dimensional pore structure of SBA-1, which limits pore block-
ing and allows a faster diffusion of the reactant molecules.

In conclusion, our results reveal that Fe has been success-
fully incorporated, for the first time, into SBA-1 by simply
adjusting the molar hydrochloric acid to surfactant ratio. UV-
vis DRS and ESR studies confirm that the majority of the Fe
atoms in FeSBA-1 exist in a tetrahedral coordination environ-
ment (most probably occupying framework positions). The
catalytic activity of the novel catalyst was investigated in the
vapor phase fert-butylation of phenol reaction. FeSBA-1(36)
was found to be more active than previously studied systems
such as FeAIMCM-41 or sulfated zirconica. The observed
phenol conversion of 78.8 % (S4tep=70 %) is significantly
higher as compared to other mono- and bimetal substituted
uni-dimensional MCM-41 molecular sieves under optimized
reaction conditions.!'*!”!

Experimental

Iron containing SBA-1 was synthesized under acidic conditions
using cetyltriethylammonium bromide (CTEABTr) as the surfactant,
tetraethylorthosilicate (TEOS) as the silica source and ferric nitrate
nonahydrate as the iron source. The surfactant (CTEABr) was synthe-
sized by the reaction of 1-bromohexadecane with an equimolar
amount of triethylamine in ethanol under reflux conditions for two
days. The resulting solid CTEABr was purified via recrystallization
from a chloroform/ethyl acetate mixture. A typical synthesis proce-
dure for FeSBA-1 is as follows: Solution A was prepared by adding
0.812 g of CTEABT to an appropriate amount of the aqueous solution
of 4.4 M HCI (nyc/ny,o ratio was fixed to 0.08). The solution thus
obtained was cooled to 0°C and homogenized for 30 min. TEOS and
Fe(NO3;);-9H,0 were precooled to 0°C and then added to solution
A under vigorous stirring and continued the stirring for another 5 h at
0°C. Thereafter, the reaction mixture was heated to 100°C for 1 h.
The samples were labeled FeSBA-1(x) where x denotes the ng;/ng.
molar ratio. The solid product was recovered by filtration and dried in
an oven at 100 °C overnight. The molar composition of the gel was
1 TEOS:0.0025-0.025 Fe,03:0.2 CTEABI:10-56 HCI:125-700 H,O.
The as-synthesized material was then calcined in air by raising the
temperature from 20 to 550 °C with a heating rate of 1.8°Cmin~" and
keeping the sample at the final temperature for 10 h.
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Enhancing the Rate of Energy Release
from NanoEnergetic Materials by
Electrostatically Enhanced Assembly**

By Soo H. Kim and Michael R. Zachariah*

Energetic materials are classified as those that convert
chemical enthalpy to thermal enthalpy rapidly. They are com-
monly used in explosives, propulsion, and pyrotechnics. The
synthesis of nanostructured energetic materials has recently
drawn considerable attention as a potential method that can
be used to obtain energy release more rapidly than conven-
tional materials. It is known that the size distribution and the
degree of intermixing of thermite-like reactants (e.g., metal/
metal oxide) significantly affects the burning rate of energetic
materials. For instance, nanoparticles of fuel/oxidizer materi-
als have been reported to have burning rates ~1000 times high-
er. This is presumably due to the reduction of the diffusion dis-
tance between ultrafine grain (UFG) intermixed reactants.!)
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Generally, fuel and oxidizer powder are physically mixed to
produce an energetic mixture that can undergo a thermite re-
action.

Ml(5)+M20(S) d M10(5)+M2(5)+AH (1)

where for example, M' (fuel metal particle) is Al undergoing
rapid exothermic reaction with M*O (oxidizer particles such
as Fe,O3, MoOs, or CuO). Once initiated, such reactions are
self-sustaining, however, the reactants must still physically
mix, and therefore the mass transfer process may ultimately
be the rate limiting step, retarding the rate of energy release.
Recent work has focused on making the fuel and oxidizer
grains physically smaller, entering the nanometer scale so as
to minimize mass transfer effects.”! In this latter example, re-
searchers at Lawrence Livermore National Laboratories
(LLNL) devised a sol-gel approach in order to manufacture
thermite composites.

