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Abstract
Dispersed nanocyrstal catalysts in jet fuels could aid in regeneratively-cooled engines, especial
for ramjet application at low Mach speeds. Catalysts could allow combustion at lower temperatures
than catalyst-free fuels and can assist in both the oxidation and dehydrogenation steps. N-hexane
oxidation was used as a surrogate for jet fuel combustion. The catalyst was also studied in the solid
phase, rather than dispersed in the fuel. Co3O4, Fe2O3, and Fe2O3 doped with Co3O4 nanocrystals were
prepared hydrothermally in an oleic acid/ethanol/oleylamine system. The resulting particle size was 320 nm in solution depending on the preparation method. The nanocrystals were used as oxidation
catalysts for n-hexane. Real-time NDIR analysis monitored the CO2 evolution and reaction progress.
Pure Co3O4 nanocrystals showed the highest activity of all of the samples tested. Activity began at 250°C
and was reached complete combustion by 300° C. Activity at multiple temperatures with low conversion
was measured to determine the apparent activation energy (k=A*e-Ea/(RT)), 114 kJ/mol. The solubility of
Co3O4 nanocrystals in liquid hexane was found to be 2 mg/mL by gravimetric analysis. The Co 3O4
nanocrystals have sufficient solubility to be dispersed in hexane at catalytic concentrations.

Introduction and Background
This work was part a US Air Force sponsored Multidisciplinary University Research Initiative to
create Size and Composition Optimized Nanocatalysts for Propulsion Applications (1). The long-term
goal of this research was to develop suspendable nanocatalysts to implement in regenerative jet engines
which will enhance jet fuel combustion and improve engine efficiency as shown in Figure 1. The
incoming fuel is used to cool the combustion chamber of the engine (2). This heat transfer increases the
engine efficiency by avoiding heat loss to the surroundings, while also preheating the incoming fuel. This
cooling is of particular importance in ramjets, ramjets use the forward motion of a jet plane to compress
and heat in coming air in lieu of conventional turbine (3) as shown in Figure 2. The compression and
friction of the air through the engine heats the combustion chamber high enough for the fuel to be
ignited. The fuel ignition heats and forces the gas out of the engine to create thrust. Ramjets are very
efficient at speeds above Mach 1 (~760 MPH), but engine efficiency at lower speeds remains a challenge.
At low speeds ramjets lack the air compression required to fly efficiently. Extra fuel needs to be added
to the engine to compensate.
Dispersed nanocatalysts could increase ramjet practicality and efficiency in two ways: 1.
lowering the combustion temperature of the jet or other fuel by acting as an oxidation catalyst 2.
dehydrogenating the incoming fuel. The dehydrogenation reaction would generate hydrogen from the
hydrocarbon fuel. This hydrogen would readily burn in the combustion chamber aiding in combustion.
Moreover, the dehydrogenation reaction is endothermic, so the reaction would cool the combustion
chamber very effectively and lessen heat loss from the system. Dispersed catalysts could also increase
the heat sink capacity in hydrocarbon fuels in this manner (1). The catalyst must create a stable
suspension in the fuel. This critical aspect is important so that the catalyst does not precipitate during
transport or storage. Additionally, proper catalyst suspension will prevent build up of the catalyst within
engines, which could cause heat transfer fouling and soot. Using ultra-small catalyst in surfactant
assisted suspension is the approach used in this work to create a suspendable catalyst. Economics were
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also a consideration, as large quantities of the eventual catalyst would be needed. Cobalt has been used
extensively as a dehydrogenation catalyst (4-6) and is relatively inexpensive compared to precious
metals. Several articles study synthesis of cobalt nanocrystals because of its magnetic/electric properties
(7-9). Iron oxide was selected as a good support for cobalt because of its low cost and can also have
activity for fuel oxidation itself. Finally in recent work it has been shown that iron oxide can also be
prepared as nanoscale crystals that could be dispersed in liquids (10).
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Figure 1- Schematic of a regeneratively-cooled engine (11)
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Figure 2- Schematic of a ramjet engine (11). M is speed in Mach number
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Apparatus
Ideally, the catalyst could be tested in the exact conditions of their future applications,
regeneratively-cooled engines and ramjet engines. However, this was not experimentally possible in the
lab. This work was only preliminary in nature so a simple experimental set-up was used. N-hexane was
used substituted for jet fuel. Both of these fuels were primarily hydrocarbon chains, so the oxidation
kinetics are similar. Additionally jet fuel does contain aromatics, but was deemed insignificant because
of the preliminary nature of the work. The catalyst was tested in solid state as opposed to in a hexane
suspension. The surfactant was not present in the experimental setup, but in a jet engine application,
the surfactant would be burned away as the fuel is heated to high temperature (>300°C).
The catalyst was tested in a packed bed with oxygen and gaseous hexane flowing downward as
depicted in Figure 3. The catalytic bed was supported by glass beads within the reactor tube (ID ~1 cm),
and surrounded by quartz wool. The catalyst particles themselves were dispersed in coarse sand to
prevent agglomeration of the catalyst particles on the micrometer scale. This ensured even exposure of
the catalyst to the reactant mixture. The sand had a high enough void fraction to allow the reactor gas
to flow through the pack bed without significant pressure drop. The catalyst was sufficiently mixed and
ground with the coarse sand to allow the mixture to be as homogeneous as possible.
The heater was controlled digitally by a set program. The temperature probe was placed inside
of the reactor with the tip protruding into the quartz wool above the catalyst. Several probes could be
used along the axis of the bed to check for temperature gradients due to the exothermicity of the
reaction. This was not done here. The temperature increase, by the exothermic reaction, in the gas film
surrounding the catalyst particles was calculated to be negligible (calculation shown in the appendix).
The temperature was held sufficiently long at a given temperature to ensure a steady state had been
established. Generally the temperature was held constant for 2 to 10 hours depending on the
temperature and experiment. The temperature was observed to be constant (within 1-2 °C) during each
set point. Changes between temperatures were set to about 6 °C/min. This temperature transitions was
observed to be well within the capabilities of the instrument.
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Figure 3: The reactor used to test the catalysts was above. The inlet gases (O2, hexane, and He) were flowed through a pack
catalytic bed. The CO2 content of the outlet gases analyzed with NDIR in order to determine conversion, and reaction rate.
The catalytic particles were dispersed in course sand and surrounded by quartz wool.

