ABSTRACT
NOWAK, JOSHUA MICHAEL. Development and Characterization of a Hybrid
Atmospheric Pressure Plasma Electrospinning System for Nanofiber Enhancement. (Under
the directions of Drs. Alexei Saveliev and Mohamed Bourham).

A hybrid atmospheric pressure-electrospinning plasma system was developed to be
used for the production of nanofibers and enhance their performance for various applications.
Electrospun nanofibers are excellent candidates for protective clothing in the field of
chemical and biological warfare defense; however, nanofibers are structurally weak and
easily abrade and tear. They can be strengthened through the support of a substrate fabric, but
they do not adhere well to substrates. Through the use of the developed hybrid system with
either pure He or He/O, (99/1) feed gas, adherence to the substrate along with abrasion and
flex resistance were improved. The plasma source was diagnosed electrically, thermally, and
optically. An equivalent circuit model was developed for non-thermal, highly collisional
plasmas that can solve for average electron temperature and electron number density. The
obtained temperatures (~ 3eV) correlate very well with the results of a neutral
Bremsstrahlung continuum matching technique that was also employed. Using the
temperatures and number densities obtained from the circuit model and the optical
spectroscopy, a global chemical kinetics code was written in order to solve for radical and
ion concentrations. This code shows that there are significant concentrations of oxygen
radicals present. The XPS analysis confirmed that there was an increase of surface oxygen
from 11.1% up to 16.6% for the He/O, plasma and that the C-O bonding, which was not
present in the control samples, has increased to 45.4%. The adhesive strength to the substrate
has a significant increase of 81% for helium plasma and 144% for He/O, plasma; however,

these values remain below the desired values for protective clothing applications. The hybrid



system displayed the ability to oxygenate nanofibers as they are being electrospun and shows
the feasibility of making other surface modifications. The developed circuit model and
chemical kinetics code both show promise as tools for deterministic atmospheric pressure

plasma research in the field of surface modifications.
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Chapter 1: Introduction and Literature Review

Electrospun nanofibers have shown excellent properties as filtration media against the
most penetrating aerosols while remaining breathable. As such they are being considered for
protective applications in the field of chemical and biological warfare defense. Electrospun
nanofiber mats, however, are structurally weak and require a substrate fabric for support.
Adherence to this substrate is difficult because mechanical and wet chemical adherence can
easily damage the nanofibers, and adhesives obstruct the small pores that make the
nanofibers appealing as a breathable filter. They also show poor resistance to abrasion and
tearing. Atmospheric pressure plasma is an attractive option for enhancing nanofiber
properties because it can chemically treat the nanofibers without the need for wet chemical
processes, will not thermally damage the nanofibers because of its low bulk temperature, and
does not require the vacuum systems of low pressure plasmas which prevent continuous
treatment and production. Plasma treating nanofibers as they are being electrospun could
improve nanofiber adherence to the substrate and other nanofibers, as well as strengthening

the nanofibers themselves through increased hydrogen bonding and crosslinking.

1.1 Atmospheric Pressure Plasma

The use of atmospheric pressure plasmas has many advantages over low-pressure and
vacuum discharges. The atmospheric discharges allow for the continuous processing of
materials because there is no vacuum requirement and no need for a vacuum chamber. These

discharges have proven to be the best technique for processes such as textile industry, food



packages surface sterilization, and surface modification and functionalization of various
paper and pulp products. The systems are economical because processing can be performed
faster and does not need large infrastructure as such of the low pressure processing, namely
vacuum chambers and pumping systems, power supplies such as high power RF generators,
and sophisticated gas manifolds. Generating atmospheric pressure plasmas also allows for
different forms of plasmas in the non-thermal regime, generating various radicals useful for
surface modification chemistries. Three body reactions become much more likely at higher
pressures, which is especially important for the production of ozone whose primary
production mechanisms are three body reactions. Indeed, at atmospheric pressure radical
production in general is increased and such radicals are important in surface functionalization
processes at ambient conditions.

A major pitfall associated with atmospheric pressure plasmas is the possibility of arc
formation and generation of streamers. The voltages required for the formation of a plasma
discharge at atmospheric pressures are much higher than those required under vacuum.
These high voltages can lead to sparking condition and can lead to arc formation if the
currents are high. Arcs can easily damage the surface and structure of a substrate, and hence
careful limits of operational conditions must be considered. While arcs are used as useful
tools in plasma-torches, gouging and metal cutting processes, however, arcs are not desired
in plasma surface modification techniques. The suppression of these arcs is crucial for the
formation of a non-equilibrium plasma discharge for surface modification of materials such

as textiles. Non-equilibrium plasma has the electron temperature much higher than that of the



ions and neutrals. The ions, radicals and neutral gas remain at temperatures that will not
thermally damage substrates. This allows for surface modification of materials without
affecting the material’s bulk properties. Applications of atmospheric pressure non-
equilibrium plasma for surface modifications are discussed in Section 1.3.

The four main types of atmospheric pressure non-equilibrium plasma discharges used
for surface modification are corona, dielectric barrier discharge (DBD), microwave, and
plasma jets. A corona discharge is a weakly-luminous discharge appearing around edges,
points, and thin wires. The geometry around these features leads to large electric fields that
generate this discharge. As such, a corona discharge is non-uniform and centered around one

electrode. A schematic of a corona discharge is shown in Figure 1.1.
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Figure 1.1; Schematic of a corona discharge configuration

A DC corona discharge in air at 1 atm produces currents in the range of micro- to
milli-amperes operating at tens of kilovolts [1]. For higher currents, the voltage must be

increased greatly leading to sparking and eventually arc formation. Higher currents and



voltages can be obtained by using a pulsed power supply. If the pulse duration is less than
the time required for spark formation, the discharge can be maintained in the glow or
streamer regime.

In a dielectric barrier discharge (DBD), one or both electrodes are covered in a
dielectric material that prevents the conduction current associated with sparks and arcs. The
current is limited to the displacement current (edE/dt) allowing for non-equilibrium plasma
production, where ¢ is the permittivity of the dielectric material and dE/dt is the time rate of
change of the electric field. Most DBDs are filamentary discharges composed of many short
lived streamers which occur when an electron avalanche reaches the anode and the charge
propagates back towards the cathode. A DBD can also be operated in the glow regime;
however a detailed explanation of this mode in DBDs is not very well known [2]. It depends
on many variables such as the plasma working gas, applied voltage, and operating frequency.
The DBDs are generally operated in the Hz to kHz range. Schematics of parallel plates and

coaxial DBD configurations are shown in Figure 1.2.
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Figure 1.2; Schematic of a parallel plate (left) and coaxial (right) DBD



Microwave plasma discharges are electrodeless and plasma generation is due to wave
excitation in a standing microwave in a resonator cavity. The microwave travels in wave
guides and transmits energy to the electrons. Due to their mass, the heavy particles are only
slightly heated. lonization occurs through collisions and direct electron energy gain from the

microwaves. A schematic of microwave-induced plasma is shown in Figure 1.3.
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Figure 1.3; Schematic of a typical microwave induced plasma discharge

Atmospheric pressure plasma jets are operated at radio frequencies (13.56 MHz and
its harmonics). They can be operated with a dielectric barrier, but it is not always required.
In most cases, they consist of concentric electrodes with the powered electrode in the center
and the outer electrode is grounded. They do not require the high voltages associated with
corona discharges and DBDs and can be operated in the hundred volt range. Because of the
configuration, the substrate is not placed between the electrodes, but a grounded electrode
may be placed behind the substrate to increase the extent of the plasma onto the substrate. A

schematic of an atmospheric pressure plasma jet is shown in Figure 1.4.
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Figure 1.4; Schematic showing the features of an atmospheric pressure plasma jet

Substrates can also be treated on the edge of discharges or in the afterglow where
only radicals remain. This can be very effective for surface treatments because in many
cases, the radicals are the species driving treatment mechanisms such as chemical etching,
oxidation, sputtering, deposition and surface activation. Treatment downstream from the
plasma discharge can also allow for geometries not possible otherwise. Substrates can be
belt-fed past the discharge for quick treatments. In the case of combining electrospinning
and plasma treatment, the electric field of the plasma can interfere greatly with the static
electric field required for electrospinning. Also, because of the nature of fibers being
electrospun, the physical presence of the electrodes can be a hindrance as the fibers can

collect on them instead of collecting on the substrate.

1.2 Electrospinning of Polymer Nanofibers
Polymer nanofibers can be produced through multiple techniques other than
electrospinning such as drawing, template synthesis, phase separation, and self-assembly.

These four processes have glaring drawbacks when compared to electrospinning. Some of



them can only be used for certain polymers, others do not allow for the control of fiber
diameters, and none of them can be scaled up for mass production. They all produce fibers
ranging in length from a few microns to 20 microns whereas electrospinning can produce
fibers from several centimeters to a few meters in length. This allows electrospun nanofibers
to be used in several more applications than nanofibers produced using other methods.

The electrospinning of nanofibers must start with a polymer in liquid form. Polymers
may either be melted or dissolved in a solvent. Polymer solutions are much more common
than polymer melts for a myriad of reasons [3]. Polymer melts require high temperatures
(>200° C) and larger electric fields. Polymer melt electrospinning also results in larger
diameter fibers [4] which can be counteracted somewhat by electrospinning in vacuum.
Another disadvantage of melt electrospinning is that thermoplastic polymers must be used
whereas thermoset polymers may be used in solution spinning. The viscosity and surface
tension of the electrospun fluid can also be controlled more easily in a solution form.
Because of these disadvantages, research in melt electrospinning has been limited [4]. For

these reasons, this section focuses mainly on polymer solution electrospinning.

1.2.1 Electrospinning Process

The electrospinning of polymer fibers is actually straightforward in its simplest form.
It requires an electric potential, positive or negative between a conductive polymer solution
and a substrate onto which the fiber is to be collected/deposited. It can be placed on the
polymer (extruding the polymer away from itself because of electric repulsion of like

charges), on the substrate (pulling the polymer toward it through electric attraction of



opposite charges), or a combination of both. Figure 1.5 shows a typical electrospinning

configuration.

Figure 1.5; A typical laboratory electrospinning arrangement, the lamp is not part of the arrangement
and was only placed to help taking the picture of the electrospun fibers

This differential electric potential will cause a Taylor cone to form on the end of a
liquid droplet and a thin jet of solution to be drawn from the droplet. As the jet is drawn by
the electric field, a critical point is reached at which the repulsive electric force becomes
greater than the surface tension of the liquid. At this point, the jet will spread into multiple
jets. These jets are drawn even thinner as they whip around towards the substrate. The
polymer will solidify in transit from the bulk to the collector as the solvent evaporates.

Figure 1.6 shows the features of a liquid being drawn into multiple jets.



Capillary

Figure 1.6; Details of electrified liquid behavior during electrospinning

1.2.2 Electrospun Fiber Size

There is a trade off that must be taken into account when performing electrospinning.
Fiber diameter can only be decreased to a certain point at which polymer beads will form. If
fiber diameter is further decreased, the electrospinning process will stop and electrospraying
will begin and films will be produced on the substrate instead of fiber mats. There are many
factors affecting the diameter of the electrospun fibers, including needle to collector distance,
solution flow rate, applied voltage, solution concentration (viscosity and surface tension), and
solvent volatility [5-7]. Multiple studies have been performed showing how these parameters
affect electrospinning. For example, as needle to collector distance increases, fiber diameter
will decrease to the point at which fibers will produce beads (solidified polymer droplets
within the fibers) [5-8]. Fiber diameter will decrease as solution concentration decreases.

Again, this is only to a certain point at which bead formation will dominate [5-7,9]. As
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voltage is increased, fiber diameter will decrease, but again only to a certain point above
which bead formation is predominant [5-7]. These complexities can be problematic if the
fiber diameter is to be controlled. They also provide a solution to uniform issues if the
parameters can be accurately controlled. That is to say, these parameters can be used to tune
relatively uniform fiber diameters [5-7,9-11]. Using these parameters, nanofibers with
diameters of 50-900 nm are routinely spun into mats and diameters as low as 3 nm have been
reported [12]. Because of these small fiber diameters, electrospun nanofibers have been

considered for many applications.

1.3 Applications of Atmospheric Plasma in Surface Modifications

1.3.1 Surface Functionality

Changes in the surface functional groups are the important outcomes of any surface
treatment and of importance when the treatment is processed with the aid of atmospheric
plasmas. Surface activation for the purpose of polymeric grafting and polymer film
deposition and coatings is discussed. Changes in wettability are also of principal focus and
include enhanced dyeability and adhesion, as well as adhesion due to blank dyeing. Many of
these effects can also be attributed to etching mechanisms, however, the dominant

mechanism is the change is functional surface groups.

1.3.1.1 Wettability
Changes in the wettability of fabrics can be achieved in many ways. Increased

surface roughness allows for water to be more easily drawn into fabrics. Functional groups,
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however, play the largest role in terms of wettability. A reduction in hydrophobic functional
groups (alkyls, fluorine groups) or incorporation of hydrophilic functional groups (carbonyl,
carboxyl, hydroxyl, amino, amido, aldehyde) will increase the wettability of a fabric, and the
converse is of course true. These groups can be created or destroyed by etching, deposition,
and chemical exchange. All have been used to varying degrees to change the wettability of
textiles. They are often used in conjunction with each other but can also be competing

processes producing and destroying functional groups depending on the plasma conditions.

1.3.1.1.1 Hydrophilicity

Plasma treatments aimed at improving wettability have been performed on all
possible textiles. Increased hydrophilicity can be its own end, but it serves a somewhat
more important goal. Increased wettability is an indication of increased surface energy and
incorporation of polar functional groups. This allows for better bonding to substrates, dyes,
printing inks, coatings, and adhesives [12].

Synthetic polymers, used in textiles manufacturing, often lack polar functional groups
and the addition of these hydrophilic groups is often desired. Leroux et al. [13] used an
atmospheric pressure air dielectric barrier discharge (DBD) just above the audio frequency
range (26 kHz) to treat poly(ethylene terephthalate) (PET) woven and non-woven fabrics.
They were able to decrease the water contact angle from 80° down to 50-40° on both woven
and non-woven fabrics. They also observed an increase in the capillarity of the textiles as
well as a slight increase in surface roughness through Atomic Force Microscopy (AFM)

technique. It was proposed that the increase in wettability was due to surface oxidation. An
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atmospheric pressure plasma was blown onto the surface of a PET film and a silicone film
for relatively short periods of time (0.1 — 10 s). The plasma was produced in atmospheric air
by a DC power supply in both the glow and streamer regimes. The water contact angle was
measured on the PET film showing a decrease from 77° down to 38° for the glow regime and
25° for the streamer regime. The silicone showed a drastic decrease in contact angle in the
streamer regime. It dropped rapidly from >100° to <5° in treatment times greater than 1s
[12]. Karahan and Ozdogan [14] used atmospheric pressure air and Argon DBD plasmas to
increase the wettability of raw cotton fibers. They observed an increase in the wicking height
and surface roughness as well as a decrease in contact angle for fabrics treated with either
plasma. The proposed mechanism for increased wettability was the destruction of the
hydrophobic layer present on raw cotton fabrics accompanied by an increase in surface

oXygen content.