In a related study, we extended the LLNL work, by adapt-
ing the sol-gel beaker chemistry to develop an aero-sol-gel
method. This negated the need to grind the product into pow-
der. We were successful in developing an aerosol route to pro-
duce nanoporous metal oxide particles and in particular for
energetic applications of iron oxide (Fe,Os).”*! However, in
those studies, the intermixing of reactant particles required a
secondary step of ultrasonic mixing and subsequent drying.
Furthermore this approach relies on a random mixing process,
rather than a directed assembly between fuel and oxidizer.

In this paper, we demonstrate a new method for the synthe-
sis of nanostructured fuel/metal oxidizer nanocomposites in
which the fuel and oxidizer association is enhanced by the
electrostatic forces which exist between charged aerosol parti-
cles. Our goal is to enhance the interaction of fuel and oxidi-
zer and minimize fuel-fuel and oxy—oxy interactions by oppo-
sitely charging each component aerosol. The specific example
in this paper involves an aluminum/iron oxide
thermite mixture and we will show that such an
approach leads to a significantly higher energy 1.2

where Z:quez/(dp,»+dqj)KBT, p, q are the number of ele-
mentary charges on particles, e is the elementary unit of
charge, d,;, dg; is the particle diameter, K is the Boltzmann
constant, and 7 is the gas temperature.

Obviously, and as can be seen in Equation 2, oppositely
charged particles aggregate faster than particles with same
sign. Furthermore, an increase in the initial number concen-
tration of particles shortens the collision time between parti-
cles, and while this is desirable, we were ultimately limited by
the nature of our atomization process. We were however able
to vary the extent of charging over a relatively wide range.

Figure 1 summarizes the experimentally determined rela-
tive characteristic times for oppositely charged particle colli-
sions, normalized to Brownian collisions as a function of
degree of particle charge. By varying the applied voltage in
the corona charger, various charge levels on particles were ex-
perimentally obtained, from 5 charges/particle with concen-
trations of ~10” cm™ to a maximum of 30 charges/particle
with concentrations ~10° cm™. For these measurements the
average particle charge (72,) was determined by,

n, = I 3

P NtolaleQ ( )
where [ is the induced current at the electrometer, Ny, is the
total number concentration of particles determined by the
condensation nucleus counter (CNC), and Q is the aerosol
flow rate. The high particle charge limit of ~30 charges/parti-
cle was a compromise. Namely, the number concentration of
particles that penetrated the unipolar charger at high applied
voltage was significantly reduced due to the electrostatic de-
position at the charger nozzle and ultimately results in an in-
crease in characteristic collision time and very low yield. Over
the range of experiments reported here however, despite par-
ticle loss, we observed a decrease in the characteristic collision
time with an increase in the extent of charging.

release rate.

The nanoscale assembly of the reactant parti-
cles in this approach is strongly dependent on
the collision rate between fuel and metal oxidi-

10¢

zer nanoparticles. To verify the effect of charge Eosl
on the particle collision rate, the characteristic <
collision time, t, between particles carrying &

5 06 [

charges of opposite sign is calculated as a func-
tion of particle number concentration, and de-
gree of particle charge with fixed particle sizes 0.4
at room temperature.[sl

2

t=——— ) 02 -
KraN,

where, K49=K;/WFI, K; is the coagulation
coefficient of neutral particles, W47is the

Fuchs stability function (='/;(exp (z)-1))
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Figure 1. Relative characteristic collision time of 200 nm-diameter average particles as a
function of number of elementary charges measured. K;j=5.2x107% cm’s™' for these ex-
perimental conditions.
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The size distribution of reactant particles and their electro-
statically enhanced collision was measured with a differential
mobility particle sizer (DMPS)!®! (summarized in Fig. 2). The
geometric mean diameter (GMD) of aluminum and iron ox-
ide particles were found to be 150 and 200 nm, respectively.
Allowing for the interaction of the two aerosol streams gave a
GMD of 215 nm for Brownian coagulation and 225 nm for
bipolar coagulation with a similar polydispersity (geometric
standard deviation ~1.37). Apparently, both Brownian and
bipolar coagulation events caused approximately the same
decrease in particle number concentration and increase of
particle size. However, these results mask the fact that under
charge conditions, electrostatic loss results in a significant
reduction of the effect of bipolar coagulation between the
reacting particles. Nevertheless, the action of charge should
be to enhance the collisions between particles of opposite
charge and simultaneously decrease like charge interactions.