N-hexane was introduced into the system from a syringe pump. The hexane concentration had
to be set outside of the explosive concentration range (1.25% to 7%). Operating above this limit was not
possible because the resultant CO2 concentration would have exceeded the upper limit of the NDIR (10%
CO2). Liquid hexane was fed from the syringe pump and evaporated by the gases entering the reactor.
The vapor pressure of hexane at ambient temperature (temperature before gases were heated in the
reactor) was 133 mmHg calculated from the Antoine equation. Because of high volatility of liquid hexane,
the hexane was able to evaporate into reactor gas inlet stream readily, and no liquid hexane
accumulated.
However, using a syringe pump did have some experimental difficulties. Because of the slow
emptying rate of the syringe (~.2 cm of contraction per hour), the plunger was prone to temporary
sticking. The sticking of the plunger led to times of reduced hexane flow, followed by times of increased
hexane flow causing oscillations as shown in Figure 4. The average flow over the course of the
experiment was unchanged; however individual steps (2-10 hours) did necessarily have the desired
hexane flow. The non-polar solvent properties of liquid hexane caused grease and rubber gaskets to
dissolve, and pitted plastic syringes. With polar solvents, greased glass syringes provide smooth
movement for the syringe pumps. However with hexane, the grease would dissolve and enter the
6

reactor system. The dissolved grease could have clogged tubing and damaged the NDIR. Plastic syringes
were substituted for glass, and appeared to work before pitting occurred. To solve this problem, the
conditions of the experiment were changed to allow for significantly high hexane flow. The greater flow
rate of hexane made the plunger move faster, and consequently made the oscillations less significant.
Using a very small amount of grease also helped to smooth the movement without creating any
accumulation.
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Figure 4- This is an example of the oscillation in CO2 concentration caused by the syringe pump when not used correctly. The
temperature was held constant; however the amount of hexane being introduced into the system was not constant. The
oscillations correspond to the hexane concentration changing.

