fit to the background of the UV-Vis spectrum (Section 3.2). The emis-
sivity in the FLIR ResearchIR Max program was then set to the value

that gave the same flame temperature as obtained from the black-body
fit. The resulting value for the emissivity of 0.115 was used to calibrate
the flame temperatures for all subsequent measurements. The calibra-
tion with ε = 0.115 was applied only at temperatures above the au-
toignition temperature of JP-10 corresponding to 509 K.

To produce the ACN-milled Al nanoparticles, 200 g of wash-milled
aluminum balls with diameters of 9 mm were first placed in a 250 mL
tungsten-carbide milling jar under a nitrogen atmosphere. The jar was
purged and then pressurized to 4.1 × 104 Pa with argon before adding
5 mL of acetonitrile and milling in a Retsch PM 400 planetary ball mill
for four hours at 350 rpm. Inside a nitrogen glovebox, approximately 10
g of Al powder was recovered from the products of the milling. Finally,
the Al particles were oxidized and, hence, passivated by slowly ex-
posing the powder to air within the glovebox. Scanning electron mi-
croscope images showing the sizes and shapes of the Al particles pro-
duced by milling in ACN vapor are presented in the Supporting
Information of Yu et al [28]. The untreated Al particles with a mean
diameter of 100 nm were purchased from Novacentrix.

3. Results and discussion

3.1. Temperature temporal profiles

The temperature temporal profiles for the ignition of a JP-10 droplet
containing ACN-milled Al nanoparticles or untreated Al nanoparticles
are compared in Fig. 1. The profiles for both types of nanoparticle
display several stages in common. In the pre-ignition stage, the tem-
perature rises to a value below the autoignition temperature of JP-10
corresponding to 509 K after approximately 4 ms of laser irradiation. In
the second stage, ignition of the Al nanoparticles occurs by the fol-
lowing mechanism: the tightly focused laser beam first causes a plume
of Al particles to be ejected from the surface of the JP-10 droplet and
JP-10 to evaporate rapidly [30]. An ejected Al particle crossing the path
of the carbon dioxide laser beam in the oxygen-argon mixture then
ignites, which subsequently causes the nearby Al particles and JP-10
vapor to combust. During this Al ignition stage, the temperature rises
rapidly at the maximum rates of 7.7 × 105 Ks−1 and 9.5 × 105 Ks−1

for the ACN-milled and untreated Al samples, respectively. Third, the
cloud of burning Al particles and JP-10 vapor causes the droplet to
ignite as a whole, and during this stage the temperature rises more
slowly than in the Al-ignition stage reaching a maximum value after
approximately 20 ms to 30 ms. Fourth, the temperature begins to

Fig. 1. Comparison between the temperature temporal profiles produced by
igniting a JP-10 droplet containing untreated aluminum particles or acetoni-
trile-assisted ball-milled aluminum particles. The laser irradiation started at
t = 0 s.
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decrease as the fuel was consumed. Finally, the hot surrounding gases
[34] and the force from the ignition caused the droplet to fall out of the
trap and onto the transducer below in a period approximately equal to
the free fall time of 55 ms. The resulting splash ignited and, hence,
produced a second ignition event together with an associated second
temperature rise. To consider only combustion of the droplet, the data
after the second temperature rise following approximately 50 ms are
not shown or discussed further.

Although the temperature temporal profiles for the two types of
nanoparticles have similar features overall, the two curves differ in
some of their details. First, the maximum temperatures reached, Tmax,
are higher for the untreated Al nanoparticles than for the ACN-milled Al
nanoparticles:

Tmax(untreated Al) = 2930 ± 120 K (2)

Tmax(ACN-milled Al) = 2610 ± 170 K (3)

where the quoted values are the mean temperatures and standard de-
viations for five ignitions. To illustrate more realistically the stochastic
nature of the combustion process, note that the temperature profiles in
Fig. 1 are shown for a single ignition event rather than an average of
several ignitions. Second, the Al ignition stage occurred more rapidly
for the untreated Al nanoparticles, which resulted in an initial sharp
temperature rise advanced by about 2 ms relative to the ACN-milled
nanoparticles. Finally, the maximum temperature Tmax was reached
earlier for the untreated Al, that is, after 18 ms rather than the 31 ms for
the ACN-milled sample. Thus, the temporal profiles suggest that, al-
though both types of nanoparticle enhance ignition of JP-10, the

untreated Al nanoparticles produce initial temperature rises advanced
by a few ms and higher maximum temperatures.