The particles produced by Brownian and bipolar coagula-
tion processes were observed under transmission electron
microscopy (TEM) to identify the effect of particle charge on
morphology of the nanocomposite particle and were verified
by scanning transmission microscopy (STEM) elemental map-
ping. In the Brownian collision case (see Fig. 3a), aluminum
nanoparticles appear to have linear chains that are held to-
gether by weak contact with the iron oxide particles. How-
ever, for bipolar coagulation as shown in Figure 3b, the alumi-
num nanoparticles essentially surround the surface of iron
oxide particles. Because of the nature of the aero-sol-gel
chemistry, whereby the iron-oxide begins as a droplet we ob-
serve in some cases that the aluminum can penetrate within
the iron-oxide gel. This is consistent with our conceptual
model (suggested in Figure 4), which illustrates which charge
enhanced collisions will lead to a greater pairing and intimate
contact between fuel and oxidizer.

To evaluate qualitatively the effect of particle charging on
reactivity, a 15 mg sample was spark ignited at one end. Fig-

100 i

Figure 3. TEM images of nanocomposite particles produced by a) Brow-
nian coagulation and b) bipolar coagulation. Elemental composition was
verified by STEM elemental mapping.

ure 5a, shows a snapshot of the burning sample prepared via
Brownian assembly. The sample was observed to burn non-
homogeneously. We observed that as we increased the degree
of particle charge, the velocity of propagating flame as it
traversed from one end of the sample to the
other was significantly enhanced. Figure 5b il-

lustrates the case of a sample that was gener-
ated with 30 charges/particle, which produced a
bright flash and a propagation velocity so fast
as to be essentially instantaneous to the naked
eye. This simple demonstration is convincing
proof that electrostatically enhanced fuel/oxidi-
zer assembly greatly enhances the mixing of
fuel and oxidizer at the nanoscale level.

To further quantify this effect, differential
scanning calorimetry (DSC) analysis was per-
formed on both the randomly assembled
(Brownian) and electrostatically assembled

1.4E+06

1.2E+06 | Fe,0,
5 1.0E+06 | Brownian
=~ Coagulation
S
£ 8.0E+05 [ Bipolar
§ Coagulatign
S 6.0E+05 |
o]
o
g 4.0E+05 [
=z

2.0E+05 [

0.0E+00 = &

10 100

Particle diameter (nm)

Figure 2. Particle size distribution of aerosolized UFG aluminum and iron oxide particles:
effect of Brownian and bipolar coagulation on the final nanocomposite particle size distri-

bution.

Adv. Mater. 2004, 16, No. 20, October 18

http://www.advmat.de

nanocomposite and are shown in Figure 6.
1000 Quite clearly both show an exotherm, and both
show essentially a similar ignition temperature
as one might expect. The DSC shows that the
rate of exotherm observed in the electrostati-
cally enhanced case is a factor of 10 faster. Inte-
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Figure 4. Schematic of the experiment. In-situ particle size distribution (PSD) measurement is made using a differential mobility particle sizer, com-
posed of a radioactive ionizing source, differential mobility analyzer (DMA), and condensation nucleus counter (CNC). The electrometer combined
with the CNC is employed to measure the average charge of particles generated from the unipolar charger.

a)

b)

Figure 5. Photograph of thermally ignited aluminum and iron oxide
nanocomposite for particles produced by a) Brownian coagulation and
b) bipolar coagulation (30 charges/particle).
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gration of the exotherm gives a total heat of reaction of
0.7 kIg™ over a relatively wide temperature range for the
Brownian assembled particles (Fig. 6a), but a total heat of
1.8 kJ g”! over a very narrow temperature range was observed
for the electrostatically assembled case (Fig. 6b). However,
both experimentally determined values of total heat of reac-
tion are lower than the theoretical value of 3.9 kJ g\. We be-
lieve this short fall is likely due to 1) an oxide layer on the alu-
minum particles, and 2) incomplete conversion in the sol-gel
chemistry to form iron oxide. STEM elemental mapping did
show that residual chlorine from the precursor iron chloride
remained in the sample. Nevertheless, it is quite clear that for
the same starting reactant particles, electrostatically as-
sembled nanocomposites resulted in a significantly enhanced
energy release rate and total extent of reaction.

