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ABSTRACT
In the search for next generation fuels, research includes the use of additives in existing
fuels as a method to tailor properties and enhance combustion characteristics. Carbon
nanostructured materials, such as functionalized graphene sheets (FGS) and single-walled carbon
nanotubes (SWCNTs), with high surface area and transport properties could facilitate selective
enhancement of fuels through doping or catalytic action. Additionally, high optical adsorption
provides the possibility of lower energy, higher reliability ignition methods over point ignition
found in most combustion systems. FGS and SWCNTs are examined both in dry state and in
solution. Dry material characterization is performed via scanning and transmission electron
microscopy, energy dispersive spectroscopy, thermogravimetric analysis, surface area measure,
and absorptance evaluation. Solutions are examined for dispersability, absorptance, droplet
burning characteristics, and photo-sensitivity.
Optical absorptance testing for both materials in solution revealed blackbody behavior
throughout the visible regime with no particular wavelength sensitivity. This poses opportunity
for selective heating of the nanostructured materials by choosing an incident wavelength outside
of the absorptance capability of the base fuel. In solution, SWCNTs exhibit agglomeration and
structure alteration with light exposure, making bulk characteristics difficult to determine in
applications requiring moderately strong light.
Droplet burning tests of nitromethane and Jet-A solutions at 500°C showed a two stage
burning rate behavior in nitromethane based mixtures when ambient temperature was near the
FGS sample’s onset of oxidation temperature (determined by TGA/DSC). Overall burning rate
enhancement of nominally 30% was observed for nitromethane dispersed with small quantities of
FGS that were highly functionalized (carbon to oxygen ratio of 19). This trend is consistent with
the higher temperature oxidation onset of less functionalized (more reduced) FGS (carbon to
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oxygen ratio of 50). For example, at 600°C, a two stage burning profile was found for
nitromethane dispersed with FGS (carbon to oxygen ratio of 50). The first stage burning rate was
reduced from the pure nitromethane case by 49%, while the second stage was enhanced by 17%.
As ambient temperature is increased the two stage burning appears to be no longer evident.
SWCNTs exhibited little effect on solution burning rates, though there was a great degree of
variance, particularly in the Jet-A sample (35% standard deviation).
Laser induced photo-ignition attempts of solutions proved that inclusion of carbon
nanostructured materials can enhance energy absorption, and offers validation of capability to
selectively heat nanostructured materials in solution. This is the first such examination of FGS
for photo-ignition behavior in solution. Repeatable internal nucleation was observed in both
SWCNTs and FGS in nitromethane; the reaction decayed with each successive light pulse in
SWCNTs. This is likely indicative of high energy absorption, and subsequent vaporization of
surrounding fuel. The fact that no decay is evident for FGS samples indicates that nucleation is
not likely a result of chemical reaction, suggesting decay in SWCNTs can be attributed to
agglomeration with exposure as previously observed. This provides clues as to the source of
nanostructure photo-ignition in air.
Materials characterization provides thermal oxidation temperatures, relative structure,
and material content of each sample to facilitate the analysis of the properties exhibited by bulk
samples. FGS is found to possess many contaminants, which may influence bulk properties, and
has varying agglomeration tendency between samples. SWCNTs vary in micron scale structure
and composition based upon production method. Acid washes, used in production of FGS and
purification of SWCNTs for later functionalization is proven to introduce significant quantities of
contaminants (residue of oxidizers). Particularly in SWCNTs, differing ambient exposure
conditions over the lifetime of the material is believed to greatly influence properties. This
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variability poses an inhibiting challenge to large scale use of carbon nanostructured materials, as
material behavior cannot be considered reproducible from batch to batch.
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Chapter 1

Introduction
Current research in combustion systems for propulsion and power is driven by a desire to
make combustion systems more efficient, more energy dense, and more reliable. Performance
limitations of combustion systems often involve a balance of fuel and material limits; often higher
temperatures could increase kinetic rates, and thus power output, but would exceed material
capabilities. Higher energy density fuels could also enhance payload capability of propulsion
systems, and decrease fuel consumption of power systems. Combustion systems suffer from nonuniform ignition (ignition propagates from a point) in both solid and liquid fuel applications,
having slow rise times, and making their performance characteristics more difficult to predict and
reproduce. Both solid and liquid fuel systems, such as rockets or internal combustion engines,
also suffer efficiency losses when some fuel fails to ignite and is exhausted from the system
unburned.
By adding nanoparticles to existing fuels, it may be possible to tailor fuels to enhance
these characteristics [1][2][3][4]. Nanoparticle additives could serve as a catalyst for reaction,
provide heat transfer and heat sink enhancement, shortening ignition times and enhancing kinetic
rates, as well as enhancing radiation properties [1][2][3][4]. The small scale of nanoparticle
additives also makes it possible that these modified fuels could be employed in existing systems
with little or no modification [1][2][4]. In this study we examine two carbon based structures,
functionalized graphene and single walled carbon nanotubes. These particles are of interest in
many areas of research for their unique properties, but present some unique challenges as fuel
additives as well [3][4].
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1.1 Graphene
Graphene is essentially the simplest form of carbon nanostructure: a two dimensional
lattice of graphite, comprised of carbon atoms organized in a benzene ring structure and one atom
in thickness; and was first conceptualized as a purely theoretical substance used to explain
graphite behavior in a theoretical sense [5]. This structure is used as the theoretical building
block of well characterized materials such as zero dimensional buckyballs (C60), one dimensional
carbon nanotubes and three dimensional graphite, as indicated in figure 1-1. Landau and Pearls
contended over 70 years ago that a monolayer of graphite would be unstable, and therefore could
not be present naturally [5]. However, in 2004, Novosolev reported the first discovery of
naturally occurring monolayer of graphite, known as graphene, obtained by peeling sheets off of a
larger three dimensional graphite substrate [6]. The stability of this structure is currently
explained by a slight texturing of the monolayer in the third dimension, allowing it to achieve a
thermodynamically stable state [5].
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Figure 1-1: The mode of formation of buckyballs, carbon nanotubes and graphite from graphene
is indicated. Image from Geim and Novoselov [5].
Graphene production is not yet a well defined bulk process and is accomplished by
exfoliation of three dimensional graphite, which was first attempted in 1859 by Brodie
[5][7][8][9]. Successful production was first achieved by a peeling method, rather than the
predominately solution based exfoliation attempted by Brodie [6][7]. This method is facilitated
by attachment of graphite flakes to wet photoresist (photo-sensitive chemical used in manufacture
of circuit boards) over a glass substrate by baking [6]. Pulling away the bulk sample leaves thin
flakes attached to the photo resist, which can be further reduced by repetitively attaching and
peeling away scotch tape, which removes additional layers [6]. The flakes can be released from
the photo resist by submersion in acetone, and in many cases are subsequently captured by
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submersion of a silicon wafer in the solution [6]. The wafer is then washed in water and
propanol, and thin graphene films are found to strongly adhere due to van der Waals forces and
capillary forces from a thin water layer between the graphene and substrate [6].
Graphene presents an intriguing alternative material to carbon nanotubes, exhibiting
properties similar to those that make carbon nanotubes a topic of such widespread research, while
being less expensive to produce [5].

Thermal conductivity of graphene has been measured at

4840 – 5300 W/m-K which is significantly higher than that of diamond (1000-2200 W/m-K) and
on par with the highest measured conductivities for ropes of single wall carbon nanotubes [10].
The specific surface area estimated for pure graphene is approximately 2600 m2/g, indicating an
enormous area active to chemical reaction or adsorption, which could facilitate use as a catalyst
[11]. Additionally, the electrical properties of bulk samples of compressed graphene sheets
produce electrical conductivities comparable to pristine graphite [12]. Composite materials
utilizing small concentrations of graphene additives have been shown to possess increased
electrical transport, as well as enhanced mechanical properties; the predicted Young’s modulus of
a graphene sheet is approximately 1 TPa, similar to that of carbon nanotubes [13]. In this study,
the graphene used is not pristine, and is functionalized as a byproduct of production via graphite
oxide exfoliation.

1.1.1 Graphite Oxide Exfoliation
Much recent research has focused on a bulk method of graphene production, making
incorporation of graphene in large scale composite materials for thermal, electrical and structural
characteristic enhancement more practical by lowering production cost. The most common such
bulk method is the formation of graphene by the splitting of graphite oxide. In this method, a
graphite sample is exposed to strong oxidizers, such as sulfuric acid, nitric acid, potassium

5
chlorate, or potassium permanganate [8][9]. Rapid heating of the sample then causes the trapped
hydroxide and epoxide functional groups within the graphite oxide sample to produce carbon
dioxide at a rate exceeding the material’s diffusion capability [3][8][9]. This causes interfacial
pressure to build and split the larger samples into single sheets of partially functionalized
graphene [8][9]. Graphene sheets have also been produced by splitting graphite oxide via gas
producing chemical reactions, such as that produced when graphite oxide is mixed with hydrazine
[12].
The product of this method differs from the conception of pure graphene, in that the
oxidation of surface functional groups leaves defects, which can dramatically texture the
graphene sheet [3][8][9]. Additionally, remaining functional groups can also impact the surface
topology of the produced sheets [3][8][9]. Both modes of surface texturing contribute to the
tendency of graphene produced in this manner to maintain a high degree of separation by
inhibiting agglomeration in the mode of conventional three dimensional graphite [3][8][9]. The
degree to which separation is maintained can be measured by utilizing surface area
measurements, as highly dispersed samples will have surface areas closer to those estimated for
the ideal case. Graphene produced by graphite oxide exfoliation has reported surface areas from
600 – 900 m2/g measured in via nitrogen absorption, less than the ideal of 2600 m2/g due to
agglomeration tendencies in dry form [9].
This functionalized graphene is the primary form of graphene examined in this study and
will hereafter be interchangeably termed functionalized graphene sheets (FGS) [3]. The degree of
functionalization is indicated via the carbon to oxygen ratio of the sample, depicted as a subscript;
for example, a sample of carbon to oxygen ratio of 20 is termed FGS20 [3]. Although the material
has not been researched in great depth, it has shown promise in solution burning.
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1.1.2 Graphene Burning Rate Catalysis
Despite its relatively recent discovery, functionalized graphene has been tested to some
extent in solution as a burning rate catalyst. Sabourin et al. [3] are responsible for the only
publication on such an application, and added varying concentrations of FGS to nitromethane and
burned the subsequent solutions at high pressure. They recorded an enhancement in burning rate
versus similar solutions containing metal oxides over a range of concentrations and pressures [3].
Sabourin noted an approximately 75% increase in linear burning rate of samples at a pressure of
three MPa, with the enhancement declining as pressure was increased [3]. The proposed
mechanisms of enhancement are increased reaction rates or increased heat transfer, as equilibrium
calculations modeling flame temperature with the addition of graphite discounts enhanced heat
release [3]. Radiative heat transfer will likely increase, due to expected blackbody emission and
absorption of carbonaceous materials from the gas phase reaction zone to the liquid fuel [3].
Effects on kinetics are only speculated, as a number of factors, such as graphene surface reaction
zones and absorption effects could not be pinpointed [3]. However, neglected in discussion is
possible contaminant species, remnants of production, which could affect the reaction as well as
variable fluid properties of the nanostructure solutions.

1.2 Carbon Nanotubes
Single-walled carbon nanotubes (SWCNTs) were formally identified in 1991 by Ijima
[14], though they were first observed in 1975 by Endo [15]. They have been a highly researched
material since their discovery, due to phenomenal mechanical and electrical properties [16].
Their early discovery relative to graphene accounts for the large disparity evident in quanities of
published material. A SWCNT is essentially a rolled graphene sheet as shown in figure 1-2,
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consisting of hexagonal carbon to carbon bonds. The orientation of the bonding is referred to as
chirality, and can dictate transfer properties of the nanotubes based upon the orientation of the
carbon bonds to the overall geometry of the structure [17]. Chirality is displayed in coordinates
(n,m) relating to the chiral angle (θ in figure 1-2), which is the relative angle between what is the
circumference of the nanotube that could be rolled from the graphene and the vector of the carbon
atoms in a graphene sheet [16], [17].

