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Analysis of Time-Resolved Plasma Jet Emissions
That Drive Methylene Blue Dye Decomposition
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Abstract— Plasma-based water purification uses energetic
electrons to induce chemical reactions that break down harmful
contaminants into benign components. The chemical reactions
needed to decompose organic chemicals and bacteria in water
are driven by the production of the hydroxyl radical, OH.
In this article, an atmospheric pressure plasma jet was used
to produce OH and decompose methylene blue (MB) dye in
water samples. The behavior of the plasma and the emission
of excited OH∗ near the plasma–liquid interface were analyzed.
Nanosecond-resolved measurements near the plasma–water
interface were obtained using ICCD imaging and emissions
spectroscopy synchronized to the pulsed dc power that drives
plasma formation in the plasma jet. The plasma was observed
to form along the front of ionization waves as “bullets” that
locally produce reactive species. When the bullet hits the water
surface, it rebounds and creates a secondary excitation of species
at the water surface. The bouncing phenomenon increases the
plasma interactions above the water surface and increases OH∗
excitation up to 192%. However, this increase in excitation and
emission does not necessarily mean increased total OH. Higher
discharge frequencies produced more OH∗ emission but did
not change the rate of MB dye removal. Higher voltages do
increase dye removal rate but with decreasing effectiveness. The
results indicate that in steady state, most of the water in the
gas channel has been dissociated to form OH, and each bullet
merely re-excites the ground state OH (X) into OH∗ (A) state.
A minimum operational frequency of 1 kHz was thus found to
provide the best efficiency while maintaining OH production.

Index Terms— Atmospheric pressure plasma jets (APPJs),
methylene blue (MB) dye, optical emission spectroscopy (OES),
water purification.

I. INTRODUCTION

W ITH planned crewed space missions to the moon and
eventually Mars, water purification with minimal con-

sumable components, such as filters, becomes critical. Here,
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on Earth, nearly 30% of people lack access to clean water [1].
Today, a common purification method uses chlorine and iodine
to kill certain bacteria in water. These chemicals can pro-
duce hazardous byproducts and fail to fully remove harmful
contaminants and organisms. They also require replenishing
consumable materials, such as chemicals and filters needed to
clean the water. It is difficult to replenish these materials both
in space and in many places around the world. One promising
method for low consumable water purification for both in
space and on Earth is the use of low-temperature plasma
(LTP). By exposing water to energetic plasmas, the plasma
electrons can break chemical bonds in the air near the water
and in bubbles formed within the liquid to generate oxidizing
species. The plasma has no consumable filter materials and
typically requires high voltages but low power. Thus, plasma
can provide a low-cost solution for water reuse in crewed space
missions and for global water purification [2].
It is known that pulsed dc or ac atmospheric pressure

plasma jets (APPJs) form as “bullets” behind an ioniza-
tion wave [3]–[6]. The electric field produced at the elec-
trode interface forms a guided streamer that propagates
along the gas channel as an ionization wave of electrons.
The electron-induced excitation of heavy species and their
subsequent photon emissions produces the appearance of
bullets in time-resolved images. Because of this behavior,
the term “bullet” has been colloquially adopted to describe
the phenomenon [7]–[10]. These bullets form and dissipate
rapidly in accordance with the input power. Observing the
bullets requires either high speed or synchronized imaging.
Intensified charge-coupled device (ICCD) cameras can be
synchronized to the voltage pulses that generate the plasma
to observe the formation on a nanosecond timescale. Using
synchronized optical emission spectroscopy (OES), the emis-
sions of the plasma can also be observed at this timescale.
While the interactions of the bullet with air have been stud-
ied at this timescale [6], [7], the interactions with water
bear further exploration, particularly for water purification
applications.
When LTP interacts with water, it starts the advanced

oxidation process (AOP). AOP is a series of chemical
reactions that kills bacteria, condenses contaminants, and
purifies water. OH production is the driving force for
AOP [11]. OH is primarily initiated in the plasma sys-
tem by dissociation of the water molecules via impact
with plasma-produced electrons or dissociative attachment
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following the reactions:
e− + H2O → OH + H− (1)

e− + H2O → OH + H + e− (2)

e− + H2O+ → OH + H. (3)