1.3.1.1.2 Hydrophobicity
Increased hydrophobicity is important in protective garments and water repellent

textiles for outdoor use. Producing enhanced hydrophobicity usually requires wet chemical
processes that are water intensive. Plasma treatments have been shown to either decrease the
need for water in the chemical processes or eliminate the need for water with direct addition
of hydrophobic functional groups. Most of the treatments are centered on surface
fluorination of the substrate. To date most of the research that has been done in this field has
been at low pressures below atmospheric. Therefore, there is little literature on atmospheric

pressure plasmas in this area. However, the research conducted by de Geyter et al. [15]
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successfully incorporated fluorine on the surface of PP films at atmospheric pressure with a
He/CF,4 (95/5) plasma. XPS analysis showed up to a 45% fluorine concentration on the
surface of the films with a treatment time of only 5 s. This was shown in water contact angle
measurements as well increasing from 90.8° up to 118°. Choi et al. [16] also used a DBD of
He and CF, to fluorinate the surface of PP films (up to 47% F on the surface). The water
contact angle was increased from ~75° to slightly above 90°. XPS showed that most of the
carbon (1s) peaks on the surface were, in fact, CF; and CF.

The surface of polyamide 6 films has also been fluorinated using a He/CF, discharge.
Gao et al. [17] used an atmospheric pressure RF plasma jet to blow the He:CF,4 (~99:1)
plasma onto the surface of the films. Ho et al. [18] fluorinated carbon fibers to increase
hydrophobicity by using chlorodifluoromethane (Freon 22) as the working gas diluted in N».
The plasma was again blown on to the fiber surface. The water contact angle increased
drastically from 81° to 103°. There was also an increase in contact angle for di-iodomethane
(DIM) from 30° to 56° and for formamide from 38°to 57°. There was no change in bulk fiber

properties.

1.3.1.2 Adhesion

Adhesion of polymer fibers to epoxy is not generally researched in the field of
textiles, but it is very important when creating fiber composites. Qiu et al. [19] treated
ultrahigh modulus polyethylene fibers in an atmospheric pressure DBD He/O; (99/1) plasma
at 7.5 kHz. Treatment times ranged from 30 — 120s. SEM images showed etching in the

form of surface micro cracks. The authors showed a large increase in carboxyl and hydroxyl
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groups on the fiber surfaces with XPS analysis, where these groups apparently replaced the
alkyl groups usually present. The interfacial shear strength between the fibers and an epoxy
was examined, and a large increase in adhesion was shown with no significant change in
fiber tensile strength. Kusano et al. [20] strengthened a more conventional fiber composite
with a dielectric barrier helium discharge. They reported an improvement in adhesion to the
epoxy resin yielding a stronger carbon fiber composite. The increased adhesion was
attributed to the generation of carbonyl groups on the surface. They also introduced this
functional group to the surface of carbon fibers with He/O, and Argon plasmas. They,
however, did not make composites from these fibers and hence the adhesion strength is
unknown.

Plasma treatment has also been shown to improve bond strength with adhesives.
Lommatzsch et al. [21] used a low frequency (17 — 22 kHz) plasma jet with N or dry air as
the working gas to increase the surface oxygen content of polyethylene sheets. They
reported a large decrease in water contact angle as well as a 300% increase in bond strength
with methacrylate adhesive. Park et al. [22] also increased adhesive bonding strength
through the incorporation of surface functional groups. They treated styrene butadiene
rubber in a RF plasma jet of either He/O, or Ar/He/N, gas mixtures. They reported an
increase in the oxygen and nitrogen surface content leading to bond strength with
polyurethane adhesive (up to 3.5 kgf/cm). This is important because there was no

measurable bond strength without treatment.
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Functionality can also be imparted through adhesion. Kan et al. [23] used printing
pastes containing antimicrobial polymers (sodium alginate, chitosan, and sodium alginate-
chitosan mixture) to print on cotton fabrics. They used a RF plasma jet of He/O; to pre-treat
samples before printing. While all showed good antibacterial properties (control and plasma
treated), plasma treated samples showed better adhesion and resistance to washing.
Nanoparticle adhesion has also been examined. Gorensek et al. [24] used a coronal air
discharge to increase Ag nanoparticle adhesion on PET fabrics. After plasma pretreatment,
the fabrics were blank dyed with a dye containing Ag nanoparticles, and there was a marked
increase in Ag concentration on the treated fabrics. Untreated fabrics contained only 3.9 mg
Ag/kg PET while treated fabrics showed 93 mg/kg. As a consequence, the treated fabrics

displayed much better antibacterial properties.

1.3.2 Etching
Low temperature atmospheric pressure plasmas do not etch through physical

mechanisms such as surface bombardment. The etching mechanism is of a chemical nature,
i.e. neutral radicals interacting with the surface. With the development and use of solid state
electronic devices, the etching and machining of the materials used in these devices has
become highly researched. Mori et al. [25] developed a method of etching these materials in
atmospheric pressure plasmas. Fluorine containing gases such as SFs and CF4 (5-10%) were
added to helium discharges. The discharge (RF) was limited to the area just outside the
electrodes and the mechanism was due to the interaction of neutral fluorine radicals with the

surface. They were able to etch silica, molybdenum, tungsten, silicon carbide, and diamond.
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The addition of O, to the discharge aided in the production of fluorine radicals through
oxidation of S and C. Sano et al. [26] were able to bevel the edges of a silicon carbide wafer
using a similar method. The edges were rounded uniformly without damaging the wafer
itself. Tu et al. [27] achieved good etching downstream from a RF O,, CF4, He plasma. This
downstream method again shows that the mechanism is due to neutral radicals as ionized
species quickly recombine outside the discharge volume. The etching mechanisms of APP
are not limited to solid state electronic materials. The effects of atmospheric pressure
plasmas on wool were examined by Karahan et al. [28], where they used Ar and air dielectric
barrier discharge plasmas at 13 kHz to treat the fabrics for 20 — 60 s with observed
significant anti-pilling effects. This effect was attributed to etching that decreased the wools
abrasion resistance. This is one example of textile etching, and other examples are included

in the section on surface functionality.

1.3.2.1 Surface Cleaning

Surface cleaning may not be generally considered an etching effect. However, the
cleaning of surfaces using APP utilizes the same mechanisms as the etching of surfaces. The
only difference is that in the cleaning process, impurities on or in the substrate are the targets
of etching instead of the substrate itself. The cleaning of metal surfaces through the removal
of impurities has been investigated using APP. Thiebaut et al. [29] used Ar:N, (99:1)
discharges to remove the impurities from iron sheets. They used a direct DBD and a
downstream method using a microwave discharge. The two methods were comparable and

showed good removal of carbon impurities. Goosens et al. [30] have shown better results for
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removing metal impurities using a He:H; (95:5) DBD (1-4 kHz). They successfully reduced
the oxygen surface concentration in Cu due to interaction between the oxygen and hydrogen.
Their results were even better for the destruction of the Ag.S layer on Ag sheets, and the
impurities were completely removed. The mechanism was verified as a neutral radical
process by measurement of significant amounts of H,S in the reactor exhaust. Jung and Choi
[31] used Ar/O, and He/O, DBDs to remove the photoresist layer from a silicon wafer in
which the wafer was placed downstream of the discharge. Both discharges showed good
etching rates. The proposed mechanism for removal was chemical etching due to atomic
oxygen.

Cleaning is not limited to inorganic surfaces. APP can also be used to remove
impurities from fabrics. Desizing of polyvinyl alcohol (PVA) on cotton is usually achieved
with hot and cold washings or a hydrogen peroxide (H,0,) treatment. Cai et al. [32] utilized
both air/He and air/He/O, audio frequency dielectric barrier discharges to enhance the
desizing of PVA on cotton. Both plasmas were able to remove ~20% of the PVA size from
the cotton fabrics. This is well below the ability of traditional desizing techniques.
However, when combined with cold and hot washing, 99% of the size was removed. This is
much higher than washing alone. It was also higher than the desizing achieved with H,0,
(93%) and did not require the use of chemicals. Fabric strength was not only unhindered by

the treatment, in some cases it was increased.
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1.3.2.2 Polishing

Because plasma etching will preferentially occur on protrusions from a surface, it can
be used as a polishing technique. Wang at el. [33] have used the fluorine radicals
downstream from a capacitive RF discharge to polish the surface of SiC optics. The radicals
were blown onto the surface selectively etching the protrusions through the formation of SiF,
vapor; sub-nanometer roughness was obtained. Even harder materials can also be polished.
Using a very low frequency (60 Hz) discharge in air Detrick et al. [34] were able to polish
diamond films. The proposed mechanism was reaction of atomic oxygen and ozone with the
diamond surface. It is clear that the main etching mechanism for low temperature

atmospheric pressure plasma is neutral radical chemistry.

1.3.3 Surface Coatings

1.3.3.1 Plasma Enhanced Chemical Vapor Deposition “PECVD” via Atmospheric
Plasmas

In PECVD, the film precursors are added to the discharge. The plasma creates a
chemically reactive environment to activate the precursors and surface to allow for
deposition of thin films. Deposition can be used to change surface properties without
affecting the bulk properties of the material. Korotov et al. [35] deposited SnOy onto glass
substrates to create a film with high optical transparency and good electrical conductivity.
They added organotin vapors to nitrogen or air plasmas yielding SnOy films on the surface of
the glass. The films were not soluble in water or organic solvents, and good adhesion was

obtained. Other metal oxides have been deposited for their unique properties. TiO; is an
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excellent photocatalyst as well as having photo-induced super hydrophilicity. Zhang and
Han [36] used a gas mixture of N,O, TiCl,, and He in a low frequency (<20 kHz) DBD to
deposit the TiO, films onto glass substrates. The films showed the increase in hydrophilicity
in the presence of UV.

Foest et al. [37] deposited thin silicon organic films on aluminum for surface
protection. Hexamethyldisiloxane (HMDSO) vapor was added to a dielectric barrier helium
discharge. The films showed good adhesion and good protection of the Al sheets against
NaOH. HMDSO has also been used as a film precursor to deposit hydrophobic SiOx
coatings onto cotton fabric. Again the HMDSO vapor was added to a dielectric barrier
helium discharge. The films showed good adhesion and the water contact angle was
significantly increased (~95 up to 135°) [AP6]. The film precursor may also be a monomer
which is deposited and polymerized directly on the surface. Morent et al. [39] added acrylic
acid monomers to a dielectric barrier argon discharge yielding polyacrylic acid films on
sheets of polypropylene. Uniform polyacrylic acid films were obtained. Deposition of
carbon nanotubes (CNTSs) has also been examined in atmospheric plasmas [40]. Using a
glow discharge of He/H,/CH,4 uniform CNTs were grown on Ni-coated quartz substrates.
Deposition can also be achieved through aerosol injection into the discharge. The UV
resistance of cotton fabric was improved significantly by Jiang et al. through sericin
deposition. An agueous sericin solution was sprayed into a helium glow discharge operating
at low frequencies (20-30 kHz). The sericin was polymerized on the surface and attached to

the cotton with covalent bonds. The water uptake of the cotton fabric also increased [41].
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1.3.3.2 Surface Activation

In textile applications, plasma is often used to activate the textile surface for grafting
polymers. The textile is then either exposed to plasma for deposition or placed in a solution
containing the chemicals to be deposited. Deposition of hydrophilic films was examined by
Hossain et al. [42]. PET fabrics were treated in Ar/O, (ratio of 4/1) and ammonia/acetylene
(NH3/C;H,) or ammonia/ethylene (NH3/C,H,4) plasmas in order to deposit the films. The
fabric surface was first activated in the Ar/O plasma. The films were then deposited in
either NH3/C,H, or NH3/C,H,4 plasmas. Both showed good film deposition and complete
wettability (contact angle went from ~80° down to 0°). Yaman et al. [43] improved the
dyeability of PP fabrics with soluble dyestuffs. They used a DBD Ar plasma to activate the
textile surface then grafted five different polymers in agueous solution to the activated fabric
surfaces. All polymers were successfully grafted.

The above treatments center on increasing the hydrophilicity of the textile. However,
the surface coatings can have many different effects on surface functionality. Baiand Liu
[44] used atmospheric pressure DBD Ar plasma to graft dimethyl diallyl ammonium chloride
(DMDAAC) monomers to the surface of polyacrylonitrile (PAN) fibers to improve antistatic
properties. The fibers were immersed in an aqueous solution of DMDAAC and then plasma
treated to graft the monomer to the fiber surface. The grafting was confirmed with SEM and
XPS showing a new surface layer and the presence of Cl surface groups (present in
DMDAAC), respectively. The wettability and antistatic ability were shown to drastically

improve. Textiles can also be made antimicrobial through the grafting of polymers as shown
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by Tseng et al. [45]. The authors used an atmospheric pressure air plasma jet to activate the
surface of nylon6,6 fabric. The fabric was then immersed in an aqueous solution of chitosan
oligomer. The grafting was successful and the fabrics showed good antibacterial character.
The fabrics also showed no cytotoxicity. This shows that the fabrics remained biocompatible
making them a good candidate for medical applications, especially in the field of wound

dressings.

1.4 Barrier Applications of Electrospun Nanofibers

1.4.1. Filtration

Electrospun nanofiber webs have been shown to have excellent filtration properties.
The small pore size and large surface area allow for the filtering of particulates and aerosols
while the small fiber diameters coupled with the large concentration of pores can be used to
prevent the large pressure drop associated with high efficiency filters. Unfortunately,
nanofiber webs have little structural strength and must be deposited on a substrate that
provides strength to the web.

Companies like Donaldson and DuPont incorporate electrospun nanofibers into
commercially available filtration systems because of the large increases in filtration
efficiency without greatly sacrificing air permeability [46]. In fact, electrospun nanofibers
have been used in commercial filtration systems for over 20 years. One example of the
ability to greatly increase filtration with a very low density of nanofibers is shown in the
research done by Patanaik et al. [47] in which they electrospun nanofibrous membranes from

polyethylene oxide (PEO) in solution. The nanofibers were deposited on a polypropylene
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(PP) needle-punched nonwoven fabric. They tested the filtration efficiency of the
composites using dust particles in air ranging in size from .6-180 um in diameter. The
filtration efficiency was increased from 63% for the nonwoven fabric alone up to >99% with
the addition of 0.4 g/m® of nanofibers (the area weight of the nonwoven alone was 95 g/m?).
The pressure drop across the filter rose from 12 to 17 Pa, a large percentage increase but still
very low. Nanofiber mats have also been studied for liquid filtration. Polyvinylidene
fluoride nanofibers were shown to remove 96% of 10um polystyrene particles from water
without loss of flow. Also 98% of 1jum particles were removed but with a large increase in
pressure drop [48]. Copper(ll) has also been filtered from water with nanofiber mats through
micellar-enhanced filtration showing excellent filtration (74% removal) [49]. Shin et al. [50]
mixed recycled polystyrene nanofibers with glass microfibers to enhance the coalescence
filtration of water from oil. They were able to increase the filtration efficiency of the glass
from 67 to 88%.