Figure 1-2: Diagram of a graphene sheet as it could be rolled to form a single walled carbon
nanotube of chirality (5,3). Image from Dresselhaus et al. [16].
The measured and predicted values of carbon nanotube Young’s modulus are the largest
of any known material (on the order of 1 TPa), whereas the axial thermal conductivity along a
CNT is compared to diamond (the highest known) [16]. Tensile strengths are difficult to measure
due to the scale of the material, leading to some variability in published values; values of 20 GPa
have been reported for a single nanotube, and bundle measures have been given at 30 GPa,
providing promise for high strength composite applications [16][17].
On the macro scale (in bulk), nanotubes come in many forms. For the purposes of
combustion, the dry form, which appears as a black powder, and suspensions are of the most
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interest. Other configurations are commonly created in which the nanotubes are grown aligned or
tethered to a substrate chiefly for usage in electronics (as wires or sensors) [17]. Examining the
structure of bulk nanotubes at a slightly finer scale, single nanotubes will generally agglomerate
into bundles as a result of van der Waals forces between adjacent tubes [17]. These bundles can
be roughly on the order of a micron in diameter and much greater in length, varying greatly
between samples. Amorphous carbon and catalyst nanoparticles left from production (typically
5-10 nm in size) are typically found in untreated samples as impurities [17]. Some typical
catalyst particles that could be present, depending on the particular production method are nickel,
yttrium, iron and cobalt [17]. Catalyst nanoparticles can be located on the surface of nanotubes
coated in amorphous carbon or encapsulated within nanotubes or bundles, and make up more than
1/3 of the bulk sample by weight as reported in material data sheets from both Unidym and Sigma
Aldrich. In fact, untreated nanotube samples can consist of as little as 1/3 nanotubes by weight as
reported by Sigma Aldrich.
With post-production treatment, nanotube samples can be purified and functionalized to
suit particular applications [17]. In the purification processes, the nanotubes typically undergo
washes with sulfuric and nitric acids, which eliminate catalyst particles, but have a tendency to
harm the nanotubes’ structural integrity [18][19]. Additionally, purification can functionalize
nanotubes; an example of a common mechanism is displayed in figure 1-3. Inherent
functionalization by purification prohibits direct comparison between pristine nanotubes in asproduced samples, as the properties of the functionalized nanotubes are likely dramatically
altered by defects and functional species [18].
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Figure 1-3: Proposed method of surface functionalization of SWCNTs purified in nitric and
sulfuric acid [19]. Image from Yu et al. [19].

1.2.1 Photo-Ignition
The photo-ignition property of certain SWCNTs was first noted by Ajayan et al. in 2002,
when, in taking a picture, the flash accidentally ignited the sample [20]. The first published
images of SWCNT flash ignition are displayed in Figure 1-4. They estimated that the
temperatures necessary for the observed reaction to be above 1500°C based upon the changes in
the nanotubes and catalyst particles, and that high temperatures are a result of fluffy structure
allowing oxygen to insulate the tube bundles [20]. The work of Chehroudi et al. [4] explores the
characteristics of SWCNTs as they related to photo-ignition. They propose the use of SWCNTs
as the ignition source for a variety of combustion systems. Chemical rockets suffer from nonuniform ignition in both solid and liquid fuel applications, making their performance
characteristics more difficult to predict. Liquid fuel systems, particularly supersonic combustion
systems, such as rockets or scramjet engines, suffer efficiency losses when some fuel fails to
ignite and is exhausted from the system unburned. Use of SWCNTs as either a fuel additive, or
ignition source could potentially increase the reliability of fuel ignition in the aforementioned
systems. Recent publications have demonstrated the ability to ignite gaseous fuel and oxidizer
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mixtures as well as solid and liquid propellants in close proximity to photo-ignited SWCNTs,
however solution ignition has not been demonstrated [21][22]. Determining the mechanism by
which SWCNTs concentrate absorbed radiant energy and ignite will contribute greatly towards
their application in real world systems.

Figure 1-4: Flash ignition of SWCNTs as first observed by Ajayan et al. [20].
To provide a basis for the experimentation performed, it is necessary to first discuss
moisture adsorption and heat diffusion in SWCNTs, as well as two existing theories for the
mechanism of photo-ignition. There exists little evidence that one mechanism versus the other is
the exclusive mechanism, or whether both are part of the same mechanism and if so which is the
initiating step. This is valuable, as the knowledge could be used to facilitate ignition at lower
temperatures, or more reliably in unfavorable mediums.

1.2.1.1 Chemical Adsorption Properties
Sensitivity to surroundings, while an asset for those interested in nanotube sensors, is a
constant challenge to materials characterization, as mechanical and transport properties can
change with functionalization and chemical adsorption [17]. Many typical nanoscale
characterization techniques require specific environments, such as rarefied gaseous mediums, in
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order for the technique to be applied. Sensitivity of SWCNTs to these environmental changes
make it impossible to definitively use results to characterize the ambient material. Sensitivity to
changes in ambient condition, such as humidity, could provoke inherent changes in reactivity of
SWCNTs.
The hindrance of photo-ignition by liquid phase fuel in contact with SWCNTs has been
noted by Cherouhdi et al. in studying SWCNTs as an ignition source for fuel droplets [4].
Sensitivity to moisture at levels below saturation has not been noted for the purpose of ignition of
dry SWCNTs in combustion systems; however, the work of Chaing et al. at Rice University notes
the ability of humid oxidation to catalyze low temperature purification methods [23]. They
believe that the moisture catalyzes oxidation of the amorphous carbon shell coating surface
catalyst particles [23][21]. This does not conflict with the mechanism indicated by the work of
Smits et al., which indicates that catalyst particles are essential [24]. If this interpretation of the
low temperature reaction is correct, moisture should affect the ignition energy and delay in a
reaction system.
One carbon nanotube characteristic that would seem to conflict with any theory on
adsorbed water playing a role in photo-ignition is that, as a bulk material, carbon nanotubes are
hydrophobic [25]. However, it has been shown both theoretically and experimentally that not
only will water adsorb in, and on SWCNTs, but it will do so at moisture levels lower than
saturation [18], [25], [26]. Water content has been confirmed using nuclear magnetic resonance
(NMR) techniques [27]. NMR involves determining chemical composition based upon the
resonant absorption of radio frequency energy by a specific element as a result of a varied
magnetic field [28]. Due to the extreme confinement of the water molecules, molecular dynamic
simulations predict a highly ordered structure of water inside SWCNTs similar to ice, which is
clearly displayed in figure 1-5 [25].
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Figure 1-5: Trapped water inside SWCNTs of varying chirality and diameter. (a) Top view of
tube chiralities of: (7,7); (8,8) and (9,9) (b) Cut through side views of a (9,9) nanotube. Image
from Noon et al. [26].
One of the key factors that have been attributed to the ability of SWCNTs to photo-ignite
relates to the density of the macro-scale network of bundles; if they are more compact they could
facilitate heat dissipation to the bulk sample, hindering photo-ignition [20]. A possible effect of
water adsorption could be that interfacial liquid phase water at contact points of individual CNTs
or bundles could govern transfer properties between bundles, effecting bulk diffusion of energy.
The work of Asay and Kim details the presence of condensed liquids at nano-scale interfaces
found in atomic force microscopy, as well as the capillary forces present by such liquids [29].
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Their results show that, the smaller the liquid content, the greater the force, as the decreased
radius of curvature of the interfacial liquid will generate a greater capillary force [29]. The work
of Chabrier et al., however suggests that such forces are not influenced by humidity in
hydrophobic SWCNTs, although the hydrophobic nature of bulk samples can be questioned, as
nanotubes possess contaminants, and are often sold wetted [30]. Also, subsequent drying of
wetted samples will visibly reduce the volume of the sample. Such results could indicate a
possible reason for SWCNT photo-ignition moisture sensitivity; lower water content could leave
little water at CNT interfaces, generating forces which pull the pliable CNTs closer together,
decreasing conductive resistance, and the increasing energy diffusion. Large contents of water
would likely increase interfacial space, which if filled by water would provide greater resistance,
facilitating heat concentration. If too much water is present, it could influence the adsorption
capabilities of SWCNTs, as well as represent a significant heat sink, thus hindering photoignition.

1.2.1.2 Catalyst Driven Mechanism
For many applications, namely in electronics, it is desirable to purify nanotubes to
remove catalyst particles and amorphous carbon left over from the fabrication process [17].
Photo-ignition however, is generally a characteristic of as-produced (not purified) SWCNTs and
it is believed that metal catalyst particles play an integral role in the photo-ignition reaction
[4],[20], [24]. The work of Smits et al. explores the influence of iron nanoparticles within the
bundles of some SWCNTs, finding that, without their presence, photo-ignition by their standards
is not achievable [24]. Additionally, they proved that the iron nanoparticles themselves could be
photo-ignited, even without the presence of SWCNTs, and propose the photo-ignition
phenomenon is a result of the pyrophoric nature of iron at the surface of nanotube bundles [24].
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Smits also notes the oxygen permeability of the amorphous carbon coating surrounding surface
catalyst particles would facilitate the initiation of catalyst oxidation at the surface [24]. The
exothermic reaction of iron at the surface would then facilitate the breaking of nanotubes and
bundles to allow oxidation of trapped catalyst particles [24]. A mechanism, generated here,
derived from Smits’ assertions is illustrated in figure 1-6. The work of Lien et al. also supports
the assertion that trapped catalyst particles provide the mode of initiation of reaction and
decomposition of SWCNTs, although they assert that the initiation of reaction is caused by
particles trapped within individual nanotubes as opposed to on the surface as indicated in figure
1-7 [31].

Figure 1-6: Reaction mechanism implied by the conclusions of Smits et al. [24]
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Figure 1-7: Segmentation mechanism of SWCNTs exposed to flash of light. Image from Lien
[31].

1.2.1.3 Trapped Moisture Mechanism
An additional reaction theory, relating to moisture adsorption, has been published in the
biological realm, where nanotubes are being examined as a means of fighting cancerous cells in
the body by treating them such that they seek out the cancerous cells [32]. Despite some obvious
shortcomings, namely the concern that CNTs may, themselves be carcinogenic, the authors
propose a rather interesting theory on water’s role in photo-excitation. The authors assert that
upon irradiation (they used infrared light) nanotubes absorb energy, which heats up water trapped
in the interstitial spaces between nanotubes in a bundle [32]. The energy is sufficient to heat the
water beyond its vaporization temperature, causing a buildup of pressure sufficient to cause the
nanotubes to ‘explode’ [32]. Should this mechanism be true in whole or in part, it may provide
an opportunity for tailoring photo-reactivity of SWCNTs or SWCNT containing solutions by
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facilitating adsorption of lower or higher vaporization temperature substances, as well as utilizing
reactive species.
The work of some researchers, such as Chehroudi et al., asserts that oxygen must be
present for photo-ignition [4]. Additionally the work of Smits et al. states that catalyst particles
must be present for photo-ignition, although they make no consideration for atmospheric
conditions, or the property changes that could occur depending on the fashion by which their
sample was purified [18], [24]. The work of Kang et al. would seem to support the theory of
interstitial gas causing the reaction [33]. Even the work of Ajayan et al. acknowledges a dramatic
structural change of the SWCNTs in the absence of oxygen [20]. Kang dispersed SWCNTs in
distilled water, and exposed the solution to a laser of power 800mW/cm2, larger than needed for
air ignition and the cancer ‘nanobombs’ [20], [32], [33]. They observed explosion of the
nanotubes in the form of shock waves, and the formation of bubbles, the bubbles may give
evidence of adsorbed gas or at least a self supporting reaction [33]. Some results from Kang’s
experiment are displayed in Figure 1-8.
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Figure 1-8: SWCNTs (black in appearance) are shown in suspension in distilled water enclosed
by micro-capsules before (c & e) and after (d & f) irradiation by 1064 nm wavelength laser. The
explosion of the nanotubes is evident by the visible bursting of the micro-capsules. Image from
Kang et al. [33].