Numerous other reactions, such as the dissociative recombi-
nation of H3O+, can also contribute and are described in [12].
Other products in the advanced oxidation dose, such as UV,
peroxide, and ozone, can also produce more OH radicals and
induce faster oxidation reaction rates [2]. While OH radicals
are short-lived, they form into longer lasting species, such as
peroxide, that permeate through liquid samples and provide
useful reactions for purification [13]. Other species, such as
ozone, can also play an important role at the interface between
the plasma and the surrounding air. However, these species
can be difficult to measure optically and are produced in
similar quantities to OH species in air [14]. Furthermore, when
interactions with water increase, OH becomes a dominant
oxidative species [12]. Thus, studying the emissions of OH
provides an indicator for AOP as a whole. OES can be used
to observe the OH∗ (A–X) transition. While it is true that the
observation of this transition does not represent the entire OH
inventory, at a given electron temperature, it is representative
of the relative change in OH production [15].
Another species of interest for water purification is excited

nitrogen. Excited nitrogen species react with OH radicals to
form NO through the following reaction [16]:

N + OH → NO + H. (4)

Since this reaction is more common than the OH recombina-
tion that forms peroxide, it can detract from the OH population
and can be detrimental to the AOP as a whole [17]. While
these nitrogen species are beneficial for other types of plasma
treatment such as plant growth, a high presence of excited
nitrogen is problematic for drinking water as it can temporarily
make the water more acidic. While more acidity can aid in
killing bacteria [18], it is not desirable for human consumption.
Since reducing the acidity requires extra steps to make the
water safe to drink, it is important to understand the excitation
of the nitrogen species as well, primarily to reduce them.
The use of AOP to remove contaminants has been well

documented [2], [19]–[22]. One indicator that the process is
working in water is the decomposition of a visible dye, such
as methylene blue (MB) [23]–[25]. It has been shown that
OH and O3 are key to the decomposition of MB and that the
degradation of MB in the liquid samples is directly correlated
with the amount of oxidative species in the solution [26].
OH has also been shown to form peroxide, which further
aids in the decomposition process [27]. It was demonstrated
by Foster et al. [21] that spectrophotometer measurements
of solution absorbance closely follow the decomposition of
the contaminant. By observing the changes in coloration of a
solution after various treatment times and different operating
conditions, a broad understanding of the driving forces behind
AOP could be developed.
The plasma bullet itself has been shown to exhibit unique

behaviors when interacting with water surfaces. In models and

experiments, the bullet has been observed to “bounce” off of
conductive surfaces, such as water or metal [28]–[30]. The
bullet deposits charge as it moves and leads to polarization
of the surfaces with which it interacts. This charge build-up
and polarization on the conductive target eventually leads the
target to have a higher charge than the gas channel. This
causes an inversion of the electric field and leads to the
reverse travel of the bullet. As the bouncing bullet increases
the interactions with the gas channel, there is an increase in
reactive species. Observing the evolution of the emission from
these species and the timing of their formation could provide
a better understanding of the underlying behaviors of plasma
jets used for water treatments.
In this work, an APPJ is used to provide a simple source

of plasma-produced reactive species. In application, a larger
system would likely be desired. However, the APPJ provides
easily controllable plasma discharges that are well studied by
many groups [31]–[34]. The use of an APPJ with helium
gas provides a simple, scalable system that demonstrates the
key trends of plasma discharges and shows important system
behaviors that can be applied to larger systems. In our experi-
ments, a pulsed dc APPJ was created using 6–10 kV of input
voltage that was sufficient to induce the AOP. Parameters, such
as the gas flow rate, frequency, and pulsewidth, were also
varied to change the conditions and behaviors of the output
plasma. A version of this design can be seen from Fig. 1(a).