Hexane introduction through a bubbler was considered, but the vapor pressure of hexane at
ambient temperature was greater than the upper explosive limit of hexane and upper detection limit of
the NDIR. Diluting the gaseous hexane stream presented experimental danger as the hexane
concentration would be passed through the explosive regime. The bubbler could be chilled to lower the
vapor pressure of the hexane to desired concentration for the reactor; however a temperature of -29 °C
would be required for 1% hexane. A dry ice/acetonitrile bath could have maintained the temperature at
-42°C, however experimental difficulties, possible problems, and required quantities of chemicals
associated with maintaining a dry ice bath for the time required for an experiment made a syringe pump
a more viable option.
A non-dispersive infrared (NDIR) analyzer was used to monitor the amount of CO2 evolved from
the reaction by recording the percentage of CO2 in the reactor outlet gases. An IR-703 Gas Analyzer NDIR
made by Infrared Industries Inc. was used. The instrument has low and high setting of sensitivity with
high setting having a maximum of 10% CO2 with .1% increments and the low setting having a maximum
of 1% CO2 with .01% increments. The percentage of oxygen and hexane in the inlet stream was varied
depending on which of these modes was being used. Comparisons of catalyst were not done between
the low and high range. The low range was favored by comparisons between catalysts as less hexane
and oxygen were used. The high range was favored for testing catalysts under kinetically limits
conditions because more consistent movement of the syringe pump (because of greater hexane flow).
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For the low range, the inlet stream had a total flow of 100 mL/min composed of 5% oxygen,.167%
hexane, and a balance of He. Thus, the letting concentration of CO2 would be approximately 1% at full
conversion of hexane. Only 1% O2 was needed, so oxygen was in great excess. Given the low
concentration of hexane and relatively small change in the number of gaseous species as given by the
balanced reaction, C6H14 (g) + 9.5 O2 (g)→ 6 CO2 (g)+ 7 H2O (g), an outlet concentration of 1% CO2 was
assumed to correspond to 100% conversion (0.997% CO2 actually corresponds to x=1 when the changing
number of gaseous species was considered).
For the high range, the inlet stream had a total flow of 100 mL/min with 20% O2, 1% hexane, and
a balance of He. Again, the oxygen is in heavy excess. Full conversion was indicated by ~6% CO2 (5.9%
CO2 when the change in total amount of gaseous species was considered). The high hexane flow with
this flow reduced the oscillations of the syringe pump.
The actual CO2 percentage was not directly used as the NDIR data was recorded by a computer
and the output value was in volts. The voltage was linearly proportional to CO2. The CO2 concentration
(mole %) was equal to 9.8*voltage+.255. However, for greater accuracy, the data from each experiment
was converted manually to best account for any drift in the instrument. The voltage of an average of
large number of points without activity was recorded, and subtracted from all of the experimental
points as a baseline. The baseline adjusted voltage from a number of points with full conversion. All of
the experimental points (after baseline adjustment) were divided by the baseline adjusted for full
conversion voltage to generate fractional conversion.

Catalyst Preparations
The catalysts were prepared using a co-precipitation method. Iron and/or cobalt salts were used
as precursors for the crystals. They were suspended with the aid of surfactants. Oleic acid was a good
surfactant for Fe2O3 (10). Oleylamine was used as a surfactant for Co3O4 (7) (8). The precursors and
surfactant were thoroughly mixed at ambient temperature. The mixture was autoclaved to promote
crystal grow. Ethanol washes were used to clean the catalyst. For suspended catalyst, the catalyst was
then redispersed in hexane. For solid catalyst, the catalyst was calcined to remove the surfactant. 5 mol%
of cobalt was added to all Co/Fe2O3 preparations. The preparation for each catalyst is listed below.
Ethanol Sample-FeCl3 (2.375 mmol, 0.642 g) Co(NO3)2 6H2O(0.125mmol, 0.036 g) was dissolved in 50 ml
ethanol to form stock solution, then a mixture of 5ml oleylamine, 5ml oleic acid, and 20ml ethanol was
added into the solution under magnetic stirring for at least 30 min, resulting in a green solution. The
obtained solution was transferred into 100 ml autoclave with a Teflon liner at 180 °C for 12 h. The
resulting product was centrifuged and washed with ethanol several times. The as-washed nanocrystals
can be redispersed in hexane, and the iron oxide powders can be obtained by drying the nanocrystals in
vacuum at 60-70°C for 2 h, followed by calcination in air at 400 °C for 4h.
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Water Sample-FeCl3 (2.375 mmol, 0.642 g) Co(NO3)2 6H2O(0.125mmol, 0.036 g) was dissolved in 50 ml
water to form stock solution, then a mixture of 5ml, 5ml oleic acid, and 20ml ethanol was added into
the solution under magnetic stirring for at least 30 min, resulting in a green solution. The obtained
solution was transferred into 100 ml autoclave with a Teflon liner at 180 °C for 12 h. The resulting
product was centrifuged and washed with ethanol several times. The as-washed nanocrystals can be
redispersed in hexane, and the iron oxide powders can be obtained by drying the nanocrystals in
vacuum at 60-70°C for 2 h, followed by calcination in air at 400 °C for 4h.