18
1.3 Objectives
The objective of this study is to explore the use of carbon based nanostructured materials
as an ignition source and as an additive in liquid fuel systems, as well as move towards describing
the photo-ignition reaction of SWCNTs in air. This involves surveying the large quantities
existing research in carbon nanotubes by those in other realms of science to determine
implications on usage in combustion systems, as well as leveraging knowledge that may also
relate to FGS. Experimental objectives are as follows:


Characterize nanostructured material content and structure



Determine optical absorptance properties



Determine effect of nanostructured material on liquid burning



Demonstrate photo-stimulation in solutions of fuels and nanostructured materials

Materials characterization, well researched in the materials science and electrical
engineering realms, is explored consistent with concerns pertinent to combustion. By analyzing
behavioral differences as they relate to material differences, conclusions may be drawn about
important factors concerning photo-stimulated reaction. Additionally, some altered materials are
examined to determine their feasibility for combustion usage, as well as properties relative to the
pristine samples. Optical properties are examined as a means of determining possible
mechanisms of photo-sensitivity, which has been little addressed in much photo-ignition work in
CNTs, and not at all for FGS.
The bulk of existing work in nanotubes in solution has been conducted in inert liquids,
such as saline or water, and has not been concerned with how the nanotubes could effect a
reaction in a mixture. The work concerning FGS in fuels is in early stages, with no definitive
comprehensive understanding of the particular mechanism of burn enhancement. The goal of the
droplet burning experimentation in this study is to examine solution burning on a small scale,
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smaller than previously done for FGS, in an attempt to draw more decisive conclusions regarding
any modes of burning rate enhancement. Photo-sensitivity of solutions of fuels is examined in
brief to examine the oxygen dependency of SWCNT photo-ignition, as well as report any similar
effect evident in FGS. Observations made can provide a basis for future, more in depth studies,
targeted at distributed ignition of bulk solutions via photo-stimulation. Carbon nanostructured
materials provide many opportunities for fuel enhancement, yet material characterization and
control is necessary for definitive testing and large scale usage.
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Chapter 2

Dry Nanostructured Material Characterization
In determining the mechanism by which nanostructured materials react, absorb energy
and photo-ignite, it is first necessary to characterize the samples, as fundamental differences may
indicate why some samples react in a different manner. Imaging provides information regarding
the micron scale agglomeration of particles. Compositional analysis facilitates the comparison of
burning behavior, as well provides a measurement of the actual nanostructured carbon material
present in each sample. Surface area measurement indicates the degree of agglomeration of
different samples. Thermogravimetric analysis provides information regarding oxidation
temperatures of the samples, useful in describing combustion of samples. Finally, absorptance
measurements of SWCNTs can indicate any particular wavelength sensitivities, useful in
characterizing flash ignition properties.

2.1 Functionalized Graphene Sheets
Three differing samples of graphene produced by the graphite oxide exfoliation method
were obtained from Vorbeck Materials with differing oxygen contents. The three samples
analyzed were FGS19, FGS50 and FGS100. This distribution of carbon to oxygen ratios is similar
to many of those tested by Sabourin et al. [3]. Composition and micron scale structure was
analyzed via scanning electron microscope (SEM) equipped with an energy dispersive
spectroscopy (EDS) detector. Relative surface area measurements were performed using the
Brunauer-Emmett-Teller (BET) method to ascertain differences in sample content of graphene
versus graphite particles. Thermogravimetric analysis is utilized to determine the temperature
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based reactions of the differing samples as differing participation in solution reactions could
produce differing results.

2.1.1 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)
The composition and micron scale structure of the three graphene samples are examined
here. SEM and EDS were performed utilizing a Hitachi S-3500N SEM equipped with an EDS
detector. The EDS measured composition of the samples was taken at several points in the
sample and averaged to obtain a bulk composition; the recorded compositions by weight
percentage are displayed in table 2-1. Oxygen content was not analyzed, as EDS struggles to
detect lighter elements. Significant contaminants are noted in all samples, most notably silicon,
sulfur, potassium, iron, calcium, manganese, sodium, and chlorine. Many of these elements
contradict the finding of McAllister et al. [9], who asserts that these species should not be present
in the graphite oxide and subsequent functionalized graphene produced from graphite oxide
exfoliation. Concurrent EDS analysis of the same sample at Princeton University has confirmed
the findings of the contaminants reported, also noting some aluminum content, though quantities
of oxygen differ. Many of these contaminants appear concentrated in specific areas through most
fields surveyed, often concentrating at trapped particles easily visible as less conductive (brighter)
in the SEM images. SEM images of the three samples are depicted in figure 2-1.
Table 2-1: Elemental composition of graphene samples indicated by weight percentage.

Composition by Wt%
Elements
C
S
Si
Ca Mn Fe
Na
Cl
K
FGS19
77.67 7.71 N/A N/A 2.64 N/A 3.38 8.61 N/A
FGS50
78.87 11.73 1.89 4.40 3.12 N/A N/A N/A N/A
FGS100
71.23 13.23 2.45 4.68 4.36 1.67 0.70 0.85 0.83
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Figure 2-1: SEM Images of (clockwise from top left) FGS19, FGS50 and FGS100 at five thousand
times magnification.
The residual sulfur, chlorine, manganese and potassium found are not entirely
unexpected, as they are likely remnants of the oxidation step of graphite oxide formation, which
can utilize potassium chlorate (KClO3), potassium permanganate (KMnO4), nitric acid (HNO3)
and sulfuric acid (H2SO4) [8][9]. This is similar to the residual materials noted in acid washed
SWCNTs. These elements could form functional groups at defect sites on the graphene, become
trapped in the bulk sample or react to form condensed phase particles. Nitrogen is conspicuously
absent in the analysis, which could indicate that nitric acid was not used as a graphite oxidizing
agent. The source of the sodium, iron, and calcium is unknown. High surface area would likely
make graphene as prone to atmospheric sensitivity as SWCNTs, which could explain the presence
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of these contaminants as merely remnants of accidental contact in production or storage, as they
are all commonly occurring elements.
An example of a contaminant particle in FGS100 sample is depicted figure 2-2. In
general, the samples appear very similarly; large clumps of agglomerated graphene (essentially
graphite oxide microparticles) dominate the images. Individual sheet separation can be seen, as
sheets appear transparent, with edges of trapped sheets visible through trapping layers. Small
particles, white in appearance, are contaminants found throughout all the samples. The most
noticeable difference between the samples is the scale at which the contaminants occur; it is
clearly evident that the contaminants found in the FGS100 are significantly larger than those found
in the FGS50 and FGS19 samples.

Figure 2-2: FGS100 sample with forty thousand times magnification image of contaminant stuck
in the graphene layers.
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Elemental mapping with the EDS detector revealed that many of the contaminants
identified were concentrated at the particles visible in the SEM images. Composition of the
particles, however, seems to differ between samples. Particles present in FGS19 samples can
easily be identified as salt (NaCl), based upon collocated concentration centers, as evident in
figure 2-3. Elemental maps of FGS50 proved inconclusive, as small particle size makes it
difficult to definitively identify concentrations, as seen in figure 2-4. The elemental map of
FGS100 clearly shows particles that are presumably sodium chloride, with localized potassium, as
can be seen in figure 2-5.

Figure 2-3. Elemental map FGS19 clearly displays concentrations of sodium and chlorine
corresponding to visible granules interspersed among the sheets.
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Figure 2-4: Elemental map of FGS50 which may show some slight contaminant concentrations.

Figure 2-5: Elemental map of FGS100, which shows potassium, chlorine and sodium
concentrations corresponding to the visible particles.
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2.1.2 Thermogravimetric Analysis (TGA)
TGA with integrated differential scanning calorimetry (DSC) was performed on all FGS
samples both in an oxygenated and inert environment in a Netzsch STA 449 F1 Jupiter. All
samples utilized a heating rate of 20K/min; the medium for oxidizing samples was 20% oxygen
and 80% argon simulating ambient air; while inert testing was conducted in pure argon. The
results of the analyses are displayed in figures 2-6 and 2-7. FGS19 displayed a lower oxidation
temperature and higher exotherm, at approximately 500°C, than both other samples likely due to
the larger number of functional groups. Though not reflected in the results, it is believed that all
samples lose 100% of their mass through oxidation. Residual or negative mass values shown are
within the error of the scale used to obtain initial mass. Inert analysis confirmed relative carbon to
oxygen ratios, as mass loss from carbon oxidation was greatest for FGS19 (containing the most
oxygen) decreasing to FGS100, which corresponds to increased presence of functional groups on
the surface.

Figure 2-6: TGA Results of FGS19, FGS50, and FGS100 in argon with 20% oxygen.
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Figure 2-7: TGA results of the three FGS samples in pure argon.

2.1.3 Brunauer-Emmet-Teller (BET) Analysis
BET analysis was performed at the materials characterization laboratory of The
Pennsylvania State University on all FGS samples. This analysis method determines a specific
surface area for each sample based upon gas adsorption; in this analysis, nitrogen was utilized.
Relative surface area of the graphene samples can indicate the degree to which the sample
contains separated particles of graphene, although in gaseous media it is considered only a rough
estimation [9]. A larger surface area is indicative of greater dispersion of the sample, due to a
lower degree of agglomeration of sheets into larger particles. The results of the analysis are
displayed in table 2-2, and are of comparable, though slightly lower, magnitudes to the 600 – 900
m2/g range reported in literature [8][9].
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Table 2-2: BET results for the three different graphene samples
Sample
Surface Area (m2/g)

FGS19

FGS50

FGS100

416

525

515

2.2 Carbon Nanotubes
Two different primary samples of as-produced SWCNTs were obtained. One sample
utilized is similar to that used by Chehroudi [4] and Smits [24] and is produced by Unidym
utilizing the high pressure carbon monoxide (HipCo) method as described by Nikolaev [34], with
iron catalyst particles. The second sample was purchased from Sigma Aldrich and is produced
via a plasma arc method with nickel and yttrium catalyst particles, similar to a sample mentioned
by Ajayan [20]. The dimensions of the individual arc-produced SWCNTs as reported by the
manufacturer are 1.2-1.6 nm in diameter and 3-5 μm long, which contrasts with the HipCo
produced SWCNTs of 0.8-1.2 nm diameter and 100-1000 nm length as reported by Unidym. A
third, purified and functionalized (with carboxyl), sample was also obtained from NanoLab and
was briefly examined as a means of achieving a uniform dispersion of nanotubes in liquids.
The two as-produced samples were tested for photo-ignition capability upon receipt with
a modular camera flash, with pulse energy of 200-600 mJ. The Unidym sample exhibited
successful photo-ignition, comparable to that described in literature; however, the Sigma Aldrich
sample had no visible reaction to the flash. A small reaction was obtained from the Sigma
Aldrich material only after subjecting the sample to the focused and filtered beam of a xenon arc
lamp, with a resultant power imparted on the sample of 2 W for approximately 30 seconds.
Analyzing the differences in these two samples may serve to provide greater understanding of the
mechanism by which photo-ignition is achieved.
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Micron scale structure was observed via scanning electron microscopy (SEM) and
composition is obtained from Energy Dispersive Spectroscopy (EDS). Thermogravimetric
analysis (TGA) was used to examine the reaction of both as-produced samples as a function of
the temperature of the sample to determine minimum reaction temperatures. The BrunauerEmmett-Teller (BET) method was utilized to determine specific surface areas of each sample.
Finally, absorptance of the as-produced samples was measured to determine any particular
wavelength sensitivity, as well as relative capability.