II. EXPERIMENTAL SETUP

The APPJ shown in Fig. 1(a) consists of a grounded
stainless-steel box, two concentric quartz tubes (6 mm outer
diameter with a 4 mm inner diameter and 2 mm outer diameter
with 1 mm inner diameter) held by a nylon Tee compression
fitting and a stainless-steel electrode. The outer quartz tube is
6 cm long, with 3 cm of the tube extending past the electrode.
As shown in Fig. 1(b), the electrode was connected to an
electrical setup consisting of an SRS DG-645 digital delay
generator (DDG), a unipolar Matsusada +10-kV dc power
supply, and a DEI PVX-4110 pulse generator with a rise and
fall time of 60 ns. Helium gas with a purity of >99.999% was
metered by a 20-slm MKS mass flow controller into the Tee.
To observe the effect of plasma treatment on water, several

solutions of MB dye were made up with a concentration
of 3.126e−5 M (moles per liter) in 100 mL of water. Vials
containing 10-mL aliquots of these solutions were placed
1.5 cm below the jet, while the plasma was generated at
different conditions. The baseline operating conditions were a
voltage of 8 kV, a gas flow rate of 2-slm helium, a frequency
of 6 kHz, and a pulsewidth of 1 μs. The operating parameters
were then varied one at a time while holding the others
constant. The MB samples were tested at voltages of 6 and
10 kV, flow rates of 1 and 3 slm, frequencies of 2 and 10 kHz,
and pulsewidths of 500 ns and 2 μs. The samples were run
under the plasma jet for 5, 15, 30, and 45 min. After treatment,
the MB absorbance was measured using a Thermo-Scientific
Genesys 10S UV-visible spectrophotometer.
The Beer–Lambert law was used to determine the concen-

tration of MB dye and the change in concentration of the
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Fig. 1. APPJ (a) operating on helium and (b) experimental setup are shown.

samples. The law states

A = εlc (5)

which can be rewritten as

c = A

εl
(6)

where A is the absorbance, ε is the molar absorptivity
(L/mol · cm), l is the distance light travels through the
solution (cm), and c is the concentration in mol/L. A light
distance of 1 cm was used and the molar absorptivity was
calculated from a measured calibration curve.
To quantify the decomposition of the dye, spectrophotome-

ter measurements observed the UV-vis spectral absorbance
of MB, as shown in Fig. 2 for the baseline condition. The
peak absorbance at 666 nm was compared to the calibration
curve shown in Fig. 3 to determine the percent remaining
concentration at each time step. The calibration curve was
calculated by measuring the absorbance of an MB solution
with a starting concentration of 3.126e−5 M (moles per liter)
and performing serial dilutions on this solution, down to a
minimum of 2.442e−7 M. Since the light distance l is known
to be 1 cm, the slope of the best fit line gives the molar absorp-
tivity to be 44035 L/(mol cm). For every spectrophotometer
measurement of treated samples, the measured absorbance
value was compared to this calibration curve to determine the
MB concentration.
OES measurements were done with a 0.5-m Princeton

Instruments SP2500 spectrometer coupled to a PI-MAX
4 1024 × 256 pixel ICCD camera. A fiber-optic bundle
cable captured the light emissions and passed them to the
spectrometer. This fiber was placed 10 cm away from the
jet with a 50-mm focal length biconvex lens located halfway
between the fiber and jet, as shown in Fig. 1(b). The fiber
and lens were angled to capture the location 1 cm below the
quartz tube. A 100 mm× 20 mm Pyrex Petri dish was placed
below the plasma jet to hold the water. Experiments were
run with the dish dry or with 10 mL of distilled water added.

Fig. 2. UV-V is spectra measurements that show the degradation of MB
dye over time for the baseline condition of 8-kV, 1000-ns, 6-kHz, and 2-slm
helium flow. The starting concentration was 3.126 × 10−5 M.

With the dry dish, the plasma contacted the glass 2 cm below
the APPJ tube exit. When water was present, the location of
contact between the plasma and water was 1.5 cm below the
tube. A 10-min warm-up time was used to bring the APPJ
to steady-state operation before measurements were taken.
For time-averaged measurements, the spectrometer was set
to the 1200-g/mm grating, with 50 frames averaged for each
measurement to improve the signal-to-noise. Each frame
consisted of five charge-coupled device (CCD) accumulations
to increase the signal. For synchronized measurements,
ten frames were averaged and 1000 CCD images were
accumulated per frame. A 3-ns gate width was used for all
measurements. OH∗ (A–X, 305–309.3 nm) and N∗

2 second
positive system (C3�u–B3�g , 312–320 nm) were measured.
Because OH∗ is a weaker emission line, multiple frames and
accumulations were needed to capture the signal. An Andor
iStar 334T ICCD camera was also used to capture nanosecond
resolved images of the bullets. Again, a 3-ns gate width was
used with an exposure time of 10 μs.
For this experiment, the plasma was observed with both

synchronized images and OES to observe the differences
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Fig. 3. Calibration curve of MB.