3.2. UV-visible emission spectroscopy

The UV-Vis emission spectra produced during ignition of a JP-10
droplet containing ACN-milled Al nanoparticles or untreated Al nano-
particles are shown in Figs. 2 and 3, respectively. The fits displayed in
Fig. 2a and Fig. 3a were obtained by optimizing 19 or 20 Gaussian
functions simultaneously with black-body functions to represent the
backgrounds. The fitted Gaussians provided the wavelengths of the
emission bands or peaks, whereas the optimized black-body functions
enabled the flame temperatures to be deduced and gave 2690 ± 50 K
and 2960 ± 70 K for the ACN-milled Al nanoparticles and untreated Al
nanoparticles, respectively. In Fig. 2b and Fig. 3b, the same data are
displayed but with the black-body backgrounds subtracted to illustrate
the emission structures more clearly. The centers and vibrational mode
assignments for bands (a) - (n) in the UV–Vis emission spectra are
compiled in Table 1 and were discussed in detail in Ref. [30]. Briefly,
the most prominent peak in the spectrum occurs at 310 nm, which is
produced by an OH (A 2Σ+ - X 2Π) transition. The four bands centered
at 451 nm, 470 nm, 486 nm, and 513 nm are due to the Δν = 2, 1, 0,
and −1 transitions of aluminum monoxide (AlO) (A 2Σ+ - X 2Σ+),
respectively, where Δν denotes the change in the vibrational quantum
number ν. The broad rise and decrease between around 300 nm and
500 nm is probably caused by unresolved emissions from the OH, C2,
and CH radicals, which are known to dominate the UV–Vis spectra of
hydrocarbon flames [35]. The very broad bands between approximately
600 nm and 900 nm are due to emissions from highly-excited vibra-
tional states of water molecules which are prominent in this wavelength

Fig. 2. (a) UV-Vis emission spectrum produced during ignition of a JP-10
droplet containing acetonitrile-assisted ball-milled aluminum particles. The
total fit (red line) was obtained by simultaneously optimizing a black-body
background (blue line) and 19 Gaussian peaks (green lines) across the 260 to
1100 nm wavelength range. (b) The same spectrum as shown in Fig. 2a except
the black-body background has been subtracted to show the emission peaks and
bands more clearly. The assignments of bands a-n are presented in Table 1. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 3. (a) UV-Vis emission spectrum produced during ignition of a JP-10
droplet containing untreated Al particles. The total fit (red line) was obtained
by simultaneously optimizing a black-body background (blue line) and 20
Gaussian peaks (green lines). (b) The same spectrum as shown in Fig. 3a except
the black-body background has been subtracted. The assignments of bands
a − n are presented in Table 1. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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region [36]. The broad absorption region from approximately 900 nm
to 1000 nm (or 11,110 to 10,000 cm−1) could be because of the water
vapor produced in the combustion (Table 1); however, absorption from
the optical fiber in this range complicates simple interpretation. The
emission lines in the UV-Vis spectra are produced by chemilumines-
cence, in which radicals are produced in electronically excited states via
chemical reactions. The chemical reactions forming the excited states in
Table 1 together with the energetics have been discussed in Ref. [30].

The data analysis above reveals that the UV-Vis emission spectra for
the ACN-milled Al sample and the untreated Al sample can be inter-
preted in terms of the same atoms, molecules, and radicals; however,
the relative amplitudes of the bands differ significantly. In particular, in
the 300 nm to 520 nm wavelength range, the intensities of the OH and
AlO emissions relative to the black-body background are significantly
larger for the untreated Al sample (cf. Fig. 2a and Fig. 3a). The area of
the structure produced by the unresolved (0,0) and (1,1) transitions of
AlO (A 2Σ+ - X 2Σ+) at 486 nm and 489 nm, respectively, when nor-
malized relative to the black-body background, is a factor of approxi-
mately three higher for the untreated Al nanoparticles. The increased
amplitude of the AlO peaks is especially pertinent, since we established
previously that the initiation and enhancement of the combustion of JP-
10 droplets by the Al nanoparticles was because of the highly reactive
aluminum monoxide (AlO) and atomic oxygen (O) formed when Al
atoms reacted with molecular oxygen in the gas phase [30]. Therefore,
the higher production of the AlO radicals for the untreated Al sample is
consistent with the temperature temporal profiles presented in Section

Table 1
Vibrational mode assignments for the peaks or bands in the UV–Vis emission spectrum produced by igniting a JP-10 droplet containing untreated Al particles or
acetonitrile-assisted ball-milled aluminum particles.