The focus of this research is the development of protective clothing. Therefore, the
focus of this section is on those who have examined the filtration efficiency of electrospun
nanofibers for the specific purpose of aerosol particle filtration for protective clothing.
Gibson et al. [51] tested the filtration of potassium iodide particles (2-3um) through nylon
6,6 nanofiber webs. They were able to achieve no particle penetration above fiber areal
densities of 1 g/m?. This led to a large convective flow resistance when compared to normal
clothing materials. However, there was almost no change in water vapor permeability, thus

allowing evaporative cooling to take place through the clothing without loss in aerosol
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protection. Smaller more penetrating particles have since been used to challenge nanofiber
protection. Qin and Wang [52] deposited poly(vinyl alcohol) (PVA) nanofibers onto two
different PP nonwoven substrates (spunbonded and meltblown). They used 600 nm NaCl
particles in air to test the filtration. The filtration efficiency was increased from 30% and 6%
(meltblown and spunbonded) to 100% and 95% respectively at areal densities of 2.9 g/m?,
where it was seen that the pressure drop increased significantly. This is not always the case
though. It has been shown that 300 nm particles are the most penetrating in terms of
filtration. Vitchuli et al. [53] were able to filter >99.5% of NaCl particles of this size with
minimal change in pressure drop and no change in air permeability. They were able to
electrospun nylon 6 fibers onto a standard military test fabric (50/50 nylon/cotton woven).
Nanofiber mats have also shown potential as molecular filters for biomolecules. Uyar
et al. [54] electrospun solution mixtures of polystyrene (PS) and beta-cyclodextrine. The
nanofiber mats were able to trap 63% of the phenolphthalein from a solution in 72 hrs. This
is, of course, a very long time for filtration, but it shows good potential for developing
filtration mats. Others have functionalized nanofiber mats with Cibacron Blue F3GA, a
general affinity dye ligand for proteins [55,56]. Both showed high adsorption capacity for

the specific proteins used.

1.4.2 Liquid Repellency
Filtration is one of the properties of nanofibers that make them attractive for
protective clothing applications. They can also be excellent barriers to liquid penetration,

stains and blood for surgical gowns. One of the most commonly used methods to determine
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liquid repellency is the measurement of contact angles with various liquids. The most
commonly used liquid is water but various oils are used to measure increased repellency
because of the low surface energies that they possess. Electrospun nanofibers can be made to
display higher liquid repellency than fabrics or films of the same polymer. For example, the
water contact angle (WCA) of polypropylene (PP) nanofiber mats has been measured at
151°, much higher than a commercial nonwoven PP fabric with a contact angle of 104° and a
PP film at 112° [57]. Hydrophilic films of poly(D,L-lactide) and poly(D,L-lactide)-
poly(ethylene glycol) with contact angles of 76.4° and 70.1° were made hydrophobic through
electrospinning (WCAs of 132.2 and 114 respectively) [58]. Other polymers such as
poly(styrene-b-dimethylsiloxane) [59] and poly(e-caprolactone) [60] have also been made
extremely hydropohobic through electrospinning.

Water, and various oils, contact angles of nanofiber mats have been studied by
several researchers displaying good applicability to protective clothing. Cenzig et al. [61]
electrospun a terpolymer containing perfluoroethyl alkyl methacrylate. The nanofiber layer
was found to be superhydrophobic with a water contact angle of 172°. It was also
superoleophobic for glycerol (167°) and ethylene glycol (163°). In the case of hexadecane it
showed a resistance to spreading but the contact angle was only 70°. These results were
expected because of the very low surface tension of hexadecane. Ma et al. [62] combined
electrospinning with chemical vapor deposition to produce oleophobic fabrics. They
electrospun PCL nanofiber mats which were then coated with a thin layer of perfluoroalkyl

ethyl methacrylate. The resulting nanofiber mats displayed a water contact angle of 175° as
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well as oleophobicity with respect to decane, octane, and heptane (contact angles of 118°,
109°, and 92° respectively). Han and Steckl [63] coaxially electrospun Teflon and poly(e-
caprolactone) (PCL) as the sheath and core respectively. The nanofiber mats were shown to
be superhydrophobic with a contact angle of 158° and a water rolling angle of 5°.
Oleophobicity was shown with contact angles greater than 120° for (in order of increasing
surface tension) decane, dodecane, hexadecane, butylbenzene, methylpyrrolidone, ethylene
glycol, and glycerol. In fact, they also showed superoleophobicity for glycerol with a contact
angle above 150°. The only oil that soaked into the surface was octane. These results are
important in the field of protective clothing because similar surface tensions are indicative of
similar contact angles. The surface tensions of liquids used in contact angle measurements
are shown in Table 1.1 along with the surface tensions of liquid/aerosol chemical warfare

agents.

Table 1.1; Surface tensions of liquids used for contact angle measurements and chemical warfare agents
(shown in bold)

Liquid Surface Tension Liquid Surface Tension
(dynes/cm) (dynes/cm)

Water 72.8 n-hexadecane 27.47

Glycerol 64 GB Sarin 26.5

Ethylene glycol 47.7 n-dodecane 25.35

HD Sulfur Mustard | 43.2 GD Soman 24.5
Methylpyrrolidone 40.79 n-decane 23.83

VX 32.01 n-octane 21.62
Butylbenzene 29.23 n-heptane 20.14
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Penetration of liquids through nanofiber mats and composites have also been studied.
Sahu et al. [64] studied the penetration of water droplet impacts on nanofiber membranes.
They were able to produce nylon 6,6, PAN, and PCL nanofiber mats that prevented water
penetration at impact velocities up to 3.46 m/s (the highest velocity tested). Bagherzadeh et
al. [65] showed similar results for PAN nanofiber mats sandwiched between woven fabrics
(material not mentioned) using a Bundesmann rain-shower test. They were able to decrease
the water passing through the fabric composite from 215g (for the woven fabrics alone) down
to 90g. This was coupled with no change in water vapor permeability, again a desirable
quality for protective clothing. Cho et al. [57] studied the barrier properties of PP nanofibers
deposited on nonwoven PP fabrics, and have shown that the water contact angle could be
increased up to 151°. They also studied the penetration of pesticide/water mixtures through
the composites In which it was shown that after the addition of the nanofiber layer pesticide
repellency increased from 3% up to 56% and pesticide penetration fell from 83% down to
9%. Lee and Obendorf [66] also examined the ability of electrospun nanofibers to limit the
penetration of pesticides. They deposited polyurethane nanofibers on PP spunbonded fabrics.
They used mixtures of pesticides and water with surface tensions as low as 20.57 dynes/cm.
In the most penetrating case (20.57 dynes/cm), the nanofiber mats were able to decrease the
penetration from >85% (substrate alone) to below 25% (2g/m? nanofiber density). Again,

there was no change in water vapor permeability.
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1.4.3 Antimicrobial / Detoxification

Protective clothing is even more effective if it not only prevents the threat from
reaching the wearer but also eliminates the threat once stopped. To this end, researchers
have attempted to produce nanofiber barriers that are antimicrobial and able to detoxify
chemical agents. The majority of this research has surrounded the addition of nanoparticles
to the nanofiber mats.

Silver nanoparticles have shown excellent antibacterial properties. Park et al. [67]
electrospun a suspension of silver nanoparticles in nylon 6 solution. The nanofibers
displayed excellent antibacterial properties reducing the growth of Gram positive (S. aureus)
and Gram negative (K. pneumoniae) bacteria by 99.9%. Shi et al. [68] also used a
suspension of silver nanoparticles but used PAN as the polymer. They also saw excellent
antibacterial properties showing the complete inhibition of growth for Gram positive (B.
cereus) and Gram negative (E. coli) bacteria. Others have used metal oxide nanoparticles to
functionalize their nanofibers. Such as TiO, which was electrospun in nylon 6. The
nanofiber mats were able to Kill all E. coli present within 2 minutes in the presence of UV
(necessary to activate the TiO, nanoparticles). This displays the ability to not only inhibit
growth but to Kill existing bacteria [69]. Vitchuli et al. [70] simultaneously electrospun
nylon 6 onto cotton/nylon woven fabrics while electrospraying ZnO. The nanofiber mats
inhibited the growth of 99.99% of both Gram positive (B. cereus) and Gram negative (E.
coli) bacteria. Not only were the nanofiber antibacterial, they were also showed excellent

detoxifying efficiency against paraoxon (a stimulant for nerve agents). 95% of the paraoxon
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was detoxified within 15 min. The fabrics showed no change in water vapor transmission
with the addition of the nanofiber mats. Paraoxon has also been detoxified using MgO
nanoparticles in polysulfone (PSU) nanofibers. The nanofibers were 2 times more reactive
than commercially available activated charcoal when detoxifying the paraoxon [71].
Ramaseshan and Ramarishna [72] produced zinc titanate nanofibers that were able to
detoxify paraoxon and CEES (a stimulant for sulfur mustard agents) without the addition of
nanoparticles. They were able to detoxify 91% of the paraoxon in 50 min and 69% of the
CEES within 10 min. These detoxification rates are not ideal, but they do display the

efficacy of zinc titanate nanofibers in protective applications.
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Chapter 2: Hybrid Atmospheric Plasma — Electrospinning

It has been shown that atmospheric plasma has advantages in surface modification
and functionalization at ambient conditions. It is also well documents that electrospinning
has attractive features in depositing nanofibers on mats. A hybrid system that combines an
atmospheric plasma electrospinning has been developed to be used as a novel technique in
the production of protective mats. This chapter describes the hybrid atmospheric plasma-

electrospinning system, theory, experiment and applications.

2.1 Theory of Hybrid Atmospheric Plasma — Electrospinning

Nanofiber mats have shown promise for protective clothing applications. They have
shown excellent aerosol filtration [51-53] and liquid repellency [61-63]. They can also be
made antibacterial [67-69] to combat biological weapons and have even shown the ability to
detoxify chemical warfare stimulants such as paraoxon [70-72] and CEES [72]. The
drawback is that polymer nanofibers lack structural strength. A solution to give the
nanofibers structural strength is the deposition of nanofibers on fabric substrate; however,
nanofibers do not adhere well to fabric substrates. They are easily abraded and peeled from
the surface. Adhesion could be enhanced through wet chemical processes, but these
processes can damage the nanofibers and are not environmentally friendly. A solution that
could enhance adhesion and abrasion resistance is the use of atmospheric plasma to graft the
nanofibers to the substrate and to each other.

Atmospheric plasmas have been used to activate surfaces for polymer and monomer

grafting [42,43,45]. These experiments have focused on activating the substrate and grafting
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monomers and small polymer chains, but larger polymer chains can just as easily be
activated for grafting. If the nanofibers can be activated while being electrospun, they will
graft to the surface of the substrate as they are deposited, enhancing adhesion. They will also
graft to each other giving the nanofiber mat greater strength and abrasion resistance. The
purpose of this research is to use atmospheric pressure plasma to create a chemically active
environment between the nanofibers being electrospun and the fabric substrate on which they
are deposited. Specifically to create surface radicals as grafting sites on the nanofibers and

the substrate.

2.2 Development of Experimental Hybrid Systems

There are two main challenges associated with the in-situ plasma treatment of
electrospinning nanofibers. Because both plasma generation and electrospinning are
electrical processes, they can easily interfere with each other’s electric fields. Also, the
whipping instability that draws the nanofibers to their small diameter leads to random
deposition that is difficult to control. Therefore, the plasma source must be far enough from
the collector to prevent deposition on the source and electrodes, but it must remain close
enough to treat the nanofibers.

The most important aspect of the hybrid system design is to produce plasma at the
same time electrospinning is occurring. The first design of a hybrid atmospheric plasma-
electrospinning apparatus was to place electrospinning inside of a parallel plate dielectric

barrier discharge in which the electric field between the parallel plates is almost uniform

| E| =®/d, where ‘@’ is the applied potential and ‘d’ is the distance between the two parallel
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plates. In this configuration the entire plasma box is equivalent to a capacitor C = ¢ (A/ d)

with plasma filling, where ‘g’ is the plasma permittivity and ‘A’ is the cross sectional area of
the parallel plates. The experimental set-up was a modification of an existing plasma system
(PALADIN), which is atmospheric plasma DBD device operating in the frequency range 1-
12kHz [73]. It was found that if a pure helium (or close to pure) environment was used,
which is the most adequate gas for plasma generation at atmospheric pressure, then the
electrospinning voltage could not be maintained. A breakdown would occur between the
needle tip and the collector, and the presence of the plasma provides a conductor path that
short-circuits the electrospinning process.

A solution for this difficulty is to blow plasma into the electrospinning path thereby
treating the nanofibers in the plasma afterglow. An audio frequency electrical system was
designed and built for this purpose and was used on all subsequent designs. The details of
this electrical system are given in Section 2.3. A series of plasma sources were designed and
built to overcome both electrical and physical interference between the electric fields of the
atmospheric pressure plasma and electrospinning. A summary of the prominent
configurations is shown in Table 2.1.

The ring configuration 2a has provided producing plasma while simultaneously
electrospinning, however, all of the nanofibers were collected on the plasma source without
reaching the collector. When the plasma source was moved closer to the collector, most of
the fibers were still collected on the plasma source, but a fraction was collected on the

substrate in limited quantities and not with a reasonable thickness of nanofibers on the
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substrate. Configuration 3 allowed for a good collection area, however, the gas flow can be
quickly blocked by nanofibers limiting the extent of the plasma treatment. With the addition
of the rotating collector (a detailed description is given in Section 2.3), fibers could be

collected in large enough quantities for testing while still being plasma treated.

Table 2.1; Summary of hybrid configurations and their success

Atmospheric
No. | Hybrid Configurations Electrospinning
Pressure Plasma
Static
|
Easily obtained
¥ breakdown
with high
1 |:| 8 occurs, high
enough Helium
voltage cannot
|
concentration .
be maintained
Do not reach
Easily obtained, the collector,
2a
limited extent collects on
plasma source
Most fibers
collect on the
plasma source,
Easily obtained,
2b very small
limited extent
quantities of
nanofibers on
the collector
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Table 2.1 Continued

Fibers deposited on the mesh
ront of the plasma area I

Easily obtained,

Fibers collect
easily, quickly

block gas flow,

3 plasma becomes
i limited extent
completely
blocked
Limited
Easily obtained,
nanofibers
limited extent,
4a collected on
very
rotating
inhomogeneous
collector
Same as above, Nanofibers
more collect easily on
4b homogeneous collector, some

treatment of

nanofibers

on plasma

source

Configuration 4a has a continuous slit through which plasma is blown and the electric

field is equivalent to the field generated by a point charge ‘Q’ thus| E| =kQ/r*=9x10°Q/r?,

where k = 9 x10° (N.m%/C?) for air, however, the plasma was very inhomogeneous along the

length of the plasma source. It was found that the use of multiple holes led to an increased
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homogeneity along the source length. This final configuration 4b is the final successful
design that was used for textile testing and plasma modeling. The features of this

configuration are given in detail in the following section.