Fig. 4. Samples treated at 8 kV, 10 kHz, 1 μs, and 2 slm for 0, 5, 15, 30,
and 45 min showed the steady degradation of MB dye.

between the plasma interacting with air and water. ICCD
images were taken first to visualize the overall behavior.
Time-averaged emissions were observed next to demonstrate
the clear differences between these interactions. Nanosecond
resolved OES measurements were then taken to show the
underlying behaviors that were occurring. A list of each
operating condition used for these measurements is shown
in Table I. The “max” condition refers to 10 kV, 3 slm, 1 μs,
and 10 kHz, as those are the individual operating conditions
that lead to the most OH∗ emission in this system. The varia-
tions of voltage, flow rate, pulsewidth, and frequency allowed
for the isolation of key physics and increased understanding
of the system.

III. RESULTS

Initial results comprised of time-averaged measurements.
The decomposition of MB dye and the time-averaged reactive
species emissions provided a broad look at the processes
involved in water purification. Based on these results, impor-
tant physical phenomena were explored with detailed time-
resolved measurements. The end goal is to better understand
how the time-resolved OH∗ species emissions correlate with
the observed water purification.

A. Water Treatment

The visible degradation of MB after treatment by a single
APPJ is shown in Fig. 4. Each of the samples shown was
measured with the spectrophotometer. The process described

in (5) and (6) was then used to determine the concentration
of each sample. This was repeated for various operating
conditions, producing the results shown in Fig. 5.
For all conditions, the amount of dye remaining decreased

with time or, equivalently, the amount of dye removed
increased. The highest voltages, frequencies, pulsewidths, and
flow rates resulted in the highest rates of decomposition. The
removal rate follows an exponential decay, as observed in [22].
Looking at different operating conditions, increases in volt-

age increase the time-averaged plasma density and temper-
ature, which increases AOP. Higher voltages mean higher
electron density [35], and thus, more OH produced based
on (1)–(3). As shown in Fig. 5, the effect of voltage is not
linear. There is a large increase in dye removal, from 6 to
8 kV, and only a small increase from 8 to 10 kV. This
behavior indicates that there is an activation threshold for the
production of OH. This is likely due to the effects of plasma
contact area. At 6 kV, the jet length is shortened, and the
plasma does not make direct contact with the water surface.
Some reactive species still travel through the gas channel, but
loss mechanisms in air will diminish the oxidative species
that reach the water. Conversely, the effects of frequency and
pulsewidth are minimal and mostly within error bounds. While
these results show the end effect of the plasma purification of
water, the underlying mechanisms that cause the variations
with operating conditions needed further exploration. Thus,
synchronized imaging and spectroscopy were done to help
provide a broader understanding of these interactions.

B. Plasma Bullet Behavior

An analysis of ICCD images shows that the bullet forms
and propagates down the helium channel, as shown in Fig. 6.
This is standard behavior that has been well studied. It should
be noted that the edge of the gas channel often causes the
bullet to waiver near the end of its lifetime. This causes the
bullet to move slightly to the left or right, as seen at 942 ns.
If the bullet encounters a blockage, the ionization wave adapts
to that blockage. For example, if it encounters a dry Petri dish
(dielectric), it will spread radially across the surface of the
dish. However, if a Petri dish filled with water is placed in
the path of the channel, the bullet will rebound off the water
surface and slowly move back toward the quartz tube, but
never reenter the tube. This is shown in Fig. 7. The bullet will
remain between the tube and the water surface for a couple
of hundred nanoseconds before dissipating.

C. Time-Averaged Emission

Changes in operating conditions cause changes in reactive
species emission. It should be noted that our previous study of
this device showed that input power only varies with voltage
and frequency [31] and thus is not specifically analyzed
in this work. Fig. 8 shows the relationship between each
operating condition and the wavelength integrated emission
of the OH (A–X, 305-309.3 nm) transition and the N2 second
positive (C3�u–B3�g , 312–320 nm) transition lines. Notably,
increases in voltage and frequency increase both emission
intensities, while increases in flow rate decrease N2 species
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TABLE I