Acid Sample- FeCl3 (2.375 mmol, 0.642 g) Co(NO3)2 6H2O(0.125mmol, 0.036 g) was dissolved in 50 ml
ethanol to form stock solution, then a mixture of 2.5mL oleylamine, 2.5mL oleic acid and 25ml ethanol
was added into the solution under magnetic stirring for at least 30 min, resulting in a green solution. The
obtained solution was transferred into 100 ml autoclave with a Teflon liner at 180 °C for 12 h. The
resulting product was centrifuged and washed with ethanol several times. The as-washed nanocrystals
can be redispersed in hexane, and the iron oxide powders can be obtained by drying the nanocrystals in
vacuum at 60-70°C for 2 h, followed by calcination in air at 400 °C for 4h.

Base Sample- FeCl3 (2.375 mmol, 0.642 g) Co(NO3)2 6H2O(0.125mmol, 0.036 g) was dissolved in 50 ml
ethanol to form stock solution, then a mixture of 4mL oleylamine, 1mL oleic acid and 25ml ethanol was
added into the solution under magnetic stirring for at least 30 min, resulting in a green solution. The
obtained solution was transferred into 100 ml autoclave with a Teflon liner at 180 °C for 12 h. The
resulting product was centrifuged and washed with ethanol several times. The as-washed nanocrystals
can be redispersed in hexane, and the iron oxide powders can be obtained by drying the nanocrystals in
vacuum at 60-70°C for 2 h, followed by calcination in air at 400 °C for 4h.

Pure Co3O4- Co(NO3)2 6H2O(2.5mmol, 0.73 g) was dissolved in 50 ml ethanol to form red solution, then
a mixture of 5ml oleylamine and 25ml ethanol was added into the solution under
magnetic stirring for at least 30 min, resulting in a green solution. The obtained solution was transferred
into 100 ml autoclave with a Teflon liner at 180 °C for 12 h. The resulting product was centrifugated and
washed with ethanol several times, and dried under vacuum at 60-70 degree for 2 h, and finally calcined
in air at 400 degree for 4h.
Pure Fe2O3- The preparation from Li et al. (10) was used directly. “10 mL of oleic acid, 1 g of NaOH, and
10 mL of ethanol were mixed by stirring at room temperature to get an even solution. 20 mL of water
with 0.002 mol Fe3+ precursor was then added to the mixed solution. A red precipitate appeared
immediately. Then, the mixed reactants were transferred into a 50 mL autoclave, sealed, and heated at
180 °C for 10 h. The system was then allowed to cool to room temperature, the products deposited at
the bottom of the autoclave.” The resulting product was centrifuged and washed with ethanol several
times. The as-washed nanocrystals can be redispersed in hexane, while iron oxide powders can be
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obtained by drying the nanocrystals in vacuum at 60-70°C for 2 h, followed by calcination in air at 400 °C
for 4h.