2.2.1 Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)
The inherent compositional properties of the two as-produced nanotube samples and the
NanoLab functionalized nanotube sample are examined here. SEM and EDS were both
performed utilizing a Hitachi S-3500N SEM equipped with an EDS detector. Both as-produced
SWCNT samples were analyzed prior to and post photo-ignition reaction. The results for the post
reaction Sigma Aldrich material proved nearly identical to that of the pre-ignition; therefore, the
results are not shown here. It is believed that the reaction observed was a small amount of
amorphous carbon oxidizing and leaving the surface due to the heat of the focused beam. The
EDS measured composition of the samples was taken at several points in the sample and
averaged to obtain a bulk composition; the recorded compositions by weight percentage are
displayed in table 2-3.
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Table 2-3: Elemental composition by weight of the SWCNT samples as recorded by EDS.

Composition by wt%
Elements

C

O

Fe

Ni

Y

N

S

Unidym Pre-Ignition

49.67

0.70

49.64

N/A

N/A

N/A

N/A

Unidym Post-Ignition

27.19

1.47

71.10

N/A

N/A

N/A

N/A

Sigma Aldrich

32.60

0.31

N/A

58.76

9.04

N/A

N/A

30.84

5

4.63

N/A

N/A

7.18

52.36

NanoLab –COOH
Functionalized

As is evident from the differing compositions of the pre and post-ignition Unidym
samples, the iron catalyst particles oxidize, as the oxygen content of the sample increases. As
previously mentioned, the reported values of oxygen should not be taken as absolute, due to the
inability of EDS to detect oxygen with a high degree of accuracy. Additionally, the decreased
carbon content is indicative of oxidation of carbon, which then leaves the sample, although it
should be noted that not all carbon will react, as there is residual present. The Sigma Aldrich
material displays only about 30% carbon, with the balance being residual catalyst particles from
production. SEM images of the four different samples are comparatively displayed in figure 2-8.
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a)

b)

c)

d)

Figure 2-8: (a) SEM image of pre-ignition Unidym SWCNTs, fluffy bundles are clearly evident.
(b) Post-ignition Unidym SWCNTs, which appear broken up and to have small spheres attached
to their surfaces. (c) SEM image of pre-reaction Sigma Aldrich material. The bundles are much
more tightly packed, making the surface appear nearly solid. (d) SEM image of the functionalized
nanolab sample. The structure is radically different from the other SWCNT samples, appearing
as solid plates.
In comparing the two as-produced samples, an interesting difference is found in the
micron scale structure observed in the SEM images. The Unidym nanotubes exhibit the fluffy
structure that Ajayan et al. describe as necessary for photo-ignition, whereas the Sigma Aldrich
nanotubes have a denser composition similar to the compacted samples Ajayan describes [20].
The effects of the differing structure will be explored further as it may relate to reactivity or
energy absorption.
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The functionalized NanoLab sample exhibits a structure very different from that of the
other two samples, indicating radical alteration in the purification and functionalization processes.
The EDS results of this sample indicate a large degree of functionalization, but not just by the
carboxyl group, as advertised. The extremely high sulfur and nitrogen content of the sample
indicates residual functionalization from purification, which is performed with nitric and sulfuric
acid [18][19]. This serves as confirmation of assertions made in literature of effects of
purification, but suggests that the sample is not suitable for examining the effects of the nanotube
structure on dry and solution reactivity, as the contaminants and defects in the sample would be
expected to contribute to structural and transport properties [18][19].

2.2.2 Transmission Electron Microscopy (TEM)
Transmission electron microscopy (TEM) was also performed to provide insight into the relation
of catalyst particles to nanotubes and bundles of nanotubes. The Unidym samples were examined
both before and after photo-ignition and differences were observed. The location of catalyst
particles is detailed in the pre-ignition images in figure 2-9. The post-ignition sample is displayed
in figure 2-10. Perhaps the most noticeable difference between the two samples is that the postignition sample clearly shows spherical structures on the surface and at the end of the nanotubes,
evident by the teaxtured, bumpy appearance of the tubes. This likely indicates a restructuring of
the nanotubes.
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Figure 2-9: Pre-ignition Unidym single walled carbon nanotube TEM images.

Figure 2-10: Post-ignition Unidym carbon nanotube TEM image, of note are the spherical,
bumpy structures on the nanotube surfaces. Some examples of which are indicated.
The Sigma Aldrich nanotubes were also examined using the TEM; both pre-ignition and
a sample exposed to long duration light from the xenon arc lamp were tested. Representative
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images of both samples are displayed in figure 2-11. Little difference is observed between the
two samples. The sample generally exhibits shorter tubes and a less pronounced bundle structure
than that exhibited by the Unidym sample. The nanotubes seem more agglomerated, though
bundles are not as readily distinguished as in the Unidym samples.

Figure 2-11: TEM images of pre-ignition (Left) and post-ignition (right) Sigma Aldrich
SWCNTs.
NanoLab carboxyl functionalized nanotubes were also examined utilizing TEM. After
unusual results from SEM and EDS analysis, the nanotube content of the sample was questioned.
The SEM images showed a solid appearing structure, while the EDS results showed a relatively
low carbon content. TEM images did confirm the presence of SWCNTs; also of note is the low
catalyst content, which is expected, post-purification. Representative TEM images are displayed
in figure 2-12 and figure 2-13. The bundle structure of the purified carbon nanotubes is markedly
different from all other samples. The tube matrix is more uniform, rather than a network of
bundles, with individual bundles indistinguishable from large pieces.
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Figure 2-12: TEM image of NanoLab functionalized SWCNTs, displaying lack of catalysts and
with visible single nanotubes.

Figure 2-13: TEM image of NanoLab functionalized SWCNTs with some of the few, enclosed,
catalyst particles in the sample.
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2.2.3 Thermogravimetric Analysis (TGA)
In order for a reaction to be triggered, the sample must take in sufficient energy to raise the
temperature of the sample to the point at which it will react. To determine that temperature, TGA
was conducted using both as-produced samples with a Netzsch STA 449 F1 Jupiter TGA. The
analysis was conducted in 20% O2 and 80% Ar with a heating rate of 20K/min. The results of the
analysis are displayed in figure 2-14.

Figure 2-14: TGA and DSC results for both the Unidym (Red Lines) and Sigma Aldrich (Green
Lines) SWCNT samples.
Analyzing the results from both samples, a clear difference lies in the weight gain in the
Unidym sample prior to the large weight loss. This gain has been observed previously, and is
attributed to the oxidation of catalyst particles prior to the onset of carbon oxidation [35].
Oxidation temperature has been calculated using Netzsch Proteus analysis software as the
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temperature at the maximum rate of mass change, as recommended by the National Institute of
Standards and Technology (NIST) [35]. The oxidation temperature of the iron in the Unidym
sample (248.4°C) is more than 200°C lower than the lowest oxidation temperature evident in the
Sigma Aldrich material (475.5°C), lending credibility to the suggestion of Fe oxidation as the
initial step in photo-ignition [24]. This oxidation temperature is significantly lower than that of
micron sized graphite particles (800-900°C) [36]. The differing oxidation temperatures evident
for the oxidation of carbon, represented by the near 50% mass loss, can be explained by the
differing diameters of the nanotubes. The Unidym SWCNTs have smaller diameters than those
from Sigma Aldrich, and the more curvature a graphitic surface has, the more reactive it becomes
due to induced strain by the increased pyramidization and misalignment from favorable
conditions of the carbon bonds [18], [37]. The increased curvature of the smaller diameter
sample could explain the differing oxidation temperatures in the bulk of the carbon in the two
samples [18], [37].
The remaining material after heating of HipCo-produced SWCNTs is generally assumed
to be iron oxide; reported analysis of post photo-ignition SWCNT samples shows Fe2O3 and
small amounts of Fe3O4 [35], [38]. Assuming complete iron oxidation to Fe2O3 (a weight gain of
30% of the weight of Fe from oxygen addition), the remaining material should be approximately
65% of the initial mass according to the 50% by weight initial EDS measured Fe content.
However, the remainder found by the TGA is approximately 40% of the initial mass. TGA data
sets are utilized by the manufacturers to determine composition by back calculating, assuming all
residual material is Fe2O3. For the given results this indicates an iron content of approximately
30%, which is consistent with the reported value from the manufacturer of <35%. The
discrepancy between TGA and EDS data could indicate the presence of adsorbed molecules that
could contribute to the reaction, and that may not be present in the vacuum conditions under
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which EDS is performed. There exists a similar discrepancy between the predicted residual mass
of the Sigma Aldrich sample and the measured result.
Evidence of additional species was found for the Unidym material in examining TGA
data in pure argon, displayed in figure 2-15, which does not allow for any oxidation reactions. A
sudden mass loss of about 4% is seen around 625°C and then there is a gradual decay observed
throughout the remainder of the test, resulting in a net loss of nearly 20% of the initial mass. No
such evidence was observed for the Sigma Aldrich sample. Excess adsorbed gas is consistent
with observations from experiments in which CNTs were exposed to microwaves in vacuum, and
significant amounts of hydrogen were observed leaving the sample [39]. A compositional
analysis, such as Fourier transform infrared spectroscopy (FTIR) or gas chromatography (GC), of
the TGA exhaust could verify the presence of another substance, as well as ascertain its nature.

Figure 2-15: TGA data of Unidym SWCNTs in argon.
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2.2.4 Brunauer-Emmet-Teller Analysis
BET analysis was performed on the three nanotube samples at the materials
characterization lab at The Pennsylvania State University. Surface area can be indicative of
differing degrees of dispersion, and a high surface area can also indicate that nanotubes may be
open ended [18]. The results of the analysis are displayed in table 2-4. The results indicate the
Unidym sample likely has more open-ended tubes as is reported, and may also be more dispersed
than the Sigma Aldrich material due to its drastically higher, more than double, surface area [18].
The extremely low surface area of the NanoLab sample indicates a likely profound structural
change in the purification and functionalization processes that may cause large scale
agglomeration of the sample, as is somewhat visible in the SEM image in figure 2-8. This could
drastically reduce the surface area of the sample from the extremely high values exhibited by
pristine nanotube samples.
Table 2-4: BET results for the nanotube samples.
Sample

Unidym

Sigma Aldrich

NanoLab

Surface Area (m2/g)

758

310

62

2.2.5 Dry Nanotube Optical Absorptance

2.2.5.1 Experimental Methods
Optical absorptance measurement of the two SWCNT samples was performed for the
visible spectrum utilizing the methods of Yang et al. [40] and de Mello et al. [41]. The
experimental setup is pictured in figure 2-16. The integrating sphere used in measurement was the
RT-6 obtained from SphereOptics, and the spectrometer was an Ocean Optics HR2000. The light
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source utilized was a Newport Oriel 66924 Arc Lamp Housing with a 300 W xenon bulb, which
was filtered to remove infrared light using a water filter (Newport 61945), and coupled to a fiber
optic cable. The output of the fiber optic cable was focused to a beam of roughly half an inch in
diameter and entered the sphere through a borosilicate window to remove ultraviolet light.
Samples were contained within a Vitrocom rectangular borosilicate cell (4 x 12 x 48 mm) with a
Teflon cap. The cells were filled entirely, and without compaction; the bottoms of the cells were
lightly tapped to settle the SWCNTs. Spectroscopy results were taken by averaging ten readings
over an integrating time of seven seconds each. Reference spectra were taken of the sphere
without the sample inserted, with the light source turned off and subtracted from each spectrum.
An initial spectrum was taken for each sample of the sphere with light showing, and the sample
shielded from the incident light, this represents the incident intensity I0 [40], [41]. The cell was
then turned into the incident light, and a final spectrum was taken, representing the incident
intensity minus the absorbed light (A) [40], [41]. Absorptance was then calculated as follows:

(1)

 I  A 
 [41]
Abs  1  0
I 0 
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Figure 2-16: Experimental configuration for dry nanotube absorptance experimentation.