OPERATING CONDITIONS OF THE STEADY-STATE SPECTROSCOPYMEASUREMENTS

Fig. 5. Percentages of MB dye remaining after different treatment times and conditions. The baseline condition consists of 8 kV, 6 kHz, 1000 ns, and 2 slm,
which is the middle value in each plot. The listed conditions represent a variation of one of these parameters. Error is shown as shading and is ±1 standard
deviation.

emission and increase OH∗. Higher voltage and frequency
add energy to the system causing more ionization to occur
in a given time frame. Higher flow rates, however, push the
surrounding air out from around the tube exit, leading to
a higher helium mole fraction. Because it is a molecular
gas and thus has rotational and vibrational electronic energy
modes, air has more energy loss mechanisms than helium.
Therefore, increasing the helium mole fraction increases the
ionization and production of oxidative species [36]. However,
less surrounding air leads to a decrease in the nitrogen species
available to be excited. With reduced nitrogen, the amount of
reactive nitrogen species produced decreases. On the other
hand, the moisture from the feed gas and the gas lines is
still present, allowing the increased ionization to increase OH∗

production. Further discussion on this phenomenon is provided
in our previous work [31].
The pulsewidth is unique in that the middle condition, 1 μs,

produces the most reactive species emission. This is due to the
lifetime of the plasma bullet. Regardless of pulsewidth, at these
voltages and flow rates, the bullet itself only lasts around 1
μs. If the pulsewidth is shorter, the bullet dissipates almost
immediately in synch with the trailing edge of the pulse.
At that time, the electric field would dissipate, thus ending
the ionization wave. This is shown in the low emission of the
500-ns case. If the pulsewidth is longer than 1 μs, the bullet
has dissipated by the time the trailing edge of the pulse occurs.
The rapid change in voltage at the trailing edge causes a
secondary current increase that enhances the ionization of the
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Fig. 6. Plasma forms as a bullet in correspondence with an ionization wave that travels down the helium channel. These images reflect the path of a free
stream plasma jet with no obstructions.

Fig. 7. Plasma bullet travels until hitting the water surface. At the interface, the bullet rebounds and starts to travel toward the tube before dissipating. The
white line at 1.5 cm is the surface of the water in the dish. The baseline condition of 8 kV, 6 kHz, 1000 ns, and 2 slm is shown.

bullet. If the bullet has already dissipated, the trailing edge
has less of an impact on the emissive species.
When water is added in the path of the jet, it increases the

reactive species emissions. For both OH∗ and excited nitrogen
species, the interaction with the water surface causes an
increase in emission. This is true for almost every condition,
as shown in Figs. 9 and 10. Because electron interaction with
water is the source of OH∗ production via the reactions in

(1)–(3), the increase in OH∗ emission with voltage, pulsewidth,
flow rate, and frequency is expected and rather significant.
For the conditions tested, the emission of OH∗ increased by
an average of 69.6% when the plasma interacted with water.
The changes ranged from a maximum of a 192% increase for
the 10-kV, 3-slm, 1-μs, and 10-kHz case to a minimum of a
16.8% increase for the 6-kV case. However, an increase was
also observed in the excited N2 emissions when the plasma
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Fig. 8. Intensities of the reactive species emission change with operating conditions. The labels represent the change of one parameter from the baseline
condition of 8 kV, 6 kHz, 1000 ns, and 2 slm. The max label represents the conditions of maximum emission at 10 kV, 10 kHz, 3 slm, and 1000 ns. Both
the 6-kV and 500-ns condition intensities are shown multiplied by 3 to clearly see the values. The data are partitioned by operating parameter to isolate the
effects of each variation.

interacts with the water. Compared to the plasma interacting
with only air, the excited nitrogen species emission increased
by an average of 27.4%. The changes in N2 emissions varied
from a maximum increase of 120% at 10 kV, 3 slm, 1 μs,
and 10 kHz to, interestingly, a decrease of 7.5% at 1 slm. The
decrease at 1 slm is likely caused by the rapid dissipation of
the bullet after contacting the water. In most cases, the overall
emission increase is likely due to the interactions of the
ionization wave with the surface of the water. The visible
plasma bullets form along an ionization wave that propagates
from the electrodes down the helium channel of the jet. This
ionization wave exhibits different behaviors when it hits the
surface of a substrate, such as bouncing off the surface of
water. This causes a secondary wave of ionization to occur.
It is interesting that a decrease in excited N2 emissions

occurs at 1 slm when water is present. At that low of a
flow rate, the ionization wave does not travel far or last very
long. In general, a lower flow rate leads to higher excited
nitrogen emission because the bullet interacts with more air,
as shown in Fig. 8 for 1–3 slm. As mentioned previously,
the bullet will also have less energy at lower flow rates due
to the influence of air. When the bullet hits the water surface,
it rapidly dissipates due to the much higher ionization potential
of liquid water compared to the surrounding gas channel. The
minimal interactions that still occur are dominated by electron
interaction with water, leading to more OH∗ but less excited
nitrogen species emission.