2.3 Optimized Hybrid System with Rotating Collector

The plasma source designed and built for the optimized hybrid system is a
capacitively coupled dielectric barrier discharge. The dielectric barrier is garolite g10/fr4, a
composite of fiberglass and epoxy. It was found that the extended use can ablate the epoxy
in the plasma and the continuous operation can lead to a failure causing arcing. A simple
addition to the design is the addition of a sheet of polyethylene as a protective layer on the
garolite, which proven to be sufficient enough to prevent ablation and eliminate any failure

that leads to arcing. A cross-section of the plasma source is shown in Figure 2.1.

Figure 2.1; Cross-section of the hybrid plasma source
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Table 2.2; Internal dimensions of the hybrid plasma source

Plasma Source dimensions (in inches unless specified)
length width thickness
Electrodes 7 1/8 1/16
Discharge region 7 3/8 3/32
Garolite insulator 1/16
Polyethylene sheet 25 mm
Holes (57 centered | diameter pitch
in discharge region) | 1/32 1/8

The exact dimensions of the plasma source are shown in Table 2.2. The electrode
embedded in the dielectric is the powered electrode and the bare electrode is in common
ground with the rotating collector. The plasma gas (either He or He/O; at 99/1) is introduced
into the discharge region where it is excited, dissociated, ionized and then blown out of the
holes to the bottom into the path of the nanofibers as they are electrospun by the
electrospinning setup. Figure 2.2 illustrates the injection of the nanofiber solution into the
plasma and collection on the rotating drum. In this final design, the electrospinning needle is
approximately 15 cm from the rotating collector and powered by a high voltage DC source at
15kV. The electric system of the plasma source uses a TITAN hybrid switchmode AC power

supply with built-in function generator operating in the frequency range 45 Hz — 15 kHz. The
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power supply can provide up to 8 Amp current in 2 switchable modes, 0-130 V or 0-260 V.
The design can provide up to 12 kV, and higher, to induce breakdown in a dielectric-barrier
discharge (DBD) at atmospheric pressure. The electrodes are coupled to the output of the 2
out-of-phase (180° out-of-phase) transformers; each provides half of the required voltage.
The design uses two AD6286 high voltage transformers, 10kV insulation; each has a step-up
ratio of 1:125. The transformers are center-tapped to ground and the input leads are coupled
to the source that provides variable frequency input at adjustable voltage. The output is
coupled to a step-down transformer to adjust the output to a maximum of 110 V, which is the

maximum allowable input to the out-of-phase transformers.

@~

Figure 2.2; A schematic of the hybrid electrospinning system
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The switchmode power supply provides 130V or 260V sinusoidal output at a selected
pre-set frequency between 4 - 15 kHz, and the output is fed to the step-down transformer to
adjust the output to 50V input to the out-of-phase transformers, which in turn will provide
6.25kV on each transformer output and hence the peak-to-peak voltage on the electrodes will
be 12.5kV. Figure 2.3 shows the electrical circuit of the system in which the plasma
discharge is modeled as a capacitor filled with plasma and has a dielectric constant
determined by the nature of the generated plasma. Discharge current and voltage are always
sinusoidal with typical 80° phase between the voltage and current indicating the capacitive

behavior of the test cell.

Step Up
Transformers
1:125
Step Down =, -
Transformer ] [ |
Powver Supply 2.9 = = !
+ i f
| Plasma Chamber
| 1:125 ||
- I- I = -: I l

||I—

Figure 2.3; Electrical circuit of the system showing the power supply, step-down transformer, out-of-
phase transformers and the plasma chamber modeled as a capacitor



Chapter 3: Plasma Parameters in the Hybrid System

3.1 Electrical Parameters

The current, voltage, and phase difference of the plasma discharge were all measured.
The voltage was measured using a Tektronix P6015A compensated capacitively-coupled
high voltage probe Model TDS 2024 ratio 1:1000, and the current was measured via a
Pearson coil Model 2877 ratio 1VV/1Amp. The waveforms were obtained by coupling the
measuring sensors (voltage and current) to a Tektronix digital oscilloscope, which is
connected to a computer running WaveStar® software and converting data into an Excel
spreadsheet. As shown in Figure 3.1 for an experiment with pure helium, the voltage

waveform is smoother than the current waveform due to the series of breakdowns that appear

on the current more than that on the voltage.

V-1 Characteristic (He)
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290
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Figure 3.1; Voltage-Current characteristic for a pure helium discharge
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The phase angle between the current and voltage is approximately 80°, typical for this
capacitively dominated discharge. Figure 3.2 shows the voltage and current of a He:O;
discharge at a ratio of 99:1, where it is observed that the voltage is slightly higher as is
expected for a discharge containing oxygen. The current is also slightly different and
smoother at all positive half cycles, and its magnitude is slightly lower than that for the pure

He discharge.

V-1 Characteristic (He/O2)

- Voltage (kV) %’..’3§ o 3 ;?g

Figure 3.2; Voltage-Current characteristic for a He/O2 (99/1) discharge

A summary of the electrical parameters of pure helium and He/O; discharges is
shown in Table 3.1. These electrical parameters are used as input parameters into the

electrical model of the atmospheric plasma detailed in Section 4.1.
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Table 3.1; Peak voltage and current along with calculated quantities, phase difference and impedance

He He/O,
V (V) 5036.8 5096.7
I (A) 0146 .0140
¢ (rad) 1.41445 1.41371
Z | 344986 e"*** | 364050 "

3.2 Thermal Properties

Bulk plasma temperature measurements were taken by an Omega perfluoroalkoxy
(PFA) coated K-type thermocouple. The PFA electrically insulates the thermocouple to allow
for direct gas temperature measurements in the plasma. The temperature was measured at
the plasma outlet and at various locations in the electrospinning path. The temperature
measurements indicate uniform plasma gas temperatures that all measured temperatures are
within 2°C of the ambient temperature. This shows that this is, in fact, a non-thermal ‘cold’
plasma and will not thermally damage any materials being treated. This is an important
aspect in the design of the hybrid atmospheric-electrospinning system ensuring no thermal
effects on materials immersed in the plasma, which in turn ensures that any treatment results

are solely due to plasma and not due to any thermal treatment.
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3.3 Optical Emission Spectroscopy

3.3.1 Equipment

Optical emission spectroscopy has been used to obtain the spectra of the plasma at
various locations inside the hybrid plasma source and specifically at the center of the
discharge region. A 10 m long, 400 um bifurcated fiber optic patch cord was used to
transfer the light from the plasma source to two Ocean Optics HR2000 fixed grating
spectrometers which were used to measure the spectra. Both spectrometers are fitted with a
600 line/mm grating, 25 um slit and Ocean Optics L2 internal lens to focus the light onto the
CCD. The grating of the UV-VIS spectrometer is blazed at 500 nm and views the
wavelengths between 244 nm and 700 nm. The VIS-NIR spectrometer has a range of 593
nm to 1025 nm with the grating blazed at 750 nm. The spectrometers are power calibrated
using an Ocean Optics LS-1-CAL lamp. Spectral data are transferred from the two

spectrometers to a PC via IEEE interface card and an Ocean Optics software package.

3.3.2 Theory

Optical emission spectroscopy (OES) is a non-invasive diagnostic technique that can
be used to identify plasma species and measure electron number density and temperature.
The emission lines and bands present in the spectrum allow for the identification of the
chemical species present in the plasma. These chemical species can be identified through the
comparison of known atomic and molecular emission spectra and the emission lines and
bands present in the plasmas emission spectrum. This information allow for the addition or

omission of chemical species to or from the chemical kinetics code employed to determine



42

the concentrations of the chemical species. The continuum of the plasma spectrum allows
for the indirect measurement of the electron temperature and number density. The
Bremsstrahlung radiation emitted by the free electrons decelerating due to collisions with
neutral particles produces a continuum of radiation (neutral Bremsstrahlung). The produced
neutral Bremsstrahlung continuum can be related to the electron temperature and the
concentration of electrons in the plasma by the technique described by Park et al. if the
plasma discharge is dominated by electron-neutral collisions [74], which is typical for most
atmospheric pressure plasma discharges in which electron collisions are responsible for most
reactions of the first and second order, and the momentum transport processes.

The first step in being able to match the measured continuum to a theoretical
continuum is determining the theoretical continuum. The emission continuum is intensity

per wavelength interval.
Q =EuVa [3-1]
Where Eag=hvis the energy of the emitted photon and v, is the emission frequency per unit

volume in the wavelength interval dA which is given by

dUNB,,l(E)

= [3-2]

Ver = NgasNev

Where N, and N, are the density of neutral atoms (or molecules) and electrons,

respectively, v is the initial velocity of the colliding electron, and 2on62B) s the neutral

bremsstrahlung emission cross section in a given wavelength interval dA as a function of

electron energy. The energy of the emitted photon must be equal to or less than the initial
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energy of the colliding electron. Therefore, this term must be corrected by multiplying by
the electron energy distribution function and integrating over all electron energies greater

than the energy of the emitted photon yielding

t doy, (E)

Q, =N thhjvu o1 (E)dE [3-3]

gas' Ve

where f(E) is the electron energy distribution function. However, the neutral
Bremsstrahlung emission cross section is given by Dalgardo and Lane [75] per frequency

interval.

do.(E) 8t E(1 0T hyye[1- _
e hv(l Ej {qo(E hv)+(1 quO(E)} [3-4]

Where 7is the classical electron radius, c is the speed of light, and q, is the electron
momentum transfer cross section (the functional forms of the momentum transfer cross-
section for He and O, and method for their determination are shown in Appendix A). This
requires a change of variables yielding the final equation for the neutral Bremsstrahlung

continuum intensity for a given wavelength interval.

o0

dO'V(E) dv )
Q, = NgaSNehvhjvuTH f (E)dE in

[3-5]

cm3nm

This matches the equation given by Park et al. [74]. The electron momentum transfer cross
sections for helium and oxygen were fitted from tabulated experimental data to allow for
integration which leaves the electron energy distribution function (EEDF) as the last

unaccounted term.



The most commonly used distribution for plasmas is a Maxwellian given by

fran(E) = %ﬁ(kn)*ﬂe(‘k%) (361

Because the plasma is a non-equilibrium atmospheric pressure discharge, there are
many inelastic processes which could cause the energy distribution to deviate from
Maxwellian. The Druyvesteyn distribution was developed to account for these inelastic

processes and is given by

3/2 E \2
foru(B) = = (“0'548> a0 )

.75\ <E >
Both the Maxwellian and Druyvesteyn distributions are examined and compared to
determine which one better matches the experimental results. Samples of the calculated

theoretical continua are shown in Figures 3.3 and 3.4.
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Druyvesteyn Neutral Bremsstrahlung Continua (He)
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Figure 3.3; Theoretical Neutral Bremsstrahlung Continua calculated for a helium discharge using a
Druyvesteyn EEDF

Maxwellian Neutral Bremsstrahlung Continua (He/O2)
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Figure 3.4; Theoretical Neutral Bremsstrahlung Continua calculated for a He/O2 discharge using a
Maxwellian EEDF
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Since the expression for the neutral Bremsstrahlung continuum intensity is a function
of average electron energy and electron number density (Eqn 3-3), these parameters may be
calculated through comparison with the experimentally measured continuum. First the
continua will be normalized to allow for a comparison of continuum shape (related to
electron temperature). Once normalized, the theoretical continua will be fit to the
experimental continua to determine the electron temperature. After the temperature has been
determined, the magnitude of the theoretical continuum will be compared to the absolutely
calibrated experimental spectrum. This magnitude is a function of the electron number

density, which is the final unknown in Eqgn 3-3.

3.3.3 Spectral Measurements Results

3.3.3.1 Line Identification

The spectra for both plasma discharges (He and He/O,) are very similar as the He/O,
is only a 1% O, however, the pure helium discharge is not truly pure as there will always be
a fraction of air in the discharge. The presence of oxygen lines in the helium discharge and
the presence of N, lines in both spectra confirms the existence of a fraction of show air in the

plasma cell, which is expected in an open air system with no vacuum equipment.
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Figure 3.5 shows the atomic and molecular line identification of the helium discharge

and the identified lines. Clearly helium lines are well identified. Several oxygen lines were

also observed from the fractional air content in the plasma cell.

Wavelength (nm)
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Figure 3.5; Atomic and Molecular Line Identification for He discharge
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Figure 3.6 shows the atomic and molecular line identification of the helium/oxygen (He/O,
ratio 99/1) discharge and the identified lines. Clearly it is very similar to the one obtained for
pure helium discharge as can be seen from the identified lines. The only clear difference
between the spectral lines is the increase in the relative intensity of the oxygen lines in the

He/O, discharge, which is expected due to the increase in oxygen content flowing into the

plasma cell.
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Figure 3.6; Atomic and Molecular Line Identification for He/O2 discharge
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Atomic lines were identified using the NIST database [76] while molecular lines were

identified using tables compiled by Pearse and Gaydon [77]. Table 3.2 shows the identified

lines.

Table 3.2; Identified Atomic and Molecular Spectral Lines

Wavelength | Wavelength Wavelength Wavelength Wavelength
(nm) (nm) (nm) (nm) (nm)
He | N, 1st Positive | N, 2st Positive | O | 777 triplet O 1 844.6 triplet
501.57 639.47 315.93 777.194 844.625
587.56 646.85 337.13 777.417 844.636
667.8 654.48 353.67 777.539 844.676
706.5 662.36 357.69
728.13 738.66 375.54

750.39 380.49

762.62 399.84

775.32 405.94

872.23 426.97

891.16

3.3.3.2 Neutral Bremsstrahlung

The theoretical neutral bremsstrahlung continua were generated using MathCad codes

written for this purpose (reported listing is given in Appendix B). Both the theoretical

continua and measured spectra were normalized to 700 nm in order to match the shape of the

neutral bremsstrahlung continuum which gives an estimate of the average electron

temperature because the theoretical continua are functions of energy. Upon determining the

electron temperature, the electron number density can easily be calculated because it is the



50

quotient of the measured continuum magnitude and the theoretical magnitude. Plots of He

and He/O; continua using a Maxwellian EEDF are shown in Figures 3.7 and 3.8.
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Figure 3.7; Neutral Bremsstrahlung Continuum matching for He discharge using a Maxwellian EEDF

The He discharge matches well to an average electron temperature of 2.8 eV for the
Maxwellian EEDF, corresponding to 2.03x10" electrons/cm® while the He/O, discharge

shows a lower electron temperature of 2.7 eV, corresponding to 1.16x10" electrons/cm®.
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He/O2 Maxwellian
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Figure 3.8; Neutral Bremsstrahlung Continuum matching for He/O, discharge using a Maxwellian EEDF
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Using a Druyvesteyn EEDF (Figures 3.9 and 3.10), the electron temperatures were shown to
be very similar for both the He and He/O, discharges (3.5 eV). The electron number
densities, however, showed a difference of a factor of 2 between He and He/O, discharges,

1.1x10" and 5.6x10° electrons/cm?, respectively.
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Figure 3.9; Neutral Bremsstrahlung Continuum matching for He discharge using a Druyvesteyn EEDF
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Figure 3.10; Neutral Bremsstrahlung Continuum matching for He/O, discharge using a Druyvesteyn
EEDF

These numbers are well within the ranges for electron temperature and number density for
atmospheric pressure plasma discharges. These results indicate a plasma temperature in the
range of 2.5-3.5eV and an electron number density in the range 5.6x10° to 2x107 for such
typical discharges. Also indicates that both methods are quite successful and adequate for

determining the plasma discharge parameters.
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Chapter 4: Atmospheric Plasma Modeling
4.1 Equivalent Circuit Model

A circuit model was developed based on modeling the plasma cell as an electrical
circuit with equivalent circuit elements and impedances. To derive an equivalent circuit
model, one can start from setting up the impedance equation for an oscillatory AC discharge
as

Vo .V,
Z =e'% = [cos(p) + i sin(@)] [4-1]
0 0

where Z is the complex impedance of the circuit, Vo is the amplitude of the applied voltage, 1o
is the amplitude of the current, and ¢ is the phase angle between the current and voltage. It is
reasonable to model the plasma as a series of complex impedances, and then the equivalent
circuit impedance is given by

Z = Zd + Zsheath + Zp [4'2]

where Z is the total equivalent impedance of the circuit [78-80]. This equivalent impedance
is composed of three complex impedances, impedance of the dielectric barrier Zg, which is
composed of thin layers of garolite and polyethylene, the plasma sheath impedance Zgheatn,

and the bulk plasma impedance Z,. These three impedances will be considered separately.