Testing Catalytic Oxidation of n-Hexane
All of the catalysts described above were tested in the packed bed reactor described previously.
Gaseous hexane and oxygen were flowed through the packed bed. The outlet level of CO2 was measured
to obtain conversion and reaction rate. The reaction temperature was started at 100 °C and increased
by 50 °C increments to 500 °C with 90 minutes at each temperature level and 10 minutes to change
temperature steps. The Reactor was then cooled to 400 °C and then 300 °C with 90 minutes at each. 20
minutes was allowed for cooling between steps. The space velocity was calculated by dividing
volumetric flowinlet gas/volumecatalyst. Packed catalyst particles (no sand) had an approximant density of 1.2
g/mL. The conversions versus temperature are shown in Figure 5 and Figure 6.
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n-Hexane Conversion with Pure Catalysts
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Figure 5- The n-hexane conversions over various Fe2O3 catalysts were compared to pure Co3O4 . Additionally blank tests
(without any catalyst present) showed extremely low (x=.016 at 500°C). 0.05 grams of catalyst were used in each run. Gas
flow rate was 100 mL/min with 5% O2, 1/6% n-Hexane, and a balance of He. Space velocity= 143040 1/hr. Contact time=5*10
4
gramcat*min/mL.
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Figure 6- Conversion of n-hexane over various Fe2O3/Co catalysts. Pure Co3O4 was included for reference. 0.05 grams of
catalyst were used in each run. Gas flow rate was 100 mL/min with 5% O2, 1/6% n-Hexane, and a balance of He. Space
-4
velocity= 143040 1/hr. Contact time=5*10 gramcat*min/mL.

The pure Co3O4 sampled showed far greater activity when compared to the other catalysts.
Light-off was at ~200°C, and complete oxidation was achieved at 300°C. The second most active catalyst
was the ethanol-based Co/Fe2O3 with activity starting at 200°C, and complete oxidation at around 400 °C.
No reaction was found without a catalyst, showing that all of the activity can be attributed to the
catalysts. The Co3O4 and ethanol prepared 5%Co/Fe2O3 were tested under kinetically limiting conditions
to measure rates and find the activation energy.

TEM Images
The five catalyst preparations were analyzed by transmission electron microscopy by Dr. Si in
both the liquid as in n-hexane, and post-calcination in the solid state. The activity of the catalysts was
tested in the solid state, but the characteristics of the catalyst in hexane were also important because of
the long term goals of this research. The catalyst must be stable in jet fuel for ramjet applications. TEM
for the Fe2O3/Co water prepared catalyst was now shown because the solid sample could not be
recovered. The water-based sample was not promising and was not further pursued. In the TEM images,
the black dark particles are cobalt. Generally it was found that the smaller and more uniform particles in
hexane solution had the most stable suspensions. The pure Co3O4, and the base Co/Fe2O3 sample had
most suspensions. The high activity and stable suspension of Co3O4 make it a strong candidate for future
study.
From the particle size and the uniformity, oleylamine appears to be a better surfactant to use
than oleic acid. Literature indicated that oleic acid would be a surfactant for Fe2O3 (10), however
oleylamine also appears to be a good surfactant based on the results for the acid and base samples. The
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acid and base used more oleylamine than the pure Fe2O3 sample, and produced small and more uniform
Fe2O3 particles.
Cobalt was not completely integrated in the Fe2O3. The best preparation in terms of uniformity
and size was the base sample. Both the CoOx and the Fe2O3 were uniformly dispersed with small particle
size (3-7 nm). However there appeared to be discrete CoOx and Fe2O3 particles. The black particles were
cobalt oxide where the lighter were Fe2O3. Ideally these particles would have been a combination of
Fe2O3 and cobalt oxide. It was hypothesized that the crystal growth rates during the autoclaving step
were different for these two species. This made incorporation of Co into the lattice difficult, and made a
homogeneous catalyst like pure catalyst like Co3O4 more attractive. However, this needs further study,
as it might be possible to produce oxide solid solution of iron and cobalt oxides, Fe-Co-Ox, with different
properties.
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Powder X-Ray Diffraction Data
XRD analysis was performed by Dr. Si on the two most active catalysts, pure cobalt and 5% Co in
Fe2O3 with the ethanol preparation. The XRD data showed that the pure cobalt oxide was in the Co3O4
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oxidation state, and that Iron oxide was in the hematite phase (Fe2O3). Both of the XRD patterns showed
unknown peaks around 2θ=28°. These peaks were compared to a variety of chemicals include different
oxidation states of iron and cobalt oxide, metallic iron and cobalt, and various carbides but no matches
were determined. In addition to providing the oxidation state, the XRD patterns showed approximate
particle size with the Full-Width-Half-Maximum Debye-Scherrer formula for size broadening. The Co3O4,
and 5%Co/Fe2O3 (ethanol) grain sizes was found to be 31 nm, and 33.2 nm respectively. These sizes
coincide with the TEM particle sizes for these samples of 10-50 nm and 20-40 nm respectively. The XRD
patterns are shown in Figure 11.