D. Synchronized Emission

The previous results are time-averaged OES measurements
and thus are unable to distinguish between the downward and
rebounding bullet. To better understand how the emissions
differ when plasma is interacting with the water surface, spec-
troscopic measurements were taken at nanosecond increments

in synch with the voltage pulse. This resulted in emission plots
like Fig. 10 for each time step. These were then integrated
with respect to wavelength to isolate the total intensity of
OH∗ (305–309.3 nm) and excited N2 emissions (311–318 nm),
resulting in the plots shown in Fig. 11. The integration limits
were chosen to capture as much of each excited state without
overlapping. An analysis of how operating conditions affect
the emissions over the lifetime of the bullet was conducted
in our previous work [37]. We found that a higher voltage
increases the initial emission peak value and causes the peak
to occur sooner in time. Flow rate also had an effect. Higher
flow rates had higher peak emissions, but the peak occurred
later compared to lower flow rates. This was due to a mixture
of preseeding and temperature effects.
In this work, these effects can be seen from Fig. 11. From

the observations shown in Fig. 8, it was evident that higher
voltages and flow rates are desirable for increasing OH∗.
Higher frequencies are also beneficial for OH∗ emission, but
since synchronized imaging only observes individual bullets,
the frequency, which is a measure of how many bullets occur
per second, would not have an immediate effect. Thus, the case
of 10-kV voltage, 3-slm helium flow rate was compared to the
2 slm, 10 kV, and the 3 slm, 8-kV cases with the frequency
and pulsewidth remaining at the baseline (6 kHz, 1000 ns).
Voltage has the largest effect on emissions. Both 10-kV cases
demonstrate peaks 50% higher with no water and twice as high
with water compared to the 8-kV case. The higher voltage
also increases the velocity of the bullet, causing the emission
peaks to occur sooner in time. Flow rate does not have a
significant effect but does allow OH to sustain longer. This
is likely because there are many loss mechanisms for OH in
air [38]. With higher flow rates, the gas channel has more
helium and less air, which slows the rate of OH decomposition.
When water is present, the higher flow rate also causes more
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Fig. 9. Percent difference between the plasma emissions with water versus the emissions without water interaction is shown. The labels represent the change
of one parameter from the baseline condition of 8 kV, 6 kHz, 1000 ns, and 2 slm. The max label represents the conditions of maximum emission at 10 kV,
10 kHz, 3 slm, and 1000 ns. The data are partitioned by operating parameter to isolate the effects of each variation.

Fig. 10. Reactive species at the plasma–water interface (1.5 cm below the
tube exit) increase when plasma interacts with water as opposed to air. The
conditions of maximum emission at 10 kV, 10 kHz, 3 slm, and 1000 ns are
shown.

water to turn into vapor and enter the gas channel, causing an
increase in OH∗ emissions.
When interacting with water, another unique behavior

occurs. For the N2 species emission, a larger secondary peak
rapidly appears after the initial peak in emissions. A secondary
peak also occurs for OH∗ but immediately follows and is
nearly equal in magnitude to the first peak. The presence of the
secondary peak is likely due to increased plasma interactions.
As the plasma bullet hits a water surface, it rebounds and
then stalls in place before dissipating, as shown in Fig. 7. The
presence of the ionization wave will both produce more species
and excite existing species. It should be noted that the voltage
drives the velocity of the bullet. Thus, the 3-slm and 8-kV data
shown in Fig. 11 match the timing shown in Figs. 6 and 7,
while the 10-kV data show faster propagation.