4.1.1 Dielectric Barrier
The dielectric barrier is a simple series of two capacitors with the dielectric constants
of the two materials. For the purposes of this model, the capacitances are considered a series

of parallel plate capacitors whose capacitances are given by
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_keyA

“=

[4-3]

Where k is the relative permittivity (dielectric constant) of the material, & is the permittivity
of free space, A is the area (equal for the two capacitors), and d is the thickness of each
dielectric layer. The series combination of the two capacitors then yields the dielectric

barrier impedance.

—i (dy dpe
Za = wEYA <E + k.. [4-4]

4.1.2 Sheath

The plasma sheath is approximated using the formulations developed by Oliver et al.
[81] for a mobility limited ion sheath. They give the effective frequency dependent
impedance as

2s ot —i[e” T — 1] —i(wr)? [a + %]

Zsheath = [4-5]
shea Agyw (wt)?[1 + 2]

Where s is the sheath thickness, A is the area, w is operating frequency, z is the ion transit

time across the sheath, and « is a parameter given by

&
@=— [4-6]
neeut

Where ng is the ion density at the sheath’s edge and 4 is the ion mobility obtained by

q
= 4-7
K m;Vin [ ]

here m; is the ion mass and v;,, is the ion-neutral collision frequency given by
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Vin = ONyV; [4-8]
and o is the ion-neutral collision cross-section approximated by hard sphere collisions and v;
is the ion velocity.
The effective impedance may be simplified in the low frequency limit (w7 « 1) to be

7 _ i2sa 49
This shows that the impedance is given by an equivalent capacitance in the case of a high

pressure (mobility limited), low frequency (wt <« 1) plasma sheath.

4.1.3 Plasma
Assuming the plasma acts as a parallel plate capacitor with a complex frequency-

dependent permittivity, its capacitance is given by

B &p(w)A
p= g [4-10]
And the impedance is then given by
1
Zp = iwC, [4-11]
Combining the equations
d
Zy = —r [4-12]
iwé&, (w)A

The frequency, thickness, and area are all known quantities, leaving only the permittivity as
the remaining unknown.
The Drude Model was used to determine the permittivity of the plasma. This model

takes into account the frequency of the applied voltage, the restoring force of a resonant
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(natural) frequency for the electrons, and the drag created by collisions in the plasma [78].
Because this is weakly ionized plasma, the collision frequency can be approximated as the
electron-neutral collision frequency, thus neglecting the electron-ion collision frequency, and

the equation for this model becomes,

2

w
3 =g |1 P 4-13
Ep(w) €o + (wg _ (UZ _ i(UVen) [ ]

Where ¢, is the permittivity of free space, w, is the resonant frequency, w is the frequency of

the applied field, and w, is the electron plasma frequency given by,

ne?

wi = [4-14]
meéy

This resonant frequency is caused by the binding energy that the atom exerts on the electron.

Since the current is carried by the free electrons in the plasma, there is no resonant frequency,
and hence @, =0. This simplifies the equation slightly; however there is a great deal of

algebra to obtain a useful form of the impedance.

Eliminating the resonant frequency the Drude model becomes

3 (—w? = iwVvey) + wh
& (w) = & (w? = iwv,)) [4-15]
Inversing Eqn 4-15 one gets g(‘;) = [w;“’:;i“l,’:i" ] which yields
P p~ W —lWVen
€ _ (0* — w?w? + W) — iwWiv,, (4-16]
&(w) (wg — w2)2 + w?vZ,

The above equation can be separated into the real and imaginary parts. Substituting the result

from Eqgn 4-16 into the plasma impedance gives



4 2,.2 2,,2 i 2
4y (w — Wy + WV ) — lWWEVen

= - 4-17
PiweyA (wg _ wz)z + w2V, L ]

And distributing the i terms one obtains

dy —ww2ve, —i(w* — w202 + wv2,)
P wepd (wz _ wz)z + w22 [4-18]
17 en
4.1.4 Total Impedance
Combining these three impedances as per Eqn 4-2 yields the following.
—i (d, d i2sa
7= <422+
wegA\ky  kpe) Agow[l+ 2a]

[4-19]

dy —ww2ve, — i(w* — ww? + w2,)

weA (w2 — wz)z + w?vZ,

The complex impedance can be broken into the real and imaginary parts as follow:

d —wwiv
Re(Z) = —=2 v Pt [4-20a]
WEg (wz% — w?)" + wvd,
-1 (d, d 2 d, (0*— w?w?+ w*v?
Im(z) = %9 | Tpe s 4y ( P ) [4-20b]
wegA\ky  kpe) Agw[l+2a] weA (a)f, —w?) + 0t
These can then be equated to Eqgn 4-1 as follows
Vo d —Ww2v
Iy cos(e) = a)epA 2 2 g ~ 292 [4-212]
0 0 (a)p )] ) + w*vg,
Vo . -1 (dy dpe 2sa dy (0*—w?w?+ w?vi)
—sin(p) = —+— - > [4-21Db]
I wegA\ky  kpe) Agw[l+2a] wegA (wg — w?) + w23,

58
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4.1.5 Circuit Model Results

The solutions for the electron number density ne and the plasma temperature T, are
determined graphically (the MathCad codes used to determine these graphs are included in
Appendix C). The resistance and reactance are plotted as functions of both n. and Te. There
are multiple solutions which satisfy either R=Re(Z) or X=Im(Z), but only one set of n. and T,
that satisfies both. As seen in Figure 4.1 the He solution corresponds to a plasma

temperature of 2.66 eV and an electron density of 6.45x10° cm™.
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Figure 4.1; Graphical Solution of Circuit Model for He discharge



60

Figure 4.2 shows the He/O, solution corresponding to 2.845 eV and 6.318x10% cm™.
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Figure 4.2; Graphical Solution of Circuit Model for He/O, discharge

The results are shown in Figure 4.3 along with the results calculated from the neutral

bremsstrahlung technique using both Maxwellian (Max) and Druyvesteyn (Dru) electron

energy distributions (EED).

The error associated with the temperatures calculated using the neutral

bremsstrahlung technique is ~20%. This shows that the temperatures calculated for the



circuit model and the neutral bremsstrahlung technique with a Maxwellian EEDF are well
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within the margin of error of each other. Electron temperatures in this range will be used in

the chemical kinetics model.
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Figure 4.3; Electron temperature and number density calculated using the circuit model (Circuit) and

neutral bremsstrahlung technique with Maxwellian (Max) and Druyvesteyn (Dru) EED
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4.2 Chemical Kinetics Model

As indicated in the literature review in Section 1.3, atmospheric plasmas used for
surface modifications are not typically characterized by traditional plasma parameters.
Authors give the working gas, the chamber pressure, the chamber geometry, electrical
schematic, and details of the power supply used as the main parameters in atmospheric
plasma surface modification systems. This information is, at best, enough to recreate the
exact conditions of the experiment. It does not tell other experimenters whether or not their
plasma device could reproduce the experiment. It would be better if the plasmas were
characterized by their electron number densities, electron temperatures, mean free paths,
chemical species present in the plasma, ion and radical concentrations, and chemical reaction
rates. In the previous chapters, the electron number density, and temperatures have been
characterized through OES and circuit modeling with good correlation between the results
from various techniques and have shown consistency and adequate results as compared to
results from the developed models. These values are now used as inputs into a chemical
kinetics model in order to determine the concentrations of chemical species present in the

plasma.

4.2.1 Global Chemical Kinetics Model
This model assumes a time and space average within the plasma cell. A steady flow
of working gas (He and Oy) is introduced at the inlet. Because the cell pressure is steady, the

flow at the exit must be equal to the inlet flow. This out flow is a loss for all species and is
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directly proportional to the concentration of each species individually. The formulations
presented are based on Kuo [82].

Given the general set of chemical equations:

K

K
Z Vii Ck = Vi Ck [4-22]
k=1

k=1
The rates of creation (Cy) and destruction (Dy) of species k may be written as (including

flow-in (FI) and flow-out (FO))

1 K
Ck = Z Vﬂiki 1_[ CM’].V]"i + Flk [4-233.]
i=1 j=1
I K
Dy = Z ViiKi 1_[ Cum;"it + FOy [4-23b]
i=1 j=1

Once steady state is reached C, = Dy, an iterative scheme can be used to solve for the
concentrations of all the species. Starting with an initial value, and building upon each

iteration, we can write

I " K vl
c 2oy Viiki TS G it + Fl
kx+1 — ] 7
’ K Vis
Zizl Vkiki Hj:l CM,j,x A Fok,x

Ckx [4-24]

This model iterates until ZI;=1|CkIX+1 — Ck,x| < .001 (the code can be found in Appendix D)
The model includes 14 species of helium and oxygen (He, He*, He™, He,*, He2", O,

02*, 0", 07, 0, 0*, OF, 0, and 03). The metastable species refer to He(%S), O(*A), and

O('D). Hey* is the “ground” state of He, because a stable version does not exist. There are

123 reaction mechanisms considered for these species plus electrons as well as 10 wall
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reactions. The reactions for a pure helium discharge are shown in Table 4.1. The full set of
reactions used can be found in Appendix E. Table 4.2 shows the wall reactions and their
probabilities. The rate constants shown are in cm®s™ for two body reactions, cm®s™ for three
body reactions and s™ for the radiative de-excitation of Oy*. Teis ineV, T isin K, and To=

T/300.

Table 4.1; Reactions & Rate Constants for pure He

No. Reaction Rate Constant, k (cm, molecules, s) Ref.
1  e+He—He +e 42F — 9 T 3lexp (—19.8/T,) 83
2 e+He—->Het+e+e 1.5E — 9 T2%8exp (—24.6/T,) 83
3 He*+ He - He+ He + hv 3.06E — 15 84
4 e+ He* > He+te 2.00E — 10 T231 85
5 He*+He*—> Het+He+e 1.5E — 9 TS 86
6 e+ He* - He* 6.76E — 13 T, 05 86
7 e+e+He" > He +e 5.12E — 27 T;*5 86
8 e+He* > Het+e+e 1.28E — 7 T>%exp (—4.78/T,) 86
9 e+Hef > He +He 5.0E —9T,°° 83
10 He*+ He+ He - Hef +He 2.0E — 31 83
11 e+ He;->Hef+e+e 9.75E — 10 T2 "*exp (—3.4/T,) 85
12 He*+ He+ He — He; + He 1.3E —33 85
13 He*+ He*—> Hef +e 2.0E -9 87
14 e+e+Hef >He+He+e 5.036E — 27 T;*5 87
15 e+ Hef » He+ He 1.0E —8 87
16 e+ He+ Hej » He+ He+ He 2.0E — 27 87
17 He;+ He; » Hef + He+ He+e 1.5E -9 88
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Table 4.2; Wall Reactions [86]

No.  Wall Reaction Probability
W1 He*+ wall - He 1.0
W2  He* +wall > He 1.0
W3  Hef +wall > He; 1.0
W4 05+ wall - 0, 1E-5
W5 O0+4+wall > 1/20, 0.02
W6  0f +wall - 0, 1.0
W7 057 +wall - 0, 1.0
W8 O*+wall->0 1.0
W9 Ot +wall - 0 1.0
W10 O~ +wall - 0 1.0

4.2.2 Chemical Kinetics Results

As was discussed in Section 4.1.5, the electron temperatures calculated using the
neutral bremsstrahlung technique with a Maxwellian EEDF and the circuit model are within
the margin of error of each other. The electron number densities, while within the range
expected for atmospheric pressure plasmas, are significantly different. The results of the
chemical kinetics model show that the logarithmic ratios of species concentrations are
relatively independent of electron number density and depend almost exclusively on the
electron temperature input. This is apparent in Figure 4.4 showing concentration vs. electron

number density at 3 eV.
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Figure 4.4; Species concentration vs. electron number density at 3 eV

All species are following very similar slopes except for O" which follows a slightly
shallower slope. This is in stark contrast to the data shown in Figures 4.5 and 4.6 which

show large changes in concentration ratios with changes in electron temperature.
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Figure 4.6; Radical concentration vs. electron temperature at an electron number density of 3E7 cm-3

It is clear that the He/O, plasma is dominated by both oxygen ions and radicals and

that in this case, the helium plays a lesser role. Without accurate electron number densities,

it is impossible to determine the exact concentrations of the plasma species. It is, however,

possible to determine the relative concentrations of species with reasonably accurate electron

temperature data. This allows for a determination of which species dominate the plasma,

which in turn allows for a more complete understanding of the surface modification

mechanisms involved in the enhanced adhesion of nanofibers to the fabric substrate.
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Chapter 5: Experiments on Nanofiber Production Using the Hybrid
System

5.1 Nanofiber Production

Nylon 6 nanofibers were electrospun in the hybrid system. The electrospinning
syringe was filled with Nylon 6 (12 wt%) solution in tetrafluoroethylene (TFE). The feed
rate was maintained at 1 ml/hr. The needle tip was placed 15 cm from the rotating collector
and the electrospinning voltage was set at 15 kV. The substrate was a Nylon 6,6 / cotton
(50/50) woven fabric (240 g/m2). The fabric was placed on aluminum foil and fastened to
the rotating collector. The rotational speed was steady at 20 rpm. The experimental set-up is

shown in the Figure 5.1.