* Hematite (a-Fe,O,)
• Co,O, (Cubic)

--CoOx
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Figure 11- XRD patterns for pure Co3O4 and 5% Co/Fe2O3 after 400 °C air calcination. The broadening of the peaks was used
to find the approximate particle size. The crystal sizes for pure Co3O4 and 5%Co/Fe2O3 (ethanol) were 31 nm and 33.2 nm
respectively. These sizes coincided with the TEM analysis.

Catalyst Suspensions
A major criterion for the catalyst is their ability to create stable suspensions in the hexane or
another fuel. The catalyst must be suspendable in order to avoid depositing at the bottom of fuel
containers during storage, or inside an actual engine.
N-hexane was used as a fuel surrogate for the “solubility” tests. Cobalt oxide and hematite do
not chemically dissolve in hexane or other fuels, and the density of the oxide is much greater than the
density of the fuel so surfactants are used to suspend the catalyst in the hexane. It was assumed that in
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an actual engine, the hydrocarbon based surfactant would be burned along with the fuel, thus the
catalytic activity would not be hindered.
After the catalyst was washed with ethanol, the catalyst was redispersed in the fuel surrogate
hexane. A saturated suspension was ensured by adding a 2-3 fold excess amount of catalyst. Excess
catalyst was observed to precipitate at the bottom on the tube. After settling in approximately one
month at room temperature, a known volume of supernatant was carefully removed (to avoid
disturbing the pellet). The amount of catalyst was then measured by a gravimetric method. The hexane
was slowing allowed to evaporate on a hot plate at a low temperature. After all visible traces of hexane
were removed; the sample underwent calcination for 3 hours at 400 °C to burn away the surfactant
surrounding the catalyst particles. Shortly after calcination (to avoid any water vapor adsorption), the
catalyst was weighed. With mass of catalyst and volume known, the concentration was calculated. The
solubility of Co3O4 in hexane was found to be ~2 mg/mL. This suspension concentration was far above
the expected catalyst level needed for activity in the liquid phase.

Activation Energy
The two most active catalysts (pure Co3O4 and 5% Co/Fe2O3 with ethanol) were tested under kinetically
limiting conditions at various temperatures in order to find the apparent activation energy via an
Arrhenius plot.

Co3O4
Pure Co3O4 nanocrystals were ran under kinetically limiting conditions in two separate
experiments (named 3-20-09 and 3-19-09). Both were run under the same conditions in the reactor;
however the loading amount differed slightly. The plots of conversion vs. time are shown in Figure 12
and Figure 13.
The low conversion data points from Figure 12 and Figure 13 were used to calculate reaction
rates and create the Arrhenius-type plot in Figure 14. The y-axis was negated for greater readability;
hence the slope was equal to apparent activation energy/R. The reaction rate was calculated based on
the conversion, total hexane flow rate, and grams of catalyst present. Despite the small number of low
conversion data points per trial, the slopes were practically parallel indicating consistency between the
runs. The slopes, 13593 K-1 and 13748 K-1, gave apparent activation energies of 113 kJ/mol and 114.3
kJ/mol respectively. So the average apparent activation energy of n-hexane oxidation on pure Co3O4 was
113.7 kJ/mol.
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Figure 12- Conversion of hexane with pure Co3O4 over various temperatures under kinetically limiting conditions. 0.01 g of
catalyst was used. The pack bed had a total flow of 100 mL/min with 20% O2, .93% hexane, and a balance of He. Space
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velocity of 715000 1/hr. Contact time of 10 gramcatalyst*min/mL.
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Figure 13- Conversion of hexane with pure Co3O4 over various temperatures under kinetically limiting conditions. 0.015 g of
catalyst was used. The pack bed had a total flow of 100 mL/min with 20% O2, .93% hexane, and a balance of He. Space
-4
velocity of 476800 1/hr. Contact time of 1.5*10 gramcatalyst*min/mL.
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Figure 14- Arrhenius-type plot using low conversion (kinetically limiting) data from Figure 12 and Figure 13. The y-axis was
negated for great readability. Using the slopes, average activation energy is 113.7 kJ/mol.