2.2.5.2 Results
The resulting absorptance spectra of both the Unidym and Sigma Aldrich SWCNTs are
displayed in Figure 2-17. The recorded measures compare favorably to the trend indicated by
measurements taken by Chen et al. displayed in Figure 2-18 [42]. The absorptance spectra show
that both the SWCNT samples seem to respond to the differing wavelengths similarly, both being
highly sensitive throughout the range of wavelengths tested. This is expected, as the sample size
is sufficiently large that scattered light is likely to be absorbed before leaving the sample due to
the high particle concentration.
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Figure 2-17: Absorptance versus
wavelength of the two CNT samples.

Figure 2-18: UV-vis diffuse reflectance
spectra of CNT-TiO2 composites calcined at
400°C containing various CNT contents.
From Chen et al. [42].

The Unidym sample proved to have a slightly greater absorption capability (by
approximately 1.5%) than the Sigma Aldrich sample, which could be enhanced by its more
porous micron-scale structure. The difference is sufficiently small that it may be negligible,
although the reported spectra are the result of 10 averaged scans, limiting expected error. BET
surface area analysis showed the Unidym sample to have a surface area per gram more than
double that of the Sigma Aldrich material. This could be attributed not only to bundle structure,
but to a tendency for HipCo-produced SWCNTs to have open ends, which greatly boosts exposed
surface area [18]. While this increased surface area could play some role in the increased
absorptance of the Unidym material, the orientation of the nanotubes relative to the light source
may not expose the interior of the majority of the nanotubes to any light, thus not taking
advantage of increased surface area.
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Chapter 3

Nanostructured Materials in Solution
Studying nanostructured materials in solution is required, as many potential applications
would require usage in solution. Liquid fueled engines, such as rocket and scramjets, have
established means of introducing fuel to the system; inclusion of nanostructured materials in the
fuel, rather than having a separate injection system would make integration more practical.
Determination of settling time of the nanostructured materials is desired, as good dispersion is
most likely to facilitate uniform properties. Absorptance capability will provide information
regarding which wavelengths of light could better photo-stimulate a sample. Droplet burning rate
experiments provide a means of analyzing the effect of the additives on the fuel in a combustion
environment. Finally, droplet photo-ignition attempts provide a means of determining the effect
of photo-stimulation on solutions of nanostructured materials.

3.1 Nanostructure Solution Settling Time

3.1.1 Experimental Methods
Settling time experiments are necessary for any meaningful experimentation on
SWCNT/fuel solutions, as it is necessary to determine the time scale in which solutions can be
expected to settle out, forming nanostructure clumps or concentration gradients. To maintain
accurate concentrations, nanostructured materials must be evenly dispersed during sample
extraction and application; otherwise there could exist non-uniform concentration within a single
sample. This variability could result in experimental data taken on a sample representative of a
local concentration within a larger sample, rather than the desired concentration. Additionally,
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the agglomeration tendencies of different samples could introduce additional variables to a
solution experiment beyond the composition and structure of a specific CNT sample.
To determine settling time, an optical experimental method is utilized based upon the
transmittance of the solution. Figure 3-1 shows the experimental setup, in which a 5mW helium
neon laser beam passes through a beam splitter, from which a photodiode records a reference
power from one beam. The other beam is coupled to a chamber via a fiber optic cable, which
houses a Kimble Chase OptiClear 1 dram sample vial of dispersed solutions of CNTs and fuel.
The beam passes through the sample, and the transmitted light is collected via a fiber optic
coupled photodiode. The outputs of the photodiodes are recorded using National Instruments’
LabView software at a frequency of 1 hertz. A shutter was also used in some experimentation,
which allowed exposure for one minute at intervals of five minutes (0.0033 hertz) to inhibit
natural convection effects. The ratio between the two readings is used as a measure of relative
transmittance, whose decrease over time represents a lower particulate concentration in the
sample region, and thus lesser dispersion. The experimental setup is shown in figure 3-1.

Figure 3-1: Optical settling time experimental apparatus.
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3.1.2 Results
The behaviors of both the SWCNT and graphene samples were similar in that they were
not consistently reproducible. SWCNTs were examined extensively both in hexane and JP-900.
The JP-900 and SWCNT solution initially proved promising, as it maintained suspension for long
periods of time (several hours); however, subsequent testing provided differing results. Some test
samples remained in suspension throughout the duration of testing (over 24 hours), before settling
after the light stimulus was removed. Still others settled to a partial suspension, leaving some of
the solution without any apparent SWCNT content, while achieving a critical (stable)
concentration in the remainder of the sample. After observation of behavior of SWCNTs in
absorptance testing, it is expected that the differing behavior is due to convective movement
stimulated by the light source. A shutter was introduced to prevent constant heating, in the hopes
that periodic sampling would allow the solution to settle as it would without heating. Analysis of
results obtained periodically displayed similar inconsistent behavior to the constant light case.
Hexane solutions settled very quickly, often in several minutes, indicating that such solutions are
likely unsuitable for combustion testing purposes.
Both samples were subsequently observed under TEM to ascertain if any structural
differences in the tube bundles could be readily visible to explain the differing behavior of the
two sample solutions. Comparative images with the same magnification are displayed in figures
3-2 and 3-3. The solution of SWCNTs in hexane seems to have produced a sort of film in
between the nanotube bundles, as well as larger bundles than those seen in the JP-900 mixture.
This structural change in hexane, possibly due to a change in adhesion properties, could point to
an agglomeration tendency that prohibits efficient dispersion in the fuel.
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Figure 3-2: SWCNTs in solution with JP-900.

Figure 3-3: SWCNTs in hexane solution.
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Therefore, this experiment proves unsuitable for estimating the time scale of dispersion.
The influence of light on SWCNTs in particular will be discussed in further detail in the
discussion of solution absorptance, as it was the results of that experiment which demonstrated
the possible effects that plagued optical settling time measure. Hexane was additionally found to
be an unsuitable fuel for future experimentation, as fast settling was observed even with the aided
influence of natural convection.

3.2 Solution Absorptance

3.2.1 Experimental Methods
Samples of SWCNTs in JP-900 and FGS in Jet-A and nitromethane were prepared by
first ensuring good dispersion, which entailed sonication in a sonicating bath for one minute
immediately prior to use. The solutions were then inserted into the sample vials, and care was
given to ensure that there were no bubbles in the vial in the incident light region. Absorptance
measurements of carbon nanotubes and FGS in solution where then taken per the methodology
detailed in section 2.2.5 on dry nanotube absorptance.

3.2.2 SWCNT Results
A solution of SWCNTs and JP-900, with a concentration of 0.1 mg/ml of SWCNTs, was
the first sample whose absorptance was measured. The recorded absorptance measurement of 10
averaged scans for JP-900 with and without carbon nanotubes is displayed in figure 3-4, and does
not indicate a particular nanotube absorptance wavelength sensitivity. The jet fuel shows
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absorptance of low wavelength light (350-600nm), while with the introduction of CNTs, the
solution absorptance increases for all tested wavelengths.

Figure 3-4: Absorptance results from SWCNTs in JP-900.
Upon removal of the sample vial from the integrating sphere, it was noted that the
SWCNTs had come out of dispersion and formed agglomerated clumps, with a concentrated
region centered on the region of incident light. A time resolved measure of absorptance was
taken by recording each 7-second scan rather than averaging 10, as done previously. The results
are displayed in figure 3-5. The lack of a particular trend in the data with each progressive scan,
as well as magnitudes consistent with the averaged measure indicates that the time scale for the
agglomeration is less than the seven second integration time required by the testing system to
produce a reading of acceptable signal to noise ratio. Noise is evident at higher wavelengths due
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to lower intensity of incident light at these wavelengths; this is more significant in single scans
than the average of 10 used in all reported data aside from figure 3-5.

Figure 3-5: Consecutive absorptance measures of CNTs in JP-900.
Testing outside of the integrating sphere was performed to visualize the agglomeration
process, via the configuration indicated in figure 3-6. This setup was essentially the same as that
for absorptance measurement, though the sphere was removed and replaced with a high speed
camera as a data collection device. The distance between the sample and light source, was
approximately the same as that in the optical absorptance measurement.

Figure 3-6: Imaging of SWCNT migration with incident light.
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The light gradients present in the sample from the incident light relative to a region
outside was sufficiently large that the whole viewing area could not be imaged, with some areas
being over or underexposed. A video was taken with a ring of the sample at the proper exposure
just outside the circle of incident light. The resulting video indicated that there is a vertical flow
of CNT clumps from the center of the incident light, with a downward flow around the edges of
the sample vial as indicated in figure 3-7. This motion is consistent with what would be expected
for natural convection driven by heating from the incident light. It is likely that the CNTs, being
blackbodies as agglomerates, as shown in the dry nanotube absorptance studies, are able to absorb
significant amounts of energy, thus heating to a temperature sufficient to drive a dynamic
recirculatory motion within the fluid. Hot particles and fluid will rise most noticeably in the
center of the light, as the heating is likely most intense in this region. Near the walls of the vial
there is sufficient heat loss that the flow is downward, as fluid and particles are displaced by
hotter regions rising from the center of the incident light region. This behavior was an inhibiting
factor in the performance of this measurement; however, the presence of the significant
temperature gradients indicated by natural convection provides promise for low energy optical
heating and ignition experimentation.
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Figure 3-7: Flow diagram of the SWCNT clumps with incident light.
Although natural convection and agglomeration seem plausible explanations for the
inconsistent results in the settling time experimentation, as well as a prohibiting factor from
accurately measuring solution absorptance, they do not explain the observed concentration of
nanotubes in the lighted region. If natural convection were the only force on the particle, it
would be likely that particles would either sink due to the weight of the agglomerated bunch, or
be arranged throughout the influenced region. Attraction of carbon nanotubes to light, however,
has been previously noted.
Light forces are hardly a new concept; radiation pressure was first predicted in 1870 by
James Clerk Maxwell in relating the force exerted by electromagnetic fields to that of light, and
experimentally observed by Lebedev, using a similar source to that used here, in 1901 [43].
Radiation pressure is a force in the direction of applied light generated from the incidence of
photons on a surface, similar to the conventional idea of pressure generated from incident gas
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molecules [44]. Radiation pressure has also been found to act opposite the direction of incident
light for very small particles in specific mediums both theoretically [45] and experimentally [46].
A second force, one of attraction based upon light intensity gradients has also been reported [44].
The optical trapping phenomenon was first reported by Ashkin in 1970, when radiation force was
exhibited to attract micron scale particles to areas of higher light intensity [44]. More recently,
techniques have been developed using this theory where laser beams are split, creating many
focused locations through holographic optical trapping (HOT) [47]. In most cases these theories
are applied to refractive particles, and the gradient force is attributed to the refractive direction
change of light within the particle generating a force response in the direction of the intensity
gradient [44]. A diagram of the light vectors and forces generated is displayed in figure 3-8. The
forces evident are results of momentum conservation from the change of direction (diffraction) of
light when it crosses the particle boundaries. The forces are stronger in the direction of
increasing intensity, as the more energetic photons on the more intense side carry more
momentum. A similar effect could reasonably be expected in SWCNTs dependent on the
orientation of the CNTs relative to the incident light.
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Figure 3-8: A dielectric sphere situated off the axis A of a TEM00-mode beam and a pair of
symmetric rays a and b. The forces due to a are shown for ηh>ηl. The sphere moves towards +Z
and -r. Image and caption from Ashkin [44].
Optical trapping behavior of carbon nanotubes has been noted on a number of occasions.
Plewa et al. demonstrated holographic optical trapping of SWCNTs using a 30 mW optical
tweezer at 532 nm; they were able to move and create shapes of SWCNTs in solution, as well as
induce spin [48]. Marago et al. investigated the effects of surfactants on purified CNT trapping
ability utilizing a 150 mW, 830 nm laser source [49]. They concluded that the agglomerates
formed by surfactants played an integral role in trapping ability, citing the inability of their laser
to trap solutions with certain surfactants [49]. Shoji et al. reported a chirality sensitivity of
SWCNTs to trapping based upon chirality dependent absorption and transmission characteristics
[50]. Shoji used time resolved Raman spectroscopy to observe attraction of specific chirality
nanotubes to the focused light of a 633 nm, 50 mW helium neon laser [50]. One characteristic of
note in all experimentation is that a surfactant was used to disperse nanotubes in all cases. In the
present experimentation the SWCNTs are dispersed solely with sonication, and the light source is
both unfocused and a lower power than those used in previous experimentation.
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An additional effect of note in discussing optical properties of SWCNTs is their optical
limiting properties. Optical limiting is the term that describes particles which absorb light
differently depending on intensity, with higher absorption of higher intensity light [51][52][53].
Optical limiting of carbon nanotubes has been reported both theoretically and experimentally
[51][52][53]. This characteristic is likely to shift the balance of axial scattering forces and
gradient force acting on a nanotube depending on location relative to the center of the laser’s
intensity [51][52][53]. Intensity gradients will exist both along a laser beam’s axis and radially
from its center. Optical limiting behavior indicates intensity magnitude and not just the gradient
of light can be expected to impact the influence of light on nanotubes. Therefore, the
environment observed in our absorptance measure can be explained by two influences: energy
absorption causes large agglomerates to form, which are influenced by natural convection;
whereas well dispersed, small agglomerations, bundles or single nanotubes could reasonably be
expected to gravitate towards the center of intensity of the incident light and be pushed away
from the light source.
TEM images were taken of the exposed solution related to an unexposed solution to
determine any visible structural changes between the samples. The two images in figures 3-9 and
3-10 represent the two differing samples, although at the same scale. The pre-exposure sample
exhibits a less dense network of bundles, with smaller bundles interacting throughout the sample
than the thick bundles evident in the exposed sample. Aside from highly concentrated nanotube
bundle overlap, metallic catalyst particles (iron) appear to have concentrated, forming more dark
clumps in the TEM image than the unexposed sample. This could be an indication of melting and
fusing of particles that has been reported in post photo-ignition samples [24].
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Figure 3-9: TEM images of unexposed SWCNTs in solution of JP-900 at the same magnification
as the exposed sample in figure 3-10.