- 2

BN’

A

Figure 5.1; Set-up for hybrid atmospheric plasma treatment while electrospinning
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The plasma gas was either 100% He or He:O; (99:1) with a total gas flow rate of 20 L/min.
The plasma was blown down in front of the rotating collector as shown in Figure 5.2.

The deposition time for each nanofiber mat was held constant at 10 min.

Figure 5.2; He plasma being blown in front of the electrospinning collector

5.2 Nanofiber Characterization

The nylon nanofibers were characterized in two ways, elemental composition and
adhesion to the substrate. The elemental composition analysis was performed through X-Ray
Photoelectron Spectroscopy (XPS). The adhesive strength was both quantified by a peel test

and qualitatively analyzed through flex testing.

5.2.1 XPS Analysis
The XPS analysis was carried out using Axis Ultra (Kratos Analytical Ltd, UK) with

MgKa excitation (1254 eV). The energy was calibrated using the adventitious carbon line
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(Cls at 284.5 eV binding energy) as a reference. The base pressure of the analysis chamber
was ~10™° Torr. CASA XPS software was used to analyze the data. The elemental surface
compositions of the nylon nanofibers are shown below along with the relative surface

chemical bonds (in %).

Table 5.1; Elemental surface composition and relative surface bonds of the control and hybrid
electrospun nanofibers

Composition (%) Relative Surface Chemical Bonds (%)

C O N C-C |C-N [C-O |CONH |0O-C=0
Control 78.1 11.1 10.8 39.3 332 |- 27.5 -
He plasma 77.2 10.8 12 448 263 |174 [11.4 -
He/O2

72.5 16.6 10.9 238 |55 |454 |57 19.6
plasma

Nanofibers hybrid electrospun with pure helium plasma did not show a significant
change in elemental surface composition when compared to the control samples. Mainly
there was a slight increase in nitrogen content accompanied by a slight decrease in carbon
content. There was, however, a significant change in relative surface chemical bonds. The
large decrease in CONH bonds and large increase in C-O bonds suggests the breaking of
CONH bonds to form C-O bonds. The He/O; plasma treated nanofibers showed a substantial

increase in surface oxygen content, as one would expect from oxygen plasma treatment. This
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is made even clearer by the drastic increase in C-O surface bonds (over 45% of the surface
bonds). The large drop in C-N and CONH bonds accompanied by the creation of O-C=0
bonds further shows that the He/O, plasma was very effective in oxygenating the nanofiber
surface. The increased content of C-O and O-C=0 bonds lead to improved reactivity of the

nanofiber surfaces.

5.2.2 Peel Test Results

The adhesion strength between the nylon nanofibers and the fabric substrate was
measured by a peel test method based on ASTM 2261 Standard Test Method for Tearing
Strength of Fabrics by the Tongue Procedure using an Instron® Tensile Tester. To assure
proper peeling and avoid slippage of the grip, tapes were attached to both the nanofiber mat
and substrate fabric. The nanofiber mat was held by the moving grip while the fabric was
held by the stationary grip. A 50 gram load cell was used to determine the maximum load
required to remove the nanofiber mats from the fabric substrates at a constant rate of 50

mm/min.
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N
Figure 5.3; Peel test sample (left) and sample being tested in the tensile tester (right)

The adhesion strength was measured in gram force and averaged over 20 specimens
for the control, 100% He plasma, and He:O, plasma treatments. Table 5.2 shows the average
adhesion strengths and standard deviations between the nanofiber mats and fabric substrates.
It is clear that hybrid plasma treatment increased the adhesion between the nanofibers and

fabrics.

Table 5.2; Average adhesion strengths in grams force along with standard deviations for untreated and
plasma treated nanofiber mats

Adhesion Strength (gf)

Control 1.51+0.3

He plasma 2.74 £ 0.6

He/O, plasma | 3.69 + 0.9
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The adhesive strength remains low (still on the order of a few grams), but the
percentage increase is significant. This increased adhesion correlates to the increase in active
surface functional groups shown by XPS analysis in Table 5.1. This indicates that there may

be covalent bonding and cross-linking between the nanofiber mats and fabric substrates.

5.2.3 Flex Testing

The flex durability of the nanofiber mats was qualified using a Gelbo Flex test
conducted based on ASTM F392-93 Standard Test Method for Flex Durability of Flexible
Barrier Materials. The test was performed using an IDM Gelbo Flex Tester (IDM

Instruments Ltd®) (shown in Figure 5.4).

Figure 5.4; Gelbo Flex Tester
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The nanofiber deposited fabric samples were attached to the two disks with hose
clamps. They were twisted and flexed for 1000 cycles and the adhesion was qualitatively
assessed based on SEM images of the nanofiber/fabric surface. Typical SEM images of

nanofiber/fabric surfaces before and after Gelbo Flex testing are shown in Figure 5.5.

Figure 5.5; Typical SEM images of deposited nanofibers before (a) Gelbo Flex testing, and nanofibers
hybrid electrospun with no plasma (b), He plasma (c), and He/O2 plasma (d) after 1000 cycles
of flex testing

It is clear that the hybrid plasma treated nanofibers showed a higher resistance to
peeling and tearing. Again, the treatment does not prevent the failure of the nanofiber/fabric
interface, but the adhesion strength does show a marked increase from untreated samples
when compared to He plasma treated samples. The adhesion is further increased for He/O,
treated samples. These results correlate well to the increased adhesion strength shown in the

peel test as well as the increase in active surface functional groups shown by XPS.
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Chapter 6: Conclusions

The most important outcome of this research is the determination of the feasibility of
combining electrospinning and atmospheric plasma treatment in a hybrid system efficient
enough to electrospin nanofibers and expose them to atmospheric plasma for the purpose of
developing protective cloths and mats. It was difficult to produce nanofibers in the presence
of the electrical and physical interference from the plasma electrodes; however, a solution
has been implemented and successfully operated. As the interference developed, especially
between the electric fields of the electrospinner and that of the plasma dielectric barrier
discharge (DBD), placing the plasma source out of the electrospinning path has provided the
means by which the hybrid process achieved the desired operation. In order to do such
implementation, the plasma was blown into the electrospinning path with the source to the
side to treat the nanofibers in the afterglow of the plasma. Here in the afterglow plasma, the
active species are mainly the plasma radicals and not the ions and electrons, which provide
an abundance of excited atoms and molecules efficient enough to interact with the nanofibers
and provide the desired treatment and lead to enhanced nanofiber/substrate properties. The
design of the hybrid atmospheric plasma-electrospinning system has an advantage over the
individual benefits of each separate system. The final design was achieved following a series
of design features which started from electrospinning flowing into DBD plasma to finally
injecting electrospinning into the plasma afterglow with the collection performed on a
rotating drum. In this final design a slit with distributed holes allows for the continuous

blowing of the plasma with the electric field of the electrospinner approximating a point
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charge source with the applied potential between the needle and the collection drum.
Uniform homogeneous plasma is successfully generated along the source length.
The design of the hybrid system has an invention disclosure NCSU File Number 09-

071, Filed for Provisional Patent Attorney File Nos. 61824 1230P1; 61824.01050.4, U.S.

Provisional Patent Application Serial No. 61/445,333 on 21 February 2011.

Treatment of electrospun nanofibers in the hybrid system has shown that not only the
adhesion between nanofibers and the fabric substrate was increased, but also the nanofibers
themselves have shown increased strength and durability. The peel test of the treated
samples has shown an increased adhesion strength from 1.51 grams force (gf) of the
untreated samples to 2.74 gf with the in situ treatment of the nanofibers using only He as the
working gas and increase to 3.69 gf for the treatment using 99%He/1%0 as the working gas,
these results represent increases of 81% and 144%, respectively, which are excellent results
when compared to plasma-only treatments and other techniques.

Another important result of this research is that the in situ treatment increased the
nanofiber mats resistance to flex stresses. The apparent reason for such increase is attributed
to surface oxygenation as evidential from XPS analysis. This oxygenation has likely led to
increased hydrogen bonding and possible crosslinking between the polymer chains due to
covalent bonds with oxygen as the binder. The C-O bonds on the nanofiber surfaces were
also increased from zero to 17.4% for helium plasma and further increased to 45.4% for the
He/O, plasma. This increased adhesion, strength, and durability is considered significant;

however, higher levels should be achieved to be viable for protective clothing for warfare
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applications. The further increase may be achieved by increased exposure time, increased
oxygen fraction or the addition of other reactive gases into the plasma formation. It is also
important to obtain better understanding of the plasma mechanisms and the role of plasma
active chemical species on the treatment process that control the surface modifications. In
order to relate the surface processes to the plasma treatment, one must investigate the plasma
at both the fundamental physics of non-thermal atmospheric plasmas and the experiment
specific levels conducted during nanofiber treatment. The plasma was diagnosed electrically,
thermally and optically to understand the fundamental characteristics such as electron
temperature, electron number density, species present in the plasma, and the relative
concentrations of those species.

A plasma equivalent circuit model was developed to simulate the DBD plasma as an
electrical circuit, which can be compared to the actual electrical parameters of the
experiment. The circuit model took into consideration the bulk plasma, the insulating parts of
the DBD and the plasma sheaths. The model calculates the plasma temperature and number
density using two different electron energy distribution functions (EEDF). The measured
discharge current and voltage are used to compare the plasma impedance to the model
impedance and to solve for the plasma parameters. Results of optical emission spectroscopy
using the neutral bremsstrahlung technique with a Maxwellian EEDF showed good
continuum matching for both He and He/O, plasmas. These continua showed electron
temperatures very similar to those calculated using the equivalent circuit model. The helium

discharge matches well to an average electron temperature of 2.8 eV, corresponding to
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2.0x10" electrons/cm?® and the He/O, discharge shows an electron temperature of 2.7 eV,
corresponding to 1.16x10” electrons/cm?. This shows good correlation between electrical
measurements and optical analysis which would allow for real time monitoring of the
electron temperature via automatic solver of the plasma impedance of the equivalent circuit
model using the real-time monitoring of the discharge current and voltage. Optical emission
spectroscopy confirmed the existence of helium and oxygen lines in the discharge.

The chemical kinetics model shows that the electron number density affects only the
magnitude of the species concentration and not its functionality, which is shown to depend
mainly on the electron temperature. Graphs of species concentration versus temperature
from this model can be used to show the relative changes in concentrations with the changes
in electron temperature as measured in real time using the electrical measurements from the

solver of the equivalent circuit model.
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Recommendations for Future Work

Enhanced performance of hybrid atmospheric plasma-electrospinning system requires
additional experimentation to optimize the system functionality for various applications.

Research focusing on the fundamental mechanisms of surface interaction that lead to
strong adhesion is recommended as is the expansion of plasma diagnostics for the role of
ionic species versus excited atoms and molecules. Other reactive and non-reactive gases can
be experimented in the hybrid system to determine the effectiveness of other species on
surface modifications and implementation of other desired features.

It is recommended to extend the measurements of optical emission spectroscopy with
neutral bremsstrahlung and line intensity measurements with absolute calibration to correlate
electron temperature to power levels and oxygen concentrations. These diagnostics would be
beneficial if analysis could be automated such that calculation of the electron temperature
could be seen in real time to monitor the behavior of the plasma with changes in electron
population. The change in electron population correlates to the change in the population of
the ionic species, which can also be an important role in surface modifications.

An expansion on the chemical kinetics model to include chemical kinetics and gas
mixing in the region where treatment occurs, i.e. outside the plasma source in the
afterglow/atmospheric air region where the electrospinning takes place, would add an insight
on the chemical reactions of the excited atoms and molecules for second, third and higher
order reactions. This, in turn, would allow for a good correlation of the active species and the

XPS surface analysis and could be used for an optimization of the surface chemical changes
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at various oxygen concentrations and power levels. The chemical kinetics model should also
be expanded to include other gases such as water vapor, N, CO,, CF4, Ar, etc. to examine
other effects. This expanded model could be used to determine the viability of using

chemical precursors such as CO; to enhance the nanofiber/substrate adhesion.
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Appendix A: Momentum Transfer Cross-Section

The electron momentum transfer cross-section data for O2 is from JILA report No. 26 [JILA
26] and can be found in Table A.1. The He data is from Crompton et al. [89], Milloy &
Crompton [90], and Hayashi [91] and can be found in Table A.2. These data were fit using
the least Chi-squared fitting code CURMOD. The data was fit over the interval from ~1.24
eV (the lowest energy over which the integral in Eqn 3-3 is taken) to 100 eV (at which point
the EEDs become so small that the integrals become negligible, i.e. less than .1% of the total
integral). The momentum transfer cross-section equations (in cm?) used for He and O, are

shown below.

Go(X) e = [3.389e034% — 335473955 4 3337,0059%* _ 4 610 *x + 610716

%(x)oz — [2.5076—.0809” _ 3.956—.0426(36—4.76)2 _ 1_16e—.3365(x—3.01)2 — 019x + 8_38]10—16



Table A.1; Momentum Transfer Cross-Sections for He

E (eV) |qm(cm?10™)
1.2 6.91
1.3 6.92
1.5 6.96
1.7 6.97
1.9 6.98
2.1 6.98
2.2 6.98
2.5 6.96
2.8 6.92

3 6.89
3.3 6.82
3.6 6.73

4 6.6
4.5 6.49

5 6.31

6 6

7 5.68

8 5.35
10 4.72
12 4.2
15 3.5
17 3.15
20 2.64
25 2.05
30 1.74
50 1.1
75 0.88
100 0.75




Table A.2; Momentum Transfer Cross-Sections for O,

E (eV) |qm(cm?10™)

1 7.2
1.2 7.9
1.3 7.9
15 7.6
1.7 7.3
1.9 6.9
2.1 6.6
2.2 6.5
2.5 6.1
2.8 5.8
3 5.7
3.3 5.5
3.6 5.45
4 5.5
4.5 5.55
5 5.6
6 6
7 6.6
8 7.1
10 8
12 8.5
15 8.8
17 8.7
20 8.6
25 8.2
30 8
50 7.7
75 6.8
100 6.5




Appendix B: Neutral Bremsstrahlung Continuum Code

One of the four (He Max, He Dru, He/O2 Max, and He/O2 Dru) codes used to generate
theoretical neutral bremsstrahlung continua for comparison with experimental data are
contained here. They solve the integral in Eqn 3-3 at individual wavelength and average
electron energy combinations. This data can then be plotted versus wavelength at various
electron temperatures in order to match the continuum shape. When divided by the

experimental continuum they solve for the electron number density at that temperature.
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Neutral Bremsstrahlung Solution for He/O2 with a Maxwellian EEDF

Set Physical Constants and Inputs

1t

re :=2.818x 10 P:=10132 To :=30(
o1 =310 5
Ngas :=
. 51100 1.3806510 >>T0-100°
2
cl

Vv(E) ::( /Zij hv(d) := e
me A

Set Values for Momentum Transfer Equations

al :=.03401 bl :=.080965

2 — 00589 b2 :=.042646

a3 = 3.9550 b3 := 4.7615

a4 — 3.3388 b4 :=.33650

B nmae b9 :=—.019090
B o b10 :=8.3785
a7 = —.0004597% b7 :=-3.950!

a8 :=.59904 b8 :=-1.1560

qo(x) := (a4~e_ X, 5.6 a2 rabe X arxa as) 15 L€

2
b1x o b2-(x-b3) +b 1€

2
qo2(X) := [bG-e_ + b7 .~ P4 0bY)

8 + b9-x+ blo]-lo_



Set Values for Sigma and f

GIE, L) = |:|:qo(E —hv()) + [1 - hvg‘)

i _g__ "™ / _ @)
sigmaE, L) :=8 BeLhv(l) E |1 = GI(E,2)

-E
E kT
‘e

(kT

).qO(E)i|.,99+ [C]OZ(E —hv()h)) + (1 B hv(})

f(E,KT) := 2

Solve for the integral Q
2 := 200, 300.. 100(

KT:=.4,.5..3

Q(\,KT) = hv(k)-J Vv(E)-sigmaE,L)-f (E,kT) dE-Ngas
hv(})

QU kT = QL k1) &
7»2

6

_19 10011
Qf (1,KT) := Qu(,kT)-1.602210 +2.1%0110
-9 cm -nm

1.10

)]
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Appendix C: Equivalent Circuit Model Code

Because the circuit model equations (Eqn 4.21a and b) contain multiple functions of both n.
and T, the equations cannot be solved directly. Instead, a code was written to solve for
Re(Z) and Im(Z) at any combination of temperature and number density. These were plotted
as functions of n. and T and solutions exist where they intersect at 1 (corresponding to
R=Re(Z) or X=Im(Z)). There are multiple solutions which satisfy either R=Re(Z) or
X=Im(Z), but only one set of n. and T, that satisfies both. The relative ion concentrations
were iterated along with the chemical kinetics code which showed that in the He plasma He”

was dominant and in the He/O, plasma O," was dominant.