5% Co/Fe2O3 with EtOH
The apparent activation energy of the sample 5%Co/Fe2O3 prepared with ethanol was
determined using an Arrhenius plot with low conversion (kinetically limited) data from Figure 15 and
Figure 16. The reactor conditions were the same as the conditions for pure Co3O4. 0.015 grams of
catalyst were used in both the 4-25-09 and 5-1-09 trials.
The 4-25-09 test, shown in Figure 15, used a sample that had not been previously used. It had
been prepared ~6 months prior to use. At 310 °C during the run, the catalyst underwent an increase in
activity. The conversion of hexane linearly increased throughout the 4 hour at the 310 °C time point. The
sample appeared to maintain this activity for the rest of the trial, as shown by the initial activity at
270 °C (x=.003) compared to the activity at 270 °C after activation (x=.20). Moreover, the activity at the
second 270°C time point was greater than that of the 290 °C time point prior to activation. The trial was
repeated with the same sample in Figure 16. The increase in activity was maintained for the second trial,
showing the activation was not transient (at least over the course of several days). Figure 17 shows a
comparison of the two trials. The second trial shows much greater activity at lower temperatures than
the first trial. However, the results of the first trial (4-25-09) after activation had occurred were identical
to the second trial, showing an element of reproducibility. The exact cause of this activation is an area
for future study. However it is hypothesized the crystal structure could have reorganized to have more
of the active cobalt on the surface.
The apparent activation energy was calculated pre- and post-activation. However, a limited
number of data was available using the pre-activation so the value is approximate. The low conversion
data points were added to an Arrhenius plot in Figure 18. More repeats of the experiment could
improve the accuracy of the measured activation energies. The activation energy before and after
activation were 221 kJ/mol and 190 kJ/mol respectively.
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Figure 15- Conversion of hexane with 5%Co/Fe2O3 over various temperatures under kinetically limiting conditions. 0.015 g of
catalyst was used. The pack bed had a total flow of 100 mL/min with 20% O2, .93% hexane, and a balance of He. Space
-4
velocity of 476800 1/hr. Contact time of 1.5*10 gramcatalyst*min/mL. The activity of the catalyst increased at 310 °C.
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Figure 16- Conversion of hexane with 5%Co/Fe2O3 over various temperatures under kinetically limiting conditions. 0.015 g of
catalyst was used. The pack bed had a total flow of 100 mL/min with 20% O2, .93% hexane, and a balance of He. Space
-4
velocity of 476800 1/hr. Contact time of 1.5*10 gramcatalyst*min/mL. The activity of this run was higher than the 4-25-09,
indicating the rise in activity was not transient.
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Figure 17- Comparison of the data from Figure 15 and Figure 16. The 5%Co/Fe2O3 catalyst activity for hexane conversion was
tested. The catalyst activated at 310 °C during the first run. The second run used the same catalyst, showing the activation
was maintained.
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Figure 18- Arrhenius plot for the 5% Co/Fe2O3 catalyst used the data from Figure 15 and Figure 16 at low conversion
temperatures. The activation was slightly reduced after the activation. Using the slopes, the activation energy before
activation was 220 kJ/mol, and after activation was 190 kJ/mol.
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Conclusion
This research involved only a small piece of the MURI project under way at Tufts, Yale, and other
universities (1). The goals of this project are to create suspendable nanocatalysts to dehydrogenate jet
fuel at lower temperatures, and aid in its oxidation at high temperatures. Such a catalyst should improve
dehydrogenation of the fuel in regeneratively-cooled jet engine as well as improve fuel combustion.
Such catalysts improve the low speed performance of ramjets by decreasing the ignition temperature,
and increasing the fuel flammability by dehydrogenation . Two of the three aspects of such catalysts
were studied. Oxidation and suspendability were studied. The dehydrogenation aspect is a future
direction currently under examination in our lab. However, literature indicates that cobalt is active for
dehydrogenation (4-6).
Future directions also include removing some of the assumptions made in this work. Notably,
the samples were studied in the solid phase; however the long-term applications will be as dispersed
catalysts in the liquid fuel phase. This was no possible in this work because of experimental limitations.
Also the oxidative and suspension characteristics of hexane and jet fuel were assumed to be comparable.
Activity and suspensions could be tested in A1 jet fuel.
Of the five catalyst compositions prepared, pure Co3O4 was the most promising. It had the
highest activity (light off at ~250°C and compete combustion at ~300°C depending on conditions). The
apparent activation energy was found to be 114 kJ/mol. Additionally, Co/Fe2O3 with ethanol sample
also shows potential because of its low light off temperature (200°C, see Figure 6). Cobalt nanocystrals
had not previously been studied as oxidation catalyst with n-hexane so no direct comparison can be
made with literature reports. La based catalysts have been used for hexane total oxidation (12), but not
as nanoscale catalysts. The apparent activation energy for these catalysts was lower (around 24 kJ/mol
below 280 °C, and 63 kJ/mol above 280 °C (12)). Although these activation energies were lower, the
activity was comparable. Figure 19 shows the hexane conversion over Porta’s catalysts (12). These
catalysts showed comparable activity to pure Co3O4 in Figure 12. Both had similar hexane concentrations,
excess oxygen, light off temperatures (250°C), and total combustion temperatures (320°C). Despite
having similar activity at given temperatures, the space velocity used over pure Co3O4 was 12X higher.
So it can be said that the activity of pure nano Co3O4 is greater. The suspendability and activity of the
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cobalt oxide nanocatalyst make it a promising catalyst for future study.
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Appendix
The temperature increase in the catalytic bed cause by the exothermic oxidation reaction was calculated
in two manners. Initially, the catalytic bed was treated as an adiabatic system. However this assumption
does not hold experimental because of heat loss to the surrounding, so the temperature of the gas film
around the catalyst particles was calculating more intensively using Re, Pr, and Nu. The temperature
increase for low hexane conditions (1/6% Hexane) was found to be 2.35 K. With the kinetically limiting
trials (1% hexane), the increase was found to be 6.56 K

