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ABSTRACT: Recent research in plasma applications in bioengineering and plasma medicine
gives attention to plasma treatment of various liquids, especially water, for the growing number
of medical and biological applications. In this paper we present a forward-vortex nonequilibrium
atmospheric pressure plasma system for generation of nitrogen and oxygen reactive species as
well as reduced pH in flowing water. We discuss the dependence of pH and nitrate produced in
water on both the carrier gas and the gas feed rate.
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I. INTRODUCTION

There is a recent significant increase of interest in plasma treatment of various lig-
uids, primarily water.!® Dielectric barrier discharges,® corona discharges,”!’ plasma
jets,®!! thermal plasmas,'? and other discharges'® are being widely used for various
medical, biological, chemical, and environmental applications of plasmas. Moisan
et al. showed that the major contribution to effective plasma sterilization, at least in
the system he describes, is by ultraviolet (UV) photons and reactive species such as
atomic and molecular radicals.'* Locke et al. discuss various discharges in liquids
including electrohydraulic discharges and nonthermal plasmas for water treatment
and, in particular, for applications in water cleaning.'”> Hayashi and coauthors show
sterilization, especially of medical equipment, using radicals produced in the water
vapor RF plasma in oxygen.'¢ Kelly-Wintenberg et al. demonstrated that one atmo-
sphere uniform glow discharge plasma (OAUGDP) exposures on a variety of surfac-
es have yielded reduced log numbers of bacteria, bacterial endospores, and various
yeast and bacterial viruses.!” Laroussi has found that exposure from the generation
and use of a glow discharge plasma at atmospheric pressure is sufficient to destroy
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the microorganisms living in an exposed medium, without damaging the medium
itself.'® Yong et al. have shown that an underwater electrical discharge in a narrow
dielectric capillary produces atomic oxygen, atomic hydrogen, and hydroxyl radicals
from dissociation of water vapor which also, in a bactericidal test in normal saline
solution, showed that more than 99.6% of the bacterial cells were killed within 8 s,
resulting from chlorine-containing species.!” Han et al. analyzed that argon plasma
jets can penetrate deep into ambient air and create a path for oxygen radicals to
sterilize microbes, thereby noting its capability to clean surfaces.?’ Lee et al. have
demonstrated that the sterilizing effect of atmospheric-pressure cold plasma (APCP)
utilizing helium/oxygen was not due to UV light, which is known to be the major
sterilization factor of APCP, but instead results from the action of reactive oxygen
radicals.?! Cvelbar et al. have determined that the results from oxygen plasma glow
discharge showed that the sterilization efficiency is not necessarily just the effect of
oxygen plasma radical interactions, but also of the sample heating due to radical in-
teraction with the substrate.?? The key question raised in most of the treatments is the
scalability of the proposed technology to the industrially viable volumes of water. In
this paper we present a nonequilibrium atmospheric pressure forward-vortex plasma
system that we use for treatment of flowing water. This water can then be used for the
ever-expanding list of medical and biological applications and can be tuned for the
specific desired effect.

Il. MATERIALS AND METHODS

A. Plasmatron System Design

A three-dimensional drawing of the forward-vortex gliding arc discharge system is
shown in Figs. 1 and 2. The system is comprised of the two stainless steel pipes, of
1-inch outside diameter, separated by a few millimeters (can be adjusted). Air or other
carrier gases are injected tangentially between the high voltage (top) and ground (bot-
tom) electrodes. The water is injected through a pipe placed in the center of the high
voltage electrode. Applied voltage and current, length of the high voltage and grounded
pipes, and the liquid flow rate can all be adjusted to satisfy the specific experimental
design. Note that the high voltage pipe is closed on top, creating a forward-vortex ge-
ometry.

B. Electrical Characterization

To perform an electrical analysis of the system, a Tektronix P6015a High Voltage
Probe 1000X was utilized to measure voltage delivered to the plasmatron from the
power supply and a Rogowski coil, 1 V, 1 A, was used to measure current output.
Both the voltage probe and the Rogowski coil were connected to a Tektronix TDS
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FIG. 1: Three-dimensional drawing of the forward-vortex plasmatron system

FIG. 2: Three-dimensional drawing of the slice-through of the forward-vortex plasmatron sys-
tem
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3014C oscilloscope to obtain instantaneous readings during the operation of the plas-
matron. Compressed air and carbon dioxide were fed tangentially into the plasmatron
at 0.4, 0.6, 0.8, and 1.0 SCFM while plasma was ignited. Calculation of total energy
consumption and duration of single pulse reading was performed with MATLAB.
Total energy can be calculated using the equation below, where V, I, and P are the
instantaneous voltage, current, and power, respectively. The product of the actual
voltage and current yields instantaneous power and the integral of power over the
total time yields total energy.

V(t)*I(t) = P(t)
jTP(t)dtZE

Single pulse readings were then conducted by changing the time step on the
oscilloscope to 2.00 ms and then recording the data points. The approximate times
when the pulse initialized and finalized were then determined through approxima-
tion and those sets of points were cropped out from the whole data set. This new
data set was then analyzed in MATLAB by calculating instantaneous power and
total energy.

C. Thermal Characterization

An OMEGA L-0044T thermocouple connected to a FLUKE 5211 thermocouple ther-
mometer was used to take temperature readings of the plasmatron system above the ring
electrode. Carbon dioxide gas from a cylinder and pipelined compressed air were flowed
through the plasmatron at flow rates of 0.4, 0.6, 0.8, and 1.05 SCFM and 0.3, 0.4, 0.5, and
0.6 SCFM, respectively. Temperature measurements were taken at time intervals of 10 s
for the first minute followed by intervals of 30 s until a total run time of 5 min was reached.

D. Water Analysis

For water analysis, a Fusion One Syringe Infusion Pump by Chemyx Inc. was used to
regulate flow rate of water injected from a Monoject 60 ml, 2 oz syringe. To determine
pH and nitrate levels in plasma-treated water, a Thermo Scientific Orion Dualstar pH/
ISE Benchtop was used along with Thermo Scientific Orion 9700