Set Dimensions, Physical Constants, and Inputs

me :=9.109410 °" Vo := 5096. dg = 22 amu = 1.6605410 2
= 16 _
h = 6.6260710 - lo :=.014 XO :=C
p i T o .
K = 1.3806510" 2 phi :=1.41371+ > dpe :=.0002 X02:=1.(
—1¢C — . P —1 _ _ -
q = 1.602210 1 w:= 110002 7 kg:=¢ XHe := 1 — XO — XO:
- r=.1 o X:=.1¢
EO = 8.85410 ** kpe := 2.2
.025¢
- 27 th =T [ dS —— X3 OZSZ
mHe = 6.646510 8 nn = 2.44610°" =X3—
= 3..0254
mO:= 16amt Ax:=r-th dp = _d
mO2:= 32amu 32
Set Values for ne and Te
i:=1.2 j:=1,2..50

ne, := i-lO1C Tej ==



Set ne and Te Dependent parameters

ml:= XHe-mHe+ XO-mO+ XO2mO;

. o (:5n8); K350 8K-300 .
wpi. == [q - vB. = [—— V= Vi. 1=
! EO-ml ] ml m-ml !

2
oin := n-(12410_ 12)

ne . _ s
wpe. := |(q : tli Y
;= _ v
EO-me vini :=nn-cin-v
y— e = q
Wp; := Wpe, Hi = mivin,
8-Tej-q _ ¢
Vven. :=nn 6.910 EO
j n-me 4T g (i)

Solve for Dielectric, Sheath, and Plasma Reactance and Resistance

o]

Aoy e AP = w.Ed(?-Ax' 2
2. [(wp-)2 - wﬂ + wz-(ven.)2
ds-2 Oti i i
Bsh. :=
B N U i
-1 dg dpe L] 7 W-EO
Bd = W~EO.AX'(k_g " E) EA [(wpi)2 - WZT + wz-(venj)2

Total Impedance

A. . :=Ash. .+ Ap

M i,j i,j B, .= Bd + Bp, it Bshi

>

Resistance and Reactance Ratios

V vV
Alpha := I—O‘cos(phi) Beta := I—O'sin(phi)
(0] 0

AN _ 5
Mhj " Alpha i,J° Beta
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Appendix D: Chemical Kinetics Model Code
The chemical kinetics code can be used with either He or He/O, feed gases. An explanation
of the iterative solution method can be found in Section 4.2.1. The rate constant equations

have been left out as they are shown far more elegantly in Appendix E.
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function [NHe,NHem,NHep,NHe2m,NHe2p,NO2,NO2m,NO2p,NO2n,NO,NOm,NOp,NOn,NO3,NNe] =
CKHeO2(x,y,2)

% Temperatures
Te=.5%x;
T=300;
To=T/300;
P=101325;
R=8.314;
% Wall
Axy=18*1.3;
S=Axy*100/4*sqrt(2*1.38065E-23*T/1.66054E-27);

% Flow In & Out
V=18*3*2.54*1.3/32;
NA=6.0221415E23;
sccs=20/60;
FI=NA*sccs/V/22.4;
FO=sccs/V*1000;

% Initial values
k=1

Chi=1;
S1=1E5;

He(k)=1E19;
Hem(k)=S1,;

Hep(k)=100;
He2m(k)=S1;
He2p(k)=S1;

02(k)=1E17;
02m(k)=0;
02p(k)=S1;
02n(k)=0;
O(k)=S1;
Oom(k)=0;
Op(k)=S1;
On(k)=0;
03(k)=S1;
M(k)=S1;
Ne(k)=Hep(k)+02p(k)+Op(k)-O2n(k)-On(k);
dN(k)=1;

while abs(dN(k))>.001
Ne(k)=sqrt(10)"y;

HeGain(k)=.99*FI+k3*Hem(k)*He(k)+k4*Ne(k)*Hem(k)+k5*Hem(k)*Hem(K)...
+k10*He2p(k)*Ne(k)+2*k15*He2p(k)*Ne(k)*Ne(k)+2*k16*He2p(k)*Ne(K)...
+2*k17*He2p(k)*Ne(k)*He(k)+2*k18*He2m(k)*He2m(k)+k19*On(k)*Hep(K)...
+k20*02n(k)*Hep(k)+k21*On(k)*Hep(k)*M(k)+k22*Hem(k)*O2(K)...



+k23*Hem(k)*O3(k)+k24*Hem(k)*O(k)+k25*Hem(k)*Om(k)+k26*Hep(k)*O2(K)...
+k27*Hep(k)*03(k)+k28*Hep(k)*02(k)+k29*Hep(k)*O2m(k)+k30*Hep(k)*O2m(K)...
+k31*Hep(k)*O(k)+k32*Hep(k)*Om(k)+2*k33*He2m(k)*O02(k)+2*k34*He2m(k)*O2(K)...
+2*k35*He2p(k)*O2(k)+2*k36*He2p(k)*O2(k)+kwl*Hem(k)+kw2*Hep(k);
HeL oss(k)=FO+k1*Ne(k)+k2*Ne(k)+k11*Hep(k)*He(k)+k13*Hem(k)*He(k);
He(k+1)=HeGain(k)/HeLoss(K);

02Gain(k)=0.01*FI+k20*0O2n(k)*Hep(k)+k27*Hep(k)*0O3(k)+k38*On(k)*O2p(K)...
+k39*0On(k)*O(k)+k40*Ne(k)*O2m(k)+k41*02m(k)*02(k)+k42*02m(kK)*O(K)...
+k43*Ne(k)*03(k)+2*k44*02n(k)*02p(k)+k45*02n(k)*Op(k)+2*k46*O3(k)*O(K)...
+k47*Ne(k)*Ne(k)*O2p(k)+k48*Ne(k)*O2p(k)*02(k)+k49*O(k)*O(k)*O(K)...
+k50*On(k)*Op(k)*O2(k)+k51*O(k)*Om(k)*O2(k)+2*k52*02n(k)*O2p(K)...
+k53*02n(k)*O2p(K)+2*k54*On(k)*O3(k)+k55*On(k)*O3(k)+k56*02n(k)*O(K)...
+2*k57*02n(K)*02m(k)+k58*Op(k)*O3(k)+k59*Om(k)*O3(k)+2*k60*Om(k)*O3(K)...
+2*k61*02m(K)*O2m(k)+2*k62*02m(k)*O3(k)+k63*O2m(Kk)*He(k)+k64*Ne(k)*O3(Kk)...
+k65*0n(k)*O2p(k)*M(k)+k66*O(k)*O(k)*He(k)+k67*O(K)*O(k)*O2(K)...
+k68*03(k)*He(k)+k69*03(k)*O(k)+k70*03(k)*02(k)+k71*O3(k)*O3(K)...
+k72*02m(k)+k124*02n(k)*M(k)+kw4*02m(k)+.5*kw5*O (k) +kw6*02p(K)+kw7*02n(K);

02Loss(k)=FO+k22*Hem(k)+k26*Hep(k)+k28*Hep(k)+k33*He2m(k)+k34*He2m(k)...
+k35*He2p(k)+k36*He2p(k)+k37*He2p(k)+k73*Ne(k)+k74*Ne(k)+k75*Ne(K)...
+k76*Ne(k)+k77*Ne(k)+k78*Op(k)+k79*Ne(k)+k80*Ne(k)+k81*Om(k)...
+k82*0On(k)+k83*Ne(k)*M(k)+k84*O2m(Kk)+k85*O(k)*He(k)+k86*O(k)*O2(K)...
+k87*0(k)*O(k)+k88*O(k)*O3(k);

02(k+1)=02Gain(k)/O2Loss(k);

HemGain(k)=k1*Ne(k)*He(k)+k6*Ne(k)*Hep(k)+k7*Ne(k)*Ne(k)*Hep(K)...
+k10*He2p(k)*Ne(k);
HemLoss(k)=FO+k3*He(k)+k4*Ne(k)+2*k5*Hem(k)+k8*Ne(k)+k13*He(k)*He(K)...
+2*k14*Hem(k)+k22*02(k)+k23*03(k)+k24*O(k)+k25*Om(k)+kwl;
Hem(k+1)=HemGain(k)/HemLoss(Kk);

HepGain(k)=k2*Ne(k)*He(k)+k5*Hem(k)*Hem(k)+k8*Ne(k)*Hem(k);

HepLoss(k)=FO+k6*Ne(k)+k7*Ne(k)*Ne(k)+k11*He(k)*He(k)+k19*On(k)+k20*02n(K)...
+k21*0On(k)*M(k)+k26*02(k)+k27*03(k)+k28*02(k)+k29*02m(k)+k30*O2m(K)...
+k31*0O(k)+k32*Om(Kk)+kw2;

Hep(k+1)=HepGain(k)/HepLoss(Kk);

02m@Gain(k)=k79*Ne(k)*02(k)+k81*Om(k)*02(k)+k111*O(k)*O(k)*O2(K)...
+k112*0(K)*O(k)*O(k)+k113*O(k)*O(K)*He(K);

0O2mLoss(k)=FO+k29*Hep(k)+k30*Hep(k)+k40*Ne(k)+k41*02(k)+k42*O(K)...
+k57*02n(k)+2*k61*02m(k)+k62*03(k)+k63*He(k)+k72+k84*02(k)+k93*Ne(k)...
+k94*0On(k)+k104*Ne(k)+k119*On(k)+k120*Ne(k)*02(k)+k121*Ne(k)*O(Kk)...
+k123*Ne(k)+kw4;

02m(k+1)=02mGain(k)/O2mLoss(K);

02nGain(k)=k55*0n(k)*03(k)+k83*Ne(k)*02(K)*M(K)+k94*On (k) *02m(K)+k98*Ne(k)*O3(K)...

+k120*Ne(k)*02m(k)*02(k)+k121*Ne(k)*O2m(k)*O(k);
0O2nLoss(k)=FO+k20*Hep(k)+k44*02p(k)+k45*Op(k)+k52*02p(k)*02(k)+k53*02p(K)...

+k56*0(k)+k57*02m(Kk)+k110*0O(k)+k114*O(k)*O(k)+k118*Op(K)*M(k)+k124*M(k)+kw7;
02n(k+1)=02nGain(k)/O2nLoss(k);
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O2pGain(k)=k22*Hem(k)*O2(k)+k23*Hem(k)*O3(k)+k28*Hep(k)*O2(k)+k30*Hep(k)*O2m(K)...
+k34*He2m(k)*02(k)+k35*He2p(k)*02(k)+k37*He2p(k)*02(k)+k58*Op(k)*O3(k)...
+k75*Ne(k)*02(k)+k78*Op(k)*02(k)+k109*O(k)*Op(k)*M(k)+k123*Ne(k)*O2m(K);

02pLoss(k)=FO+k38*0On(k)+k44*02n(k)+k47*Ne(k)*Ne(k)+k48*Ne(k)*02(k)...
+k52*02n(k)*02(k)+k53*02n(k)+k65*On(k)*M(k)+k90*Ne(k)+k91*On(k)...
+k102*Ne(k)+k117*0On(k)*O2(k)+kw6;

02p(k+1)=02pGain(k)/O2pLoss(k);

0Gain(k)=k19*On(k)*Hep(k)+k21*On(k)*Hep(k)*M(K)+k23*Hem (k) *03(k)+k26*Hep(k)*O2(K)...
+k29*Hep(k)*02m(K)+k33*He2m(K)*02(k)+k36*He2p(k)*02(k)+k38*On(k)*02p(K)...
+k45*02n(K)*Op(K)+2*k53*02n(K)*02p(K)+2*k59*Om (k) *03(k)+k62*02m(K)*O3(K)...
+k64*Ne(K)*03(K)+k65*0n(K)*02p(k)*M(K)+k68*O3(K)*He(k)+k69*03(K)*O(K)...
+k70*03(K)*02(K)+k71*03(K)*03(K)+k73*Ne(k)*02(K)+2*k74*Ne(k)*O2(K)...
+k77*Ne(k)*02(k)+k78*Op(k)*02(K)+k80*Ne(k)*02(k)+k81*Om(K)*02(K)..
+k84*02m(k)*02(K)+k89*Ne(k)*On(k)+2*k90*Ne(k)*02p(k)+3*k91*On(k) *02p(K)...
+2*k92*0n (K)*Op(K)+k93*Ne(k)*02m(K)+k94*On(k)*O2m(k)+k95*Ne(k)*Om(K)...
+k96*0m(K)*O(K)+k97*0m(K)*02(K)+ka8*Ne(k)*03(k)+ka9*Ne(k)*Ne(k) *Op(k)...
+k100*Ne(K)*Op(K)*02(K)+2*k101*0n(K)*Op(k)*M(K)+k102*Ne (k) *02p(K)...