Temperature gradient within the gas film around the catalyst particles
The heat generated from hexane combustion should be the same as the heat transferred out
through the gas film: (13)
(-ra’’’) · Vp · (-ΔH)r = -h ·S · (Tg - Ts)
-ra’’’: reaction rate, kmol/s/m3cat
Vp: volume of the particle, m3
(ΔH)r: heat of reaction, kJ/kmol
h: heat transfer coefficient, kJ/kmol/m2/s/K
S: exterior surface of the particle, m2
ΔT = Ts – Tg = [ (-ra’’’) · Vp · (-ΔH)r] / (h · S)
= [ (-ra’’’) · Rp · (- ΔH)r] / (h · 3)
Rp is the radius of the spherical particle, m
Jh = Nu / [Pr1/3 · Re] = [h · Dp] / [λ · Pr1/3 · Re]
k: thermal conductivity of gas film, kJ/(m.s.K)
Dp: diameter of the particle=10-4 m
Re 

 VD
 (1   )

μ=void fraction=.5
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Nu for packed bed reactor
NuD= 0.5Re1/2 + 0.2Re2/3Pr1/3 =h*D/k (14)
ΔT = * (-ra’’’) · Rp · (-ΔH)r] / (h · 3)
Low Hexane Conditions
Using a flow rate of 100 ml/min, at 575 K, a gas mixture of 1/6%n-Hexane-5%O2-94 5/6%He, we
calculate Re, Pr, k (W/*m*K) and their values are 2.78*10-3, .67, and .23 respectively. For
hexane oxidation at 575 K, 1/6% hexane in the gas stream can cause a temperature increase by
ΔT = 2.35 oC
High Hexane Conditions
Using a flow rate of 100 ml/min, at 575 K, a gas mixture of 1%n-Hexane-20%O2-79%He, we
calculate Re, Pr, k (W/*m*K) and their values are 5.3*10-3, .69, and .198 respectively. For
hexane oxidation at 575 K, 1% hexane in the gas stream can cause a temperature increase by
ΔT = 6.56 oC
.
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