IV. DISCUSSION

A. OH Emissions Versus OH Population for Dye
Decomposition

The rates of decomposition of MB dye most strongly
correlate to changes in voltage and flow rate. Pulsewidth and
frequency did not have a significant effect. Higher voltages and
flow rates increased the rate of dye decomposition and also
increased reactive species emission. On the contrary, higher
frequencies also significantly increased the time-averaged
reactive species emission but did not have a large effect on
MB dye decomposition. Since OH is a driving force for AOP
and increased AOP reactions would reduce more dye, this
discrepancy indicates that the emission of OH∗ is not a direct
indicator of the total amount of OH.
Under the assumption that (1)–(3) account for most of the

OH inventory [ions come from (2)], the production rate of OH
is given by
dnOH
dt

= (kOH+ + kOH− + kOH(X) + kOH(A))nenH2O

+ (kOH+ + kOH− + kOH(X) + kOH(A))nenH2O+ (7)

where k are the rate coefficients for the production of positive
and negative ions, ground state OH, and excited A state OH, ne
is the electron density, and nH2O is the water number density.
It is assumed that the OH ions will neutralize and can be
counted into the total OH inventory. The dissociation of water
can produce either ground state OH (X) or excited state OH∗
(A), and the latter radiatively decays to the ground state and
produces the characteristic A–X transition of OH. The total
OH inventory must include both ground state and excited OH∗,
but only the emission from OH∗ can be measured with OES.
While higher frequencies would indicate more electron

interactions per second, there are a limited number of H2O
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Fig. 11. Synchronized spectroscopic measurements provide a nanosecond resolved look at the plasma emissions 1.5 cm below the tube exit.

molecules. At 2 slm, the flow velocity is about 2.7 m/s. This
means that a slug of gas takes about 17 ms to travel the 4.5 cm
from the pin to the water surface, which is orders of magnitude
longer than the time between bullets at these frequencies
(100–500 μs). Thus, once the water molecules in the gas
channel are dissociated into OH, few water molecules will
be available to further produce OH. While the lifetime of the
OH molecules is also around hundreds of microseconds [39],
the molecules will combine into other chemical species, such
as peroxide or NO. Since these reactions will use H and O
atoms, this will prevent the formation of H2O and reduce the
overall water number density. The reactions noted in (1)–(3)
show that the production of OH depends on the electron
density, electron temperature (through the rate constant), and
water number density. The electron temperature and density
do not change between bullets, and thus, no additional OH
will be formed until the water number density increases.
The observed emissions represent the (A–X) transition for

OH. This means that when emissions are observed, the A state
of OH has relaxed back to the ground state. The excitation
and decay processes together last on the order of single
microseconds. Since the time between bullets is from 500 to
100 μs for the frequency ranges of 2–10 kHz, the A state
excitation process will occur more often per second at high
frequencies. In the time between pulses, the states generated
in (7) will mostly decay back to the X state. Thus, with no
new H2O molecules when the next bullet occurs, the electrons
primarily excite OH via

dnOH(A)

dt
= kOH(A)nenOH(X). (8)

Then, we observe the resulting radiative decay with OES.
Thus, more bullets result in more time-average emissions,
but not more OH molecules. Essentially, once all the H2O

molecules have been dissociated into OH, the plasma bullets
simply reexcite the same population of OH. At higher voltages,
the increase in electron temperature increases the rate coeffi-
cient in (7) and (8) [15], [40], thus increasing the amount of
overall OH produced and the amount excited. Increases in flow
rate will increase the velocity of the bulk flow. This will allow
new water molecules to interact with the electrons sooner,
thus increasing the overall OH inventory. At the nanosecond
time scale that these reactions are occurring, it is difficult to
separate these two reactions. For future studies, advanced fast
laser techniques are needed to isolate the precise populations
of each state.

B. Frequency Limit

The limitation of the effects of frequency implies that there
is a minimum frequency that the plasma jet can be operated
at to still maintain effective treatment. Finding this minimum
frequency would improve the efficiency of the treatment
process. Additional testing was thus performed to identify
the limit of frequency effects. Using the baseline parameters
of 8 kV, 2 slm, and 1 μs, the frequency was varied from
10 kHz to 1 Hz. The largest differences in Fig. 5 between
frequencies are shown to be near 15 min of treatment. Thus,
each sample was treated for 15 min at each frequency and
the results are shown in Fig. 12.
The minimum frequency before losses in dye removal rate

begin to occur is around 1 kHz. At this frequency, there is
1 ms between each bullet. At this time scale, some of the
gas flow will have started replenishing and some of the OH
molecules will have recombined into H2O but not enough to
largely affect the performance. Below 1 kHz, the time between
bullets increases and more and more molecules are lost
between bullets without dissociating into OH, which reduces
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Fig. 12. Variations in dye removal with changes in frequency at 15-min
treatment times. The plasma was operated at an 8-kV voltage, 2-slm helium
flow rate, and 1-μs pulsewidth.