Figure 3-10: TEM images of the exposed SWCNTs in solution of JP-900 at the same
magnification as the unexposed sample in figure 3-9.
While this series of results indicates an inability of the system to determine particular
nanotube sample sensitivity, it does indicate possibilities for SWCNT and fuel mixtures. The
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agglomeration behavior exhibited by the CNTs, which forms blackbodies within the fluid, allows
the use of any wavelength within those tested to be utilized in attempting laser ignition or heating.
Wavelengths can be chosen outside of the sensitivity range of the fuel, providing a possibility for
CNT specific heating. Additionally, the recirculatory mixing generated by CNT heat absorption
could enhance burning or ignition of mixtures by enhancing bulk heating.

3.2.3 Graphene Results
Graphene behaved much more favorably in absorptance testing than the nanotube
solutions, producing valid results over the range of tests performed. No large scale agglomeration
or concentration was observed both prior to and following testing. The light attraction forces
discussed for SWCNTs are not expected, as they are characteristic of particles with a circular
profile normal to the incident light. Graphene solution testing was performed in both Jet-A and
nitromethane with FGS 19, 50 and 100. No particular wavelength sensitivity was observed for all
samples tested. This indicates that the radiation absorption properties of fuels could be enhanced
by the inclusion of even relatively small concentrations of graphene.
The initial results for solutions of FGS and Jet-A are shown in figure 3-11. Pure Jet-A is
nearly optically transparent throughout the range of wavelengths tested, with only a slight
increase in absorptance over that of the empty test cell. All samples, at a concentration of 0.05
mg of FGS per milliliter displayed similar absorptance, although a trend was apparent, with
absorptance increasing from FGS19 to FGS100. At 0.025 mg of FGS per milliliter, all samples
displayed nearly identical absorptance measures, which were approximately 50% of the levels
measured for the 0.05 mg of FGS per milliliter Jet-A samples indicating absorptance proportional
to particle concentration.
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Figure 3-11: Absorptance measurements of solutions of FGS and Jet-A.
To verify whether the trend of increasing absorptance with carbon to oxygen ratio was in
fact real, new batches of all samples were mixed and tested at the concentration of 0.05 mg of
FGS per milliliter of Jet-A. As is seen in figure 3-12, the trend does not appear in these results.
Therefore the observed difference in absorptance is attributed to slight inaccuracies in the
measure of the samples, rather than the carbon to oxygen ratio of the sample. This is not
unexpected, as with light nanomaterials a very small mass difference can result in a larger number
of particles, which would influence absorptance. A very small error in measure, which is difficult
to reduce due to the extremely light nature of the particles, could result in variations of particles
per milliliter in on the order of millions. Based on the difference between the 0.05 mg/ml and
0.025 mg/ml samples, such differences could be expected with approximately a 10% error in
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concentration. To verify reproducibility of results per sample, and the effect of settling over the
course of a measurement period, a sample of Jet-A with .05mg/ml of FGS19 was tested multiple
times with sonication prior to each testing, and then a third time without sonication in between
runs. The results are displayed in figure 3-13. The reproducibility of results indicates that our
experiment is able to accurately quantify the relative absorptance of solutions, and that the
settling of FGS over the testing time scale does not impact results.

Figure 3-12: Absorptance results of a second mixture of Jet-A and graphene solutions indicating
the impact of minute concentration variations.
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Figure 3-13: Absorptance measurements of multiple runs with the same sample with and without
prior sonication.
The results of the absorptance measurements of solutions of FGS and nitromethane are
displayed in figure 3-14. Nitromethane is less optically transparent throughout the wavelengths
tested, being sensitive to wavelengths less than approximately 450 nm. The magnitude of the
overall absorptance in nitromethane is higher than that seen in Jet-A, which may suggest a high
degree of dispersion indicated by more separation of large particles. Differences in magnitude
between the three FGS samples are attributed to slight measurement error in the formulation of
the solutions.
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Figure 3-14: Absorptance measurements of graphene and nitromethane solutions.
The results of this study indicate an extreme sensitivity of absorptance to concentration.
Minute error in measurements when formulating mixtures, resulting in concentration differences,
contribute to variations in absorptance of approximately 10%. However, the blackbody
absorptance of the graphene particles in solution presents a similar opportunity for selective
heating of particles by choosing a light source outside of the absorptive range of the fuel. This
provides the possibility of enhancing heat transfer to fuels, which could lower ignition delay,
provide new means of ignition, and increase energy transfer from the reaction zone.
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3.3 Droplet Burn Testing

3.3.1 Experimental Methods
Droplet burning rate analysis was performed using a suspended droplet technique, with
droplets suspended on a quartz filament. This technique is well documented historically, with its
assets and shortcomings explored as a means of analyzing burning rates for liquid fuel spary
applications [54][55]. For an initial study of the effects of nanostructured materials on burning
rate in spray applications, this method provides a starting point, allowing the entire burning
period to be easily observed [54] [55]. It is expected that the fiber will introduce variation in the
droplet shape from the ideal sphere, although in analysis the cross section circumference of the
droplet is measured, and a characteristic diameter is calculated assuming a spherical droplet [54]
[55]. Additionally, the fiber represents a heat transfer pathway away from the droplet, which has
been proven to slightly reduce the burning rates measured by this technique from absolute [54]
[55]. The influence of such effects on burning will likely increase as the droplet is reduced in
size relative to the fiber diameter [54]. Variations from ideal conditions prohibit the results of the
analysis from being considered absolute, although provide a good basis for comparative analysis
of samples.
Initial testing was performed in ambient air, and the ignition source utilized was a lighter
held in close proximity until burning was evident. This initial testing was performed only as an
informal preliminary study to test the feasibility of certain materials for burning rate measure.
Methanol was chosen as the initial fuel, and both as-produced SWCNT samples, as well as the
functionalized NanoLab sample were tested. In testing the as-produced samples, the SWCNTs
were mixed with methanol and a dispersing agent, Nanosperse AQ, purchased from Nanolab.
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Final droplet burning rates were examined utilizing a suspended droplet experimentation
apparatus similar to that of Wong and Turns [56] displayed in figure 3-15. Droplets were
suspended on a ¼ mm diameter quartz filament and were examined in the post combustion region
of a water-cooled flat-flame burner, running on premixed methane and oxygen. The suspended
droplet is backlit by an incandescent bulb (60W), and burning rates were measured optically
using a shadowgraph. A Phantom high speed camera with microscopic lens was used to record
images at a rate of 10 fps. Heat application was controlled utilizing a spring actuated, linear
solenoid released, stainless steel shield, which was triggered by a pulse generator. Flow rates of
oxygen and methane were maintained at the lean limit of the burner based on the observation of
flame stability, which resulted in an equivalence ratio of 0.67 and total flow rate of the cold gases
to the burner of approximately 28 liter per minute. Ambient temperature of the sample was
maintained by varying the vertical distance from the burner and was monitored with a type K
thermocouple. Temperature of the system was observed to fluctuate within ± 50°C for a given
droplet distance from the burner surface.
Samples tested included the three varieties of FGS previously discussed, FGS20 coated
with 5 percent platinum by weight, FGS100 coated with 20 percent platinum by weight, FGS100
coated with 3 percent platinum by weight, and Unidym SWCNTs in both Jet-A and nitromethane.
The concentrations represented for the samples containing platinum are based upon the
concentration of carbon nanostructured materials in the solution, neglecting the weight of the
platinum coating. The samples were sonicated for one minute in a sonicating bath just prior to
testing to ensure dispersion during the test regime.
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Figure 3-15: Experimental configuration of the droplet burning testing.
As previously mentioned, the two fuels selected for burn testing were Jet-A and
nitromethane. Jet-A is a kerosene-based fuel commonly used in aircraft and power turbines, and
represents a practical choice for examination, as integration of nanostructured materials into
existing systems requires testing with current fuels. Nitromethane (CH3NO2) is used as an engine
fuel for top fuel drag racing vehicles, and is oxygen containing, making it a weak monopropellant
[3]. Nitromethane was chosen as it has previously been proven to exhibit enhanced burning rates
at elevated pressures [3].
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3.3.2 Results & Discussion
Droplet burning rate was analyzed utilizing the classical d2-law, in which the droplet
diameter squared decays linearly over time after an initial unsteady heating period
[54][55][57][58]. The burning rate constant, K, is defined as K = d(D2)/d(t) with the units
mm2/second [54][55][57][58]. Expected influences on the burning rate constant are ambient
temperature, forced convection, ambient species composition, fluid mixing and droplet shape.
In analysis of the droplet burning of the SWCNT samples in methanol mixed with the
dispersant, it became quickly apparent that the samples would be unsuitable for measurement.
The inclusion of the dispersant even without SWCNTs produced micro-explosions within the
suspended droplet, attributed to dissimilar vaporization temperatures allowing vaporization of one
mixture component within the droplet [54][59]. The formation and subsequent explosion of the
bubble make the optical measurement of burning rate taken in this experiment inaccurate during
bubble formation, and impossible to obtain during the explosion. A picture sequence showing the
formation of bubbles in a control mixture of fuel and dispersant is displayed in figure 3-16.
Micro-explosions as evident in testing of samples of methanol and dispersant with the inclusion
of both varieties of as-produced nanotubes are displayed in figure 3-17.