+k103*Om(k)*He(k)+2*k104*Ne(k)*O2m(k)+k105*On(k)*Op(k)+kw8*Om(k)+kw9*Op(k)+kw10*On(k);
OLoss(k)=FO+k24*Hem(k)+k31*Hep(k)+k39*0On(k)+k46*03(k)+2*k49*O(k)*O(K)...
+k51*0Om(k)*02(k)+k56*02n(k)+2*k66*O(k)*He(k)+2*k67*O(k)*O2(k)+k85*02(k)*He(K)...
+k86*02(k)*02(k)+k87*02(k)*O(k)+k88*02(k)*0O3(k)+k106*Ne(k)+k107*Ne(K)...
+k108*Ne(k)*02(k)+k109*Op(k)*M(k)+k110*02n(k)+2*k111*O(k)*O2(K)...
+2*k112*0(k)*O(k)+2*k113*O(k)*He(k)+k114*02n(k)*O (k) +kws5;
O(k+1)=0Gain(k)/OLoss(k);

OmGain(k)=k33*He2m(k)*02(k)+k80*Ne(k)*02(k)+k102*Ne(k)*O2p(k)+k105*On(k)*Op(K)...
+k107*Ne(k)*O(k)+k115*Ne(k)*Op(k)+k116*Ne(k)*Ne(k)*Op(K);
OmLoss(k)=FO+k25*Hem(k)+k32*Hep(k)+k51*O(k)*O2(k)+k59*03(k)+k60*O3(K)...
+k81*02(k)+k95*Ne(k)+k96*0(k)+k97*02(k)+k103*He(k)+k122*Ne(k)+kws;
Om(k+1)=0OmGain(k)/OmLoss(k);

OpGain(k)=k24*Hem(k)*O(k)+k25*Hem(k)*Om(k)+k26*Hep(k)*O2(k)+k27*Hep(k)*O3(K)...
+k29*Hep(k)*O2m(k)+k31*Hep(k)*O(k)+k32*Hep(k)*Om(k)+k36*He2p(k)*02(K)...
+k76*Ne(k)*02(k)+k77*Ne(k)*02(k)+k106*Ne(k)*O(k)+k122*Ne(k)*Om(k);

OpLoss(k)=FO+k45*02n(k)+k50*On(k)*02(k)+k58*03(k)+k78*02(k)+k92*On(K)...
+k99*Ne(k)*Ne(k)+k100*Ne(k)*02(k)+k101*On(k)*M(k)+k105*On(k)+k109*O(k)*M(K)...
+k115*Ne(k)+k116*Ne(k)*Ne(k)+k118*02n(k)*M(Kk)+kw?9;

Op(k+1)=0OpGain(k)/OpLoss(k);

OnGain(k)=k43*Ne(k)*O3(k)+k56*02n(k)*O(k)+k73*Ne(k)*O2(k)+k76*Ne(k)*O2(K)...
+k93*Ne(k)*0O2m(k)+k108*Ne(k)*O(k)*02(k);

OnLoss(k)=FO+k19*Hep(k)+k21*Hep(k)*M(k)+k38*02p(k)+k39*O(k)+k50*Op(k)*O2(K)...
+k54*03(k)+k55*03(k)+k65*02p(k)*M(Kk)+k82*0O2(k)+k89*Ne(k)+k91*0O2p(K)...
+k92*0Op(k)+k94*02m(k)+k101*Op(Kk)*M(k)+k105*Op(k)+k117*02p(k)*O2(K)...
+k119*02m(Kk)+kw10;

On(k+1)=OnGain(k)/OnLoss(K);

03Gain(k)=k82*0n (k)*02(k)+k84*02m(K)*02(k)+k85*O(K)*02(k)*He(K)...
+k86*0(K)*02(k)*02(k)+k87*O(K)*02(K)*O(K)+k88*O(K)*02(K)*03(K)...



104

+k110*02n(k)*O(k)+k114*02n(k)*O(k)*O(k)+k117*On(k)*O2p(k)*O2(K)...

+k118*02n(k)*Op(k)*M(k)+k119*On(k)*O2m(k);
O3Loss(k)=FO+k23*Hem(k)+k27*Hep(k)+k43*Ne(k)+k46*0O(k)+k54*On(K)...

+k55*0n(k)+k58*0p(k)+k59*Om(k)+k60*Om(k)+k62*O2m(k)+k64*Ne(K)...

+k68*He(k)+k69*O(k)+k70*02(k)+k71*0O3(k)+k98*Ne(k);
03(k+1)=03Gain(k)/O3Loss(k);

He2mGain(k)=k13*Hem(k)*He(k)*He(k)+k37*He2p(k)*O2(k)+kw3*He2p(Kk);
He2mLoss(k)=FO+k12*Ne(k)+2*k18*He2m(k)+k33*02(k)+k34*02(k);
He2m(k+1)=He2mGain(k)/He2mLoss(k);

He2pGain(k)=k11*Hep(k)*He(k)*He(k)+k12*Ne(k)*He2m(k)+k14*Hem(k)*Hem(K)...
+k18*He2m(k)*He2m(K);

He2pLoss(k)=FO+k10*Ne(k)+k15*Ne(k)*Ne(k)+k16*Ne(k)+k17*Ne(k)*He(k)...
+k35*02(k)+k36*02(k)+k37*02(k)+kw3;

He2p(k+1)=He2pGain(k)/He2pLoss(k);

M(k+1)=03(k+1)+0On(k+1)+Op(k+1)+Om(k+1)+O(k+1)+02p(k+1)+02n(k+1)+02m(k+1)...
+02(k+1)+Hep(k+1)+Hem(k+1)+He(k+1)+He2m(k+1)+He2p(k+1);

dN(k+1)=abs(He(k)-He(k+1))+abs(Hem(k)-Hem(k+1))+abs(Hep(k)-Hep(k+1))...
+abs(02(k)-02(k+1))+abs(02m(k)-O2m(k+1))+abs(0O2p(k)-O2p(k+1))+abs(O2n(k)-O2n(k+1))...
+abs(O(k)-O(k+1))+abs(Om(k)-Om(k+1))+abs(Op(k)-Op(k+1))+abs(On(k)-On(k+1))...
+abs(03(k)-O3(k+1))+abs(He2m(k)-He2m(k+1))+abs(He2p(k)-He2p(k+1));

%disp(dN(k+1))
k=k+1;
NHe=He(k);
NHem=Hem(k);
NHep=Hep(Kk);
NHe2m=He2m(K);
NHe2p=He2p(K);
NO2=02(k);
NO2m=02m(k);
NO2p=02p(k);
NO2n=02n(k);
NO=0(Kk);
NOm=0m(K);
NOp=0p(k);
NOn=0n(K);
NO3=03(k);
NNe=Hep(k)+02p(k)+Op(k)+He2p(k)-O2n(k)-On(k);

end



Appendix E: Chemical Reactions and Rate Constants

Table E.1; Full Set of Chemical Reactions and Rate Constants

No. Reaction Rate Constant, k (cm, molecules, s) Ref.
1  e+He—oHe +e 4.2E — 9 T%3exp (—19.8/T,) 83
2 e+He—->Het+e+e 1.5E — 9 T2%8exp (—24.6/T,) 83
3 He*+ He —» He+ He + hv 3.06E — 15 84
4 e+He* > He+e 2.00E — 10 T23! 85
5 He*+ He* > Het + He+e 1.5E — 9 T25 86
6 e+ He' > He* 6.76E — 13 T; %> 86
7 e+e+Het > He*+e 5.12E — 27 T;*5 86
8 e+He* > Het+e+e 1.28E — 7 T>%exp (—4.78/T,) 86
9 e+ Hef > He"+He 5.0E —9T; 05 83
10 Het+ He+ He —» Hef + He 2.0E — 31 83
11 e+ He;->Hef+e+e 9.75E — 10 T2 "*exp (—3.4/T,) 85
12 He*+ He+ He —» He; + He 1.3E —33 85
13 He*+ He* > Hef +e 2.0E -9 87
14 e+e+Hef > He+He+e 5.036E — 27 T;*5 87
15 e+ Hef —» He+ He 1.0E —8 87
16 e+ He+ Hef » He+ He+ He 2.0E - 27 87
17 He;+ He; » Hef + He+ He+e 1.5E -9 88
18 0~ +He' - 0+He 2.0E—-7T;t 86
19 05 + He* - 0, + He 2.0E—-7T;t 86
20 O +He*+M->0+He+M 2.0E — 25T, 2 86
21 He*+0,->0f+He+e 2.54E —10T2°® 86
22 He*+0;-0f+0+He+e 2.54E —10T2° 86
23 He*+0-0*+He+e 2.54E —10T2* 86
24 He*+0*—>0"+He+e 2.54E —10T2* 86
25 He*+0,->0"+0+He 1.07E — 9 T2* 86
26 He*+ 0, > 0"+ 0, + He 1.07E — 9 TS 86
27  He*+0, - 0} + He 3.3E — 11 TS 86
28 He*+0;->0"+0+He 1.07E — 9 T2* 86
29 He*+0; > 0f + He 3.3E — 11 T0S 86
30 He*+0-0"+He 5.0E —11T2® 86
31  He*+0" - 0%+ He 5.0E — 11 TS 86
32 He;+0,—-0+0*+He+He 1.0E — 12 92
33 He;+0,-0;f+He+He+e 7.0E — 11 85
34 Hef +0, - 0f + He+ He 5.0E — 10 85



Table E.1 Continued

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73

Hef +0, > 0t + 0+ He+ He
Hef + 0, » O0f + He;
0"+04 ->0+0,
0OT+0-0,+e
e+0,—->0,+e
0;+0,-0,+0,
0;+0-0,+0
e+0;->0" +0,

0; +0f -0, +0,

0; +0*—-0,+0
0;+0-0,+0,
e+e+0f->0,+e
e+05+0,-0,+0,
0+0+0-0,+0
0-+0*+0,-0,+0,
0+0"+0,—-0,+0,
07 +0f+0,-0,+0,+0,
07 +0f -0,+0+0
0"+0;->0,+0,+e
0~ +0; -0, +0,

0; +0 -0 +0,

0; +0;->0,+0,+e
0*+0;- 05 +0,
0"+0;->0,+0+0
0"+ 0; - 0,+0,
0;+0; -0, +0,
0;+0;->0,+0,+0
0, + He —» 0, + He
e+0;->0+0,+e
O"+0f+M—-0+0,+M
0+ 0+ He— 0, +He
0+0+0,-0,+0,
0; + He » 0 + 0, + He
0;+0->0+0,+0
0;+0,->0+0,+0,
0;+0; > 0+0,+ 0,
0; - 0, + hv
e+0,-0"+0
e+0,-0+0+e

7.0E — 10

1.4E -9

2.6E — 8 T; 044

5.0E — 10

2.06E —9exp (—1.163/T,)

2.2E — 18 Tp2®

7.0E — 16

2.12E — 9 T;1%58exp (—.93/T,)
2.0E —7T;%5

2.0E —7T;%5

1.8E — 11 exp (—2300/T)

1.0E — 19 (0.026/T,)*®

6.0E — 27 (0.026/T,)*®

6.2E — 32 exp (—750/T)

2.0E — 25T, 25

9.9E —33

2.0E — 25T, 25

1.0E -7

3.01E — 10 T2*

1.02E — 11 T2%

1.5E —10 T

2.0E —10T2*

1.0E — 10

1.2E - 10

1.2E - 10

9.0E — 17 exp (—560/T)

5.2E — 11 exp (—2840/T)

8.0E — 21 T2*

1.0E — 8T, 0>

2.0E — 25T, 2

0.62-5.2F — 35 exp (900/T)
1.15-5.2E — 35 exp (900/T)
0.54-7.26E — 10 exp (—11400/T)
0.13-7.26E — 10 exp (—11400/T)
7.26F — 10 exp (—11400/T)
2.27-7.26E — 10 exp (—11400/T)
3.7E — 4

1.07E — 9 T; 13%%exp (—6.26/T,)
6.86E — 9 exp (—6.29/T,)

85
93
94
94
94
94
94
94
94
94
94
94
94
94
94
94
94
86
86
86
86
86
86
86
86
86
86
86
95
86
96
96
96
96
96
96
96
94
94
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74
75
76
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112

e+0,->0f+e+e
e+0,>0 +0"+e
e+0,>0+0"+e+e
0t+0,- 0+ 0F
e+0,—-0;+e
e+0,-0+0"+e
0*+0,-0+0;
0-+0,-05+e
e+0,+M->0;, +M
0;,+0,->0+0;,
0+ 0,+He— 05 +He
0+0,+0,-0;+0,
0+0,+0-0;+0
0+ 0,+0; - 05+ 04
e+0">0+e+e
e+05f ->0+0
0-+0y -0+0+0
0-+0t->0+0
e+0;->0+0"
0-+0,-0;+0
e+0"—>0+e
0+0"->0+0
0"+0,-0+0,
e+0;->0; +0
et+te+0t->0+e
e+0"+0,->0+0,
O"+0t*+M->0+0+M
e+0; -0+0"

0* + He -» 0 + He
et+0;->0+0+e
0" +0t->0+0"
e+0->0t+e+e
e+0—->0"+e
et+0+0,->0 +0,
O0+0"+M—->0;+M
0,+0—-05+e
0+0+0,-0;+0,
0+0+0-0;+0
0+ 0+ He— 0; + He

2.34E — 9 T1%3exp (—12.29/T,)
7.1E — 11 T*Sexp (—17/T,)
1.88E — 10 T1%%%exp (—16.81/T,)
2.0E —11T;°5

1.37E — 9 exp (—2.14/T,)
3.49F —8exp (—5.92/T,)

1.0E —12

5.0E — 15

3.6E — 31T, 05

2.95E — 21 T2S

0.54-1.85E — 35 exp (1057/T)
1.85E — 35 exp (1057/T)
0.13-1.85E — 35 exp (1057/T)
2.27 -1.85E — 35 exp (1057/T)
5.47E — 8 TO32%exp (—2.98/T,)
2.2E —8T;05

2.6E — 8 T; 04

4.0E — 8 T; 04

419E — 9 T;137%exp (—5.19/T,)
1.1E - 11

8.17E — 9 exp (—0.4/T,)

8.0E — 12

7.0E — 12 exp (67/T)

1.0E -9

1.0E — 19 (0.026/T,)*>

6.0E — 27 (0.026/T,)*>

2.0E — 25T, 2

8.88E — 9T, 7

1.0E —13

4.2E — 9 exp (—4.6/T,)

49E — 10T, °°

9.0E —9T27exp (—13.6/T,)
4.54E — 9 exp (—2.36/T,)

1.0E - 31

1.0E — 29 T2

1.5E — 10 TS

1.93E — 35T, 063

6.93E — 35 T, 0-63

9.88E — 35
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113
114
115
116
117
118
119
120
121
122
123

05 +0+0-0,+0
e+0" -0
e+te+0t->0"+e
0-+0f+0,-0;+0,
O; +0*"+M->0;+M
0~ +0;-0;,+e
e+05+0, 05 +0,
e+0;+0-0; +0
e+0*>0"+e+e
e+0;->0Ff +e+e
05 +M—>0,+M+e

3.82E — 34
5.3E — 13 T, 05

5.12E — 27 T, S

2.0E — 25 T, 25

2.0E — 25 T, 25

22E —11

1.9E — 30

1.0E — 31

9.0E — 9 T%7exp (—11.6/T,)
9.0E — 10 T2%exp (—11.6/T,)
2.7E — 10 T®Sexp (—5590/T)

95
86
86
94
94
94
94
94
94
95
97

108