dye removal. In addition, since the bullet travels 4.5 cm from
the pin to the water surface, preseeding effects will start
to play a role at this timescale. Higher pulse frequencies
create a path of ionization that allows the bullet to follow an
easily ionized channel [37]. As the frequency decreases, this
preseeded channel weakens, and more loss mechanisms occur.
Both the gas channel replenishment timing and the preseeding
effects imply that the minimum frequency would reduce if the
distance between the jet and the water was shortened.
Notably, the difference in dye removal between 10 and

1 kHz is 2.6% (49.4% remaining versus 52.0%). However,
the current draw, which is linear with frequency, sees an order
of magnitude reduction from 36 to 3.6 W [31]. This means
that the efficiency of plasma-based purification devices can be
greatly improved by operating at this minimum frequency.

C. Bullet–Water Interactions

Interacting with water also causes a significant increase in
OH. Since the electron temperature and density do not change
on a bullet by bullet basis, an increase in emission at identical
operating conditions indicates that there is more OH to be
excited. The water number density increases due to the stirring
of water into the gas channel, and this is likely the main cause
of the overall increase in OH∗ emission with water. In addition,
an increase in electron density has been observed in both
models and experiments when ionization waves interact with
conductive surfaces [28], [41].
The emission behaviors seen in Figs. 9 and 11 with and

without water are directly related to the rebounding bullet
phenomenon in Fig. 7. It should be noted that the bullet
rebounding behavior is likely due to polarization caused by
charge buildup on the water surface. Further discussion of this
behavior is provided in the literature [28], [42]. The initial
bullet pass causes a spike in emission followed by a standard
rate of decay. The plots show that without water, the excitation
times (rise in emissions) for both OH∗ and excited nitrogen
species are between 25 and 50 ns for all conditions. The
decay time for the nitrogen species is also around 25–50 ns,
while OH∗ decays over 1 μs. The excitation and decay times
remain the same when water is present, indicating that the
chemical/excitation process is the same for the primary bullet
and the secondary rebound bullet.

Notably, the bullet bounce causes a secondary peak in
emissions that increases N2 excitation. The secondary peaks
show the same excitation and decay times as the initial peaks.
The magnitude of the secondary peak is significant, as it
is larger than the initial peak. Two factors likely cause this
increase. First, the initial decay process has already begun.
Some of the decayed molecules will be reexcited when the
bullet rebounds. Also, when the bullet passes through space,
some electrons are temporarily left in the previously traveled
path. When the bullet rebounds, the ionization wave travels
back into that cloud of electrons and briefly causes an increase
in electron density, leading to the high secondary peak of
N2 species emission. This dissipates before the next bullet is
generated, leading to a consistently lower magnitude for the
first peak.

V. CONCLUSION

The interactions between a plasma bullet and water show
useful chemical reactions for water treatment. These inter-
actions help explain why increasing voltage and flow rate
increase the rate of decomposition of contaminants such as MB
dye. In most cases, the presence of water causes an increase in
emissive species. The plasma bullet will rebound off the water
surface causing a large secondary peak in emissive species.
However, the increased emission does not mean more actual
production of OH due to the long lifetime of OH compared to
the lifetime of bullets. Higher frequencies do not help in the
overall goal of cleaning water, so lower frequencies (down to
1 kHz), and thus lower input powers, can be utilized.
To progress this work, a few main areas need to be explored.

The first is modeling. The spatiotemporal evolution of the
emissions that were observed here will aid in modeling the
behaviors of the plasma and its interaction with water. Models
are needed to demonstrate how the gas phase kinetics affects
the rebound of the bullet and how the water is affected by
these changes. Finally, the plasma itself needs to be expanded.
Developing a larger surface area plasma has long been a
challenge in the LTP field, and any development toward this
goal will benefit water treatment.
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