Figure 3-16: The evolution of bubbles in a mixture of fuel (methanol) and dispersant.
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Figure 3-17: Micro-explosions evident in mixtures of dispersant and methanol mixed with both
Unidym (left) and Sigma Aldrich (right) SWCNT samples.
Testing of the NanoLab functionalized nanotubes in methanol produced viable results, as
no micro-explosions were evident in the droplet burning. The average burning rates taken over
the linear diameter squared burning profile from two samples of droplets containing varying
percentages of NanoLab SWCNTs are displayed in figure 3-18. The rate obtained for pure
methanol compares favorably to the value of approximately 0.9-1 mm2/sec reported for ambient
pressure droplet burning by Chauveau et al. [60]. There is a slight reduction in burning rate with
increasing concentration over the range of concentrations tested. NanoLab SWCNTs were not
utilized in further testing beyond preliminary, as questions of the effect of large quantities of
contaminants and radically differing structure were raised from materials characterization, as
previously discussed.
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Burning Rate Vs. SWCNT Concentration
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Figure 3-18: Droplet burning rate of methanol and functionalized SWCNTs as function of
SWCNT concentration.
Further burning rate study, conducted with greater control in post combustion products,
yielded some burn rate enhancement, although results displayed large variance. To analyze all
data collected, the measured burning rates were normalized using the average burning rate of the
base fuel (nitromethane or Jet-A) collected during each data collection set. This should minimize
any uniform enhancement/degradation of burning rate due to slight variability in the experimental
conditions. Differing ambient temperatures, as well as influence from slightly different fiber end
diameter and angle, could influence the droplet shape and heat transfer as the droplet burns. The
averaged results of 7-8 runs per sample are displayed in figure 3-19.
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Figure 3-19: Burning rate measurements normalized by the average base fuel burning rate.
In testing of the SWCNTs and FGS samples mixed with Jet-A and nitromethane at a
mean ambient temperature of 500°C, an increase in burning rate up to 30% was observed for the
case of nitromethane mixed with 0.05 mg/ml of FGS19. Doubling the mass concentration of
FGS19 does not seem to enhance the burning rate further. The platinum coated FGS samples
exhibited an increased burning rate for both FGS100 samples in both fuels with the sample
containing 20 wt% platinum (the higher of the two) providing the largest increase. This is likely
a product of the highly catalytic nature of platinum coupled with the increased surface area of the
FGS100 versus the FGS20. The inclusion of SWCNTs in nitromethane and Jet-A did not produce
any appreciable change in burning rate.
The average measured burning rate constants for the pure Jet-A and nitromethane
samples are 0.65 mm2/s and 0.45 mm2/s respectively. These values are significantly less than
those reported for kerosene and nitromethane in ambient air of 0.9-1.02 mm2/s and 1.09 mm2/s
respectively [55][61]. This is expected, as forced convection will influence the droplet burning,
as well as the varying shape profile of the droplet and the low oxygen content of the burner post
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combustion products (mole fraction of oxygen approximately 0.07 versus 0.21 in air).
Nitromethane is likely more affected, as some of the limiting reactions in the kinetics of
nitromethane are endothermic, relying heavily on heat from the reaction zone, which is being
cooled by forced convection [62].
Further analysis of the FGS19 solution data indicated that the majority of samples
exhibited a two-stage burning profile, with a clear burning rate change as evident in figure 3-20.
The initial burning rate is found to be less than that of pure nitromethane (about 75%), while the
second stage is approximately 150% that of pure nitromethane. The change in burning rate does
not seem to occur at a particular diameter, nor to be definitively influenced by initial diameter,
due to large variance in occurrence between samples. A particular diameter occurrence or at the
least a trend in occurrence with initial diameter would indicate a critical concentration or
temperature at which the burning rate of the droplet changed.
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Figure 3-20: Two-stage droplet burning rates measured for nitromethane and FGS19 mixtures.
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Also of note is the behavior of the Jet-A and SWCNT mixtures. Measurements taken at
two different times exhibited high variation in behavior, as one data set indicated an enhancement
of burning rate, whereas the other indicated a decrease in burning rate. This is displayed in figure
3-21. The enhanced burning rate was approximately 25% greater than the baseline Jet-A sample,
although the sample set displayed a high degree of variance. The inhibited set indicated a
decrease in burning rate of approximately 40% of the baseline Jet-A burning. This is indicative
of extreme sensitivity of the SWCNT solutions to very small variation in temperature, fiber size
and incidence angle that could have occurred between runs. The particular influencing factor
cannot be decisively determined
Jet-A and SWCNTs Mixture Burning Rates
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Figure 3-21: Burning rates recorded from two measurement sets (minimum 3 droplets each) of
SWCNTs mixed with Jet-A.
Given the enhancement of burning rate by the lower oxidation temperature particles, it is
desirable to ascertain if any reaction of the nanoparticles plays a role in the burning. The
oxidation temperature of the FGS19 is 480°C as shown in figure 2-6, very near the target ambient
temperature of 500°C. Although it is expected that the liquid droplet temperature would be
slightly less than the vaporization temperature of nitromethane, approximately 100°C, the
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extremely light particles could get to the surface or be entrained in vaporized fuel leaving the
droplet surface [62]. To test this theory, droplets mixed with FGS19 and FGS50 were tested at
ambient temperatures of 600-650°C, which is above the point at which the FGS50 would also be
expected to oxidize per the TGA results. If the oxidation reaction of FGS is the driving force
behind burning rate enhancement, it would be expected that both samples would be enhanced at
this test temperature. The averaged results from the burning of 3 droplets of each sample at
600°C are displayed in figure 3-22, as well as the burning rates for the two stages evident in the
FGS50 sample.
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Figure 3-22: Burning rate constants of nitromethane mixtures at ambient temperature of 600 °C.
The averaged burning rates of three test runs indicate that the overall burning rate was not
impacted significantly by the FGS19, and only marginally impacted by the FGS50. Nucleate
boiling was evident in nearly all the samples at the liquid and fiber interface when droplet size
decayed to a magnitude near the diameter of the fiber. Closer examination of the FGS50 data
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indicated that the burning rate constant could be split into two distinct regimes, similar to the
FGS19 data at 500°C. The first regime exhibits a slow burning rate, approximately 0.3 mm2/sec,
which is 50% of the burning rate of pure nitromethane measured at this temperature. The second
regime exhibits faster burning rates, of approximately 0.7 mm2/sec, which is 120% of the burning
rate of pure nitromethane. The occurrence of such behavior upon reaching the FGS oxidation
temperature indicates a dependency on the oxidation temperature of the sample relative to
ambient. However, the simple fact that the FGS19 sample does not behave the same as the FGS50
sample indicates that the noted two stage burning is not purely a function of FGS reaction.
One key difference between the samples at elevated temperature is that the lower carbon
to oxygen ratio material will likely react faster, indicating a lesser residence time once reaction
temperature is achieved. The FGS50 would likely more slowly react at the surface, given that the
ambient temperature is only marginally above their observed onset of oxidation via TGA. The
coupling of enhanced surface area or heat transfer at the surface from FGS presence, as well as
the energy input of an exothermic chemical reaction could account for the behavior observed,
although this theory is not fully supported.
An additional observation of note was an observed luminescent reaction of one of the
FGS19 samples, upon reaching a small diameter approaching that of the fiber. The sequence of
images encapsulating this reaction is displayed in figure 3-23. This is likely a product of FGS
leaving the droplet, and subsequently reacting in the surrounding heated vapor. The lack of such
an observation in testing at the 500°C ambient temperature suggests that possible reaction of the
FGS is not in large quantity or in the vapor phase.
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Figure 3-23: Luminous reaction evident in FGS19 sample.
In determining the cause of enhanced two stage burning rate seen in the FGS19 and FGS50
samples, it is necessary to consider other differences that would likely occur between samples.
Thermal conductivity will likely be different between the different FGS samples and the
SWCNTs, although the FGS19 sample would likely be the least conductive, as less reduced FGS
samples exhibit lower conductivity than higher carbon to oxygen ratio samples [10].
Additionally, the conductivity of the SWCNTs should be on par with or even higher than all the
FGS samples, and the higher concentration sample should also exhibit high conductivity [63].
Radiation bulk absorption and gaseous emission enhancement, as noted by Sabourin, is an
unlikely reason for the observed burning rate enhancement. Large quantities of FGS left on the
quartz filament, as well as no visible luminescence increase in the FGS samples indicate the FGS
is not likely entering the gaseous reaction zone in appreciable quantities to enhance emission
from the gas phase reaction [3]. Absorptance results indicate the FGS samples are likely to
behave in a similar fashion as absorption sites in the fluid. Density of nanofluids (fluids
containing nanoparticles) and specific heat capacity has been shown to be influenced to a
negligible amount in the quantities examined here, which may be why there is no plateau in
between the two-burn stages, as that would represent heating of another species to its
vaporization temperature after vaporization of a first species [63].
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Viscosity could be influenced greatly by the inclusion of nanoparticles, and has been
shown to be a function of volumetric loading [63][64]. The BET surface area results can be
interpreted as a density measurement of sorts for nanostructured materials, indicating the degree
to which particular sample are likely to agglomerate into larger particles. In the case of SWCNTs
this is a network of bundles, in FGS it can be graphitic structures. Due to the lesser reduction
level of FGS19, it is likely that it will possess more graphitic particles than the other FGS samples,
which is confirmed by relative BET measurements. Larger particles indicate the sample will
likely be more dense, and therefore represent a lower volumetric loading in solution than
comparable quantities of more reduced samples. This increased volumetric loading of reduced
FGS samples should facilitate a higher viscosity in solution than a less reduced sample [64].
In a suspended droplet, unlike the experiment of Sabourin et al., viscosity can be a factor
in stimulating heat and thus mass transfer from the droplet [3][65]. The ambient environment has
a velocity relative to that of the droplet, which will influence the fluid contained by the droplet.
The shear forces exerted by the external flow on the droplet will stimulate internal circulation of
the fluid as depicted in figure 3-24. Additionally, the differing diameter of the droplet over the
burn profile will change the Reynolds number of the droplet, influencing convective heat transfer,
and contributing to transient heating effects [65]. Viscosity of the fluid will in essence behave as
a resistance to the generated flow, slowing it, and increasing the time scale of circulation, and its
response to change. Therefore, a lower viscosity fluid would likely experience more circulation,
increasing heat transfer to the whole droplet. Another factor to consider when considering a
droplet with internal circulation is that the temperature profile of the droplet will change
radically, as the lowest temperature is found at the center of the vortex [65]. Higher temperatures
at the center of the droplet could enhance heat transfer from the droplet to the quartz fiber, which
is said to negatively influence burning rate even in a less convective environment [55].
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Figure 3-24: Flow diagram of the induced convection for a droplet in convective flow. Image
from Law [54].
Although conductivity enhancement has already been addressed, the trade off between
conductivity and viscosity could indicate why a decrease in burning rate enhancement was not
observed for the FGS19 sample with double the mass loading. Sufficient conductivity increase
could change the dominant heating mechanism from diffusion to convection. Larger temperature
gradients in the 600°C could have mitigated the effect of a slightly increased viscosity, although
do not address the changes in the burn profile of FGS50. It should be noted that models of
droplets with internal circulation are developed for the case of unsupported droplets, without the
influence of fiber in the liquid [65]. Additionally, the varying concentration of nanostructured
materials with droplet mass reduction could drastically change properties, which makes analysis
of the effects of one variable on the complex model difficult to pinpoint with a high degree of
certainty.
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3.4 Solution Optical Ignition

3.4.1 Experimental Methods
One of the goals of this study is to provide a low energy, distributed ignition method for
combustion systems. Ignition of fuel/oxidizer mixtures has been demonstrated for SWCNTS in
gaseous, liquid and solid phase fuels; however, in the cases of both solid and liquids, this has
been by close proximity exposure [4][21][22]. No such optical ignition has been reported for the
FGS particles. In closed systems it is desirable to ascertain if similar ignition could be obtained
with nanostructured materials dispersed in liquid fuel.
A preliminary study on optical ignition is examined via a suspended droplet
configuration, in which droplets of fuel/SWCNT or FGS mixtures are suspended on a ¼ mm
diameter quartz filament in ambient air. Heat absorption and any reactions stimulated by incident
light were observed via a Phantom high speed camera with backlight provided by a 60W
incandescent bulb. Light stimulation was provided by a Litron Lasers Nano TRL pulsed
Nd:YAG laser and was focused onto the center of the droplet using a planar convex lens
(f=100mm). Pulse duration was 4 nanoseconds, with attenuator modulated energy with a
maximum total energy of 100mJ. The wavelength of laser light selected for testing was 532 nm,
as it is weakly absorbed by the fuels, yet strongly absorbed by the nanostructured materials. The
experimental configuration is displayed in figure 3-25. Fuels examined were pure nitromethane,
nitromethane with 0.05mg/ml FGS19 and nitromethane with 0.05 mg/ml SWCNTs.
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Figure 3-25. The solution laser ignition experimental setup.