In conclusion, we have demonstrated the potential of elec-
trostatically enhanced nanocomposite particle assembly as a
viable method that can be used to enhance the reactivity of
energetic nanocomposites. We have shown that one can tailor
the kinetics of the burning process by varying the degree of in-
terconnection between the reactant nanoparticles by varying
the magnitude of particle charge. The results of burning tests
and thermal analysis using differential scanning calorimetry
(DSC), showed that aluminum/iron oxide nanocomposite
aerosol materials synthesized via bipolar assembly had burn-
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ing rates that were a factor of ten higher than those produced
by random Brownian coagulation. By employing the aerosol
synthetic route, one may be able to rapidly and reproducibly
obtain nanocomposite energetic materials with high purity
and controlled fuel and oxidizer balances.

Experimental

The fuel used for this work was commercially available (NanoTech
Inc.) passivated aluminum nanopowder with average primary particle
size ~ 50 nm. The nanoporous iron oxide particles were created in situ
using a procedure outlined in our prior work [4]. Iron(i) chloride
(FeCl3-6H,0) and epoxide (1,2-epoxy butane) were the precursors
used for the iron oxide. To make a stoichiometric mixture of nano-
composite particles, two atomizers with controlled amounts of precur-
sors were prepared in ethanol (EtOH). In one atomizer we dispersed
0.38 g of aluminum nanopowder into 40 mL of ETOH; in the other,
1.25 g of iron(1) chloride, 5 mL of epoxide, and 1 mL of H,O was
dissolved into 40 mL of EtOH.

Two Collision atomizers were employed as shown in Figure 4. Aero-
sol from the first atomizer containing the aluminum nanoparticles dis-
persed in ethanol was stripped of the solvent by passing through a dif-
fusion dryer containing silica gel and activated charcoal. The second
atomizer generated the droplets of iron chloride, epoxide, and water,
which underwent a sol—gel reaction in the droplet to form iron oxide
(Fe,03) via our aero-sol—gel approach described elsewhere [4].

The aerosol particles were then charged by diffusion charging of gas
ions generated from homebuilt unipolar corona chargers operating at
up to ~4 kV, and constructed of a high voltage-connected cylindrical
tungsten electrode (outer diameter 1 mm) and a grounded aluminum
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Figure 6. DSC results of Al/Fe,O3; nanocomposite parti-
cles, produced by a) Brownian coagulation and b) bipo-
lar coagulation (30 charges/particle).

600

housing with tapered outlet [7]. To assess the extent of charging as a
function of applied voltage, the average charge on particles was mea-
sured with an aerosol electrometer (TSI, Model 3068A) and total con-
centration with a condensation nucleus counter (TSI, Model 3022). The
individual oppositely charged particle streams were then mixed in the
continuous stirring tank reactor (CSTR) with total volume of 56.8 L.
The particle residence time was about 10 min, aerosol flow rate from
each atomizer was 3 L m™'. The final composite particles were col-
lected on either a membrane filter (Millipore co.) or TEM grid for ther-
mal analysis and morphology characterization of the nanocomposite.
The nanocomposite particles were characterized with a transmis-
sion electron microscope, (TEM; JEOL 1210) operated at 100 kV,a
scanning transmission electron microscope (STEM; Philips CM30)
operated at 300 kV, energy dispersive spectrometry (EDS; EDAX
PV9900), and differential scanning calorimetry (DSC; Perkin-Elmer
Pyris-1) operated at temperatures ranging from 25 to 600 °C (heating
rate, 10°Cmin™") with 5 mg of sample.
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