Peak
or
band

Peak
wavelength
or band
center
(nm)a

ACN milled

Peak
wavelength
or band
center
(nm)a

Untreated

Molecule,
atom, or radical

Ref.
wavelength
(nm)

Transition Branch;
vibrational quantum
numbers:
(ν', ν'') or
(ν1′,ν2′,ν3′) -
(ν1′',ν2′',ν3′')

a 290.1 289.7 OH 287.5–289.3b A 2Σ+ - X 2Π R1, R2, Q1, Q2; (2, 1)
b 308.5 308.6 OH 309.0b A 2Σ+ - X 2Π Q2; (0, 0)
c 338.5 336.7 O2

HCO
337.0b

337.6b
B 3

u - X 3
g

A1

(0, 14)

d 449.9 451.1 AlO 453.8b A 2Σ+ − X 2Σ+ (5, 3)
e 469.6 470.3 AlO

AlO
C2

467.2b

469.5b

469.8b

A 2Σ+ − X 2Σ+

A 2Σ+ − X 2Σ+

A 3Πg − X 3Πu

(2,1)
(3, 2)
(3, 2)

f 485.9
488.6

485.9
491.1

AlO
AlO

484.2b

486.6b
A 2Σ+ − X 2Σ+

A 2Σ+ − X 2Σ+
(0, 0)
(1, 1)

g 512.1 512.9 AlO
AlO
AlO
C2
C2

507.9b

510.2b

512.3b

512.9b

516.5b

A 2Σ+ − X 2Σ+

A 2Σ+ − X 2Σ+

A 2Σ+ − X 2Σ+

A 3Πg − X 3Πu

A 3Πg − X 3Πu

(0, 1)
(1, 2)
(2, 3)
(1, 1)
(0, 0)

h 588.9 Na 589.59c

589.00c
2S1/2 − 2P3/2
2S1/2 − 2P1/2

i 612.3
(v. broad)

607.9 C2 612.2b A 3Πg - X 3Πu (1, 3)

j 675.2 673.5
k

l
701.1
758.2
(v. broad)

699.7
754.4

H2O
H2O

690–710d

712–737d
ro-vib. mode
ro-vib. mode

(1, 0, 3)–(0, 0, 0)
(3, 0, 1)–(0, 0, 0)

m 844.7
(v. broad)

842.2 H2O 811–839d ro-vib. mode (2, 1, 1)–(0, 0, 0)

n 941.4
999.6

942.0 H2O 928–966d ro-vib. mode (2, 0, 1)–(0, 0, 0)

a Measurements are accurate to within 1 nm.
b Ref. [35].
c Ref. [38].
d Ref. [36].

Fig. 4. FTIR transmission spectrum following ignition of a JP-10 droplet con-
taining acetonitrile-assisted ball-milled aluminum nanoparticles. The rovibra-
tional bands of the products and unreacted JP-10 are labelled (a)–(h) and as-
signed in Table 2. The total fit (red line) and individual peak fits peaks (green
lines) are shown. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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3.1, which showed that the untreated Al nanoparticles produced initial
temperature rises advanced by a few ms and higher maximum tem-
peratures.

3.3. FTIR spectroscopy

The FTIR transmission spectrum following ignition of a JP-10 dro-
plet containing ACN-milled Al nanoparticles is shown in Fig. 4. The
spectrum was collected along the full path length of the process
chamber after the JP-10 had completely combusted. The bands of the
products and evaporated JP-10 are labelled a) to h) in Fig. 4 and as-
signed in Table 2 to the vibrational modes of CO2 [37], H2O [38], and
unreacted gas-phase JP-10 [39]. The water and carbon dioxide were
formed by oxidation of JP-10:

C10H16 (l) + 14 O2 (g) → 10 CO2 (g) + 8 H2O (g) (4)

Thus, FTIR transmission spectroscopy reveals only the standard
products of hydrocarbon oxidation, namely, CO2 and H2O (reaction
(4)). There was no evidence for the H2, CH4, C2H4, C2H6, or propene
(C3H6) that desorbed from the ACN-milled Al nanoparticles during
heating and were observed in the TGA-MS measurements [28]. Fur-
thermore, we could not detect any nitrogen-containing final state mo-
lecules such as nitrogen dioxide (NO2) or nitrous oxide (N2O). Con-
sidering that 99% of the droplet (by wt.) was JP-10 and that the
AlNnCmOvHx layer surrounding the ~34 nm diameter Al particles had a
thickness of only 3.5 nm, the inability to detect molecules from the
surface layer is not surprising.

The ATR-FTIR spectrum of the ACN-milled Al nanoparticles is
shown in Fig. S1 of the Supporting Information. The spectrum consists
of a smooth continuum only and there is no evidence for any discrete
peaks produced by the vibrational modes of molecules. The broad
background is mainly a consequence of the Al particles scattering the
infrared beam out of the path of the ATR accessory. Similarly, the
Raman spectrum of the ACN-milled Al nanoparticles, as shown in Fig.
S2 of the Supporting Information, is a smooth structureless continuum.
The absence of discrete peaks in the Raman spectrum is a general
characteristic of amorphous surface layers which lack crystalline order.
Yu et al (2016) likewise could not detect any vibrational modes in their
diffuse reflectance and ATR-FTIR measurements of the ACN-milled Al
nanoparticles [28].

4. Conclusion

We used the levitator experimental set-up to investigate the effects
of ACN-milled Al nanoparticles on the ignition of JP-10 droplets
acoustically levitated in an oxygen-argon mixture. The results were

compared with those for standard 100 nm-diameter untreated Al par-
ticles, which are surrounded by an amorphous Al2O3 layer. A carbon
dioxide laser was used to ignite the Al-containing JP-10 droplets, and
the induced combustion processes were followed via UV-Vis, FTIR, and
Raman spectroscopies together with high-speed optical and infrared
thermal-imaging cameras.

The temperature temporal profiles for the two types of Al nano-
particles had similar overall shapes but differed in some key respects.
First, the initial sharp temperature rise during the Al-ignition stage
occurred about 2 ms earlier for the untreated Al particles relative to the
ACN-milled Al particles. Second, the maximum temperature reached,
Tmax, was higher for the untreated Al sample than for the ACN-milled Al
sample, that is, 2930 ± 120 K and 2610 ± 170 K, respectively.
Finally, these maximum temperatures were attained sooner for the
untreated Al particles. In the 300 nm to 520 nm wavelength range of
the UV-Vis emission spectra, the intensities of the OH and AlO bands
were significantly larger for the untreated Al samples. In our previous
study, we suggested that the initiation and enhancement of the com-
bustion of Al-containing JP-10 droplets are a consequence of forming
highly-reactive AlO radicals when Al atoms reacted with molecular
oxygen in the gas phase [30]. Therefore, the increased production of
AlO radicals for the untreated Al sample is consistent with the tem-
perature temporal profiles, which showed that the untreated Al nano-
particles enhanced ignition more than the ACN-milled nanoparticles.
Thus, the present measurements suggest that the AlNnCmOvHx surface
layer on the ACN-milled Al nanoparticles, perhaps as a consequence of
forming strong Al-N bonds, limits oxidation of the Al core to a greater
extent than the amorphous Al2O3 surface layer surrounding standard Al
nanoparticles. We note that the smaller diameter of the ACN-milled Al
nanoparticles does not alter this conclusion, since reducing the dia-
meter of Al particles increases the combustion rate [19–23]. Alter-
natively, the flat, plate-like structures produced by the milling reduce
the mass of the unoxidized Al core relative to the passivating Al2O3

surface layer. The resulting reduction in the Al available for oxidation
could explain why the ACN-milled sample enhances the ignition less
than the untreated Al nanoparticles. The other effect of the plate-like
shape is to increase the surface-area-to-volume ratio; however, this
would increase the absorption of heat from the CO2 laser and, therefore,
cannot explain the reduced enhancement. A reduced ignition delay time
or a higher maximum temperature increases the pressure produced by
gas-phase jet fuel [40] and ultimately, therefore, the thrust available
from a jet propulsion system. The slight increase in the ignition delay
times and the reduced maximum temperatures for the ACN-milled na-
noparticles would consequently be a minor disadvantage for applica-
tion in hydrocarbon fuels.

Table 2
Vibrational mode assignments for bands (a) - (h) in the FTIR transmission spectrum produced following ignition of JP-10 droplets containing acetonitrile-assisted
ball-milled aluminum particles.

Band Centre
wavenumbera)

(cm−1)

Molecule Ref.
band centre
(cm−1)

Number
(symmetry)

Vibrational
modeb)

a 3714 CO2 3714.8c) 1(σg+) + 3(σu+) combination band
b 3612 CO2 3612.8c) 1(σg+) + 3(σu+) combination band
c 2957 C10H16 2942d) 68 ν(CH)
d 2929 C10H16 2913d) 62 ν(CH2)
e 2878 C10H16 2865d) 57 ν(CH)
f 2349 CO2 2349.1c) 3(σu+) νas(CO2)
g ≈1600 H2O 1595e) 2(a1) δ(OH)
h 668 CO2 667.4c) 2(πu) δ(CO2)

a) Uncertainties less than 1 cm−1.
b) ν denotes stretch; δ, bend; and as, antisymmetric.
c) Ref. [37].
d) Ref. [39].
e) Ref. [38].
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