3.4.2 Results and Discussion
For the presented results, the laser was set at 65% of total energy (approximately 65
mJ/pulse), and operated at a frequency of 10 hertz. Observation of the pure nitromethane
indicated that initial laser pulses had no apparent effect, though after a certain number of pulses
the energy accumulation was significant enough to cause explosion of the droplet. The evident
explosion did not result in burning of the fuel, only breakdown of the droplet stability. Bubble
formation was not observed, although the explosion did not exhibit any particular directionality
preference, which suggests a uniform source. It is speculated that the visible explosion is caused
by nucleation at the quartz fiber. Consecutive laser pulses should slowly heat the droplet due to
its poor absorptance at the tested wavelength, and once the temperature of the fiber surface
reaches near the boiling point of nitromethane, nucleation can be induced. The explosion of the
pure nitromethane droplet is depicted in figure 3-26.
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Figure 3-26: Explosion of the pure nitromethane droplet after successive laser pulses.
Both mixtures of nanostructured materials and nitromethane behaved similarly in that
they both reacted to the first laser pulse and to each successive pulse. The reaction is visible as
bubble formation within the droplet, with nanostructured material likely serving as nucleation
sites. Nucleation could be attributed to the preferential heating of nanostructured materials
discussed earlier when referring to absorptance. The light used in this experiment is poorly
absorbed by the pure nitromethane, but very efficiently absorbed by the nanostructured materials.
The rapid heat absorption could stimulate very high localized heating as the nanostrucutures
dissipate energy, sufficient to vaporize fuel. One difference of note is that the vaporization
evident in the carbon nanotube sample decayed with consecutive pulses. The repetitive bubble
formation evident in the FGS sample indicates a nucleation process rather any sort of chemical
reaction, as a reaction would likely result in decaying effects for all samples. The similar optical
behavior of SWCNTs and FGS suggest that decay is likely a result of the agglomeration
tendencies exhibited with light exposure as shown in earlier experimentation, rather than
consumption of reaction species. A reduction in dispersion by agglomeration would likely
decrease overall energy absorption, as less nanostructure surface area would be exposed to the
incident light. The nucleation evident at the time of and immediately following a pulse in both
samples is displayed in figures 3-27 and 3-28.
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Figure 3-27: Effect of two separate laser pulses incident on a solution of FGS19 and nitromethane.

Figure 3-28: Effect of separate laser pulses incident on a solution of SWCNTs and nitromethane,
bubbles are difficult to see, as they occur near the surface where the image is darker.
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Though qualitative in nature, this experiment can shed light on many aspects of photo
stimulation of nanostructured materials in other mediums. In solution, nanostructured materials
likely exhibit the most efficient dissipation of energy collected from light among environs of
interest, as wetting the surfaces of the nanostructured materials maximizes the surface area for
conductive dissipation. There is little flow, resulting only from Brownian motion of particles.
The only means of convection is natural, although this will be a much slower process than
conduction as shown by the Nusselt number. The Nusselt number is the ratio of convective to
conductive heat transfer and is defined in equation 2, where h is the convective heat transfer
coefficient, L is the characteristic length scale, and k is the thermal conductivity of the fluid. As
particle size is extremely small, the characteristic length trends towards zero, indicating
conduction is dominant. In a gaseous environment, conductivity is generally lower than in a
liquid, inhibiting heat transfer. Therefore, the photo-ignition process of nanostructured materials
in a gaseous medium, of much interest, would exhibit more extreme temperature effects than the
liquid solution.

Nu 

(2)

hL
k

Applying very basic transient heat transfer principles, it is possible to explain the
behavior of nanostructured materials in solution and speculate on the influencing factors of
agglomeration and surrounding medium. A representative energy balance of the nanostructured
materials is given by equation 3.
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c = Specific heat

Ts = Laser Source Temperature

t = Time

x = Distance

T = Temperature

k = Thermal Conductivity

m = Mass

A = Surface area

σ = Stefan-Boltzmann constant
ε = Emissivity

The radiative heating term is considered the first step of the process, as the incident light
creates a large energy flux. Examination of the nanoparticle heating term indicates that as mass is
reduced to zero the temperatures trend to infinity, indicating for the extremely miniscule masses
discussed here, temperatures could be very high even with small overall flash energy.
Additionally, it is of note that for the approximate order of magnitude scale of conductivity
difference between liquids and air, temperature differences between the nanostructured materials
and dissipative medium must increase by an order of magnitude to dissipate the same energy
input. The inverse proportionality of temperature increase to mass also indicates the possible
profound effect agglomeration could have on temperatures achieved.
Because of the extreme conductivity of carbon nanostructured materials, agglomerated
materials can be conceptualized as merely a larger particle, as conduction through contact of
nanostructured materials will facilitate very quick heat transfer to adjacent particles. The increase
of mass could lead to a decrease in the peak heating temperature achieved explaining the
diminishing nucleation exhibited by SWCNTs with agglomeration tendencies. Increased
agglomeration would not only increase the mass being heated, but also decrease exposed surface
area for radiative heating. Therefore the amount of light energy collected by the nanostructured
materials and transferred as heat to the surrounding medium will decrease.
The confirmation of selective heating of the droplet solutions indicates possibilities as a
means of enhancing vaporization rates of liquid fuel sprays. Nucleation stimulated within
droplets could facilitate droplet breakup increasing exposed surface area for burning.
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Additionally, vaporization within the droplet as opposed to strictly at the surface could enhance
the vaporization rate of fuels, which limit burning rates. Further work is required to determine
the threshold energy at which this phenomenon occurs, although it is likely proportional to the
heat of vaporization of the base fuel and affected by the degree of dispersion, fuel conductivity,
and fuel light absorptance. Ignition of the droplet was not achieved, and is unlikely in most
conventional fuels due to the lack of oxygen within a bubble in the droplet. Testing with
stronger, less conductive monopropellants might lead to the achievement of distributed ignition of
a liquid solution.
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Chapter 4

Conclusion
The testing of nanostructured materials, namely single walled carbon nanotubes
(SWCNTs) and functionalized graphene sheets (FGS), has been conducted both for material
characteristics and solution behavior. A high degree of variability was evident in materials
characterization, attributed to production method, exposure history, and ambient conditions. This
variability is extremely undesirable, making comparison between independently conducted
experimentation difficult if not entirely invalid, and counterproductive to the goal of increasing
reliability and predictability of combustion systems. The mechanisms by which this variability is
introduced, ambient exposure, purification methods, heat treatments, etcetera, could provide an
opportunity for tailoring properties once further work is conducted. However, finer control or
regulation of production, handling and material processing is likely required before these
materials can be considered for practical implementation in combustion systems.
Enhanced burning rate was demonstrated in nitromethane with the inclusion of
functionalized graphene, providing promise for further work in fuel enhancement via carbon
nanostructure additives. The results presented indicate a temperature dependency of this effect
based on the oxidation temperature of the FGS sample. This could be a result of FGS
contributing in the reaction, as well as a function of surface residence time. Radiation is unlikely,
as the behavior was only exhibited by one of the FGS samples at each temperature tested,
whereas all display similar radiation characteristics, and increased reaction luminosity was not
observed. One key physical difference between samples is the particle scale; all samples likely
increase conductivity, but those with high degrees of separation, and thus higher surface area
should increase viscosity more. This is important, as in droplet studies in convective flow the
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circulation of fluid within the droplet from shear influences of the surrounding gas enhances heat
transfer, and is often the driving method of heat transfer to the fluid. A more viscous nanofluid,
while perhaps exhibiting higher conductive heat transfer, would exhibit weaker convective heat
transfer, and the limiting heat transfer mechanism could change. However, existing models do
not precisely apply to the case observed here, as the fiber presence could introduce many changes
in dynamics, and varying nanostructure concentrations can facilitate large property changes.
Laser ignition testing, addressed here minimally, as a proof of concept demonstration,
indicates much potential for future work. Selective heating of the nanostructured materials is
evident by nucleation of nitromethane stimulated by a light pulse. Nucleation is a product of
temperature difference, thus this is indicative of high heating (greater than the boiling point of
nitromethane) possible from pulsed light. The nanostructured materials have infinitesimal mass,
and would have to reach a high temperature to impart enough energy for vaporization of an
appreciable quantity of liquid. The smaller time scale of energy absorption relative to the rate at
which energy can be diffused facilitates the achievement of high temperatures in the
nanostructured materials.
Drawing a parallel between observations of heating of nanostructured materials in liquids
and photo-ignition in air, it is likely that in air there is greater heat confinement due to lower
conductivities of gases. This would likely lengthen the time scale of energy diffusion from the
sample and increase maximum temperatures of exposed samples, unless the sample could
conduct to another sink, such as a supporting structure, or bulk sample quickly. This could also
explain the inhibiting effect of sample compaction on photo-ignition, as physical contact between
nanotubes will open more highly conductive pathways to additional mass to serve as heat sinks.
The close proximity of catalyst nanoparticles make them well suited as sinks, which could absorb
great amounts of energy before heat is dissipated from the sample. Large heat absorption could
stimulate expansion and melting sufficient to mechanically break through the amorphous carbon
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shell, and provide for the breaking of nanotubes surrounding catalyst particles. Catalysts would
then be free to fuse, as has been noted in post-ignition samples, and could stimulate a visible
reaction, dependent on the catalyst and presence of ambient oxygen.
Therefore, this work suggests that photo-ignition of nanostructured materials is a product
of high absorptance capability, coupled with low mass, and low diffusivity of the surrounding
medium. Energy transferred over a very short time is capable of near instantaneous heating of
nanotubes, which will reach high temperatures based upon the particular sample’s ability to
dissipate heat. This ability is increased by agglomeration and compaction, but can be reduced
depending on the fluid medium surrounding the sample. Therefore, oxygen content is not a
necessary precursor for reaching high temperatures in a photo-stimulated SWCNT sample,
though may inhibit a visible change. This visible change is often used as a benchmark for
considering a reaction to have occurred in much prior work on the subject.
The selective heating demonstrated in this study could serve as a method for ignition of
more reactive monopropellants, or fuel and oxidizer mixtures, although is unlikely capable of
igniting non-premixed or monopropellants. Additionally, the creation of nucleation sites within
fluids could serve as a method for enhancing breakdown of droplets in a spray combustion
environment by destabilizing the droplets as bubbles broach the surface. Doping of
nanostructured materials with oxidizers could also stimulate ignition of propellants if oxygen
could be released upon energy absorption from incident light. There are several obstacles,
however, as settling and agglomeration of the nanostructured materials would likely inhibit this
effect, so a method of maintaining good suspension must be developed.
Good dispersion characteristics, and the lack of agglomeration with light exposure,
suggest that graphene is a better candidate for photo-stimulated nucleation of solutions. The
bundle network of nanotubes may be better suited for gaseous ignition on a solid structure, as the
structure is able to support bundles with lesser surface area contact than a dry FGS sample, which
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is likely to have interaction over a full face and thus increased conductivity to a bulk sample or
sample holder. Suspensions of carbon nanostructured materials in typical fuels have not been
researched in great detail, and particular nanostructured materials may behave more favorably
with certain fuels. Further testing in various fuels could result in quantifying minimum
nucleation energies, and correlating the values depending on such factors as dispersion, heat of
vaporization of the liquid, peak power, and absorptance of the fluid. Particular choice of
nanostructure may also influence the minimum energies required for nucleation or ignition and
should be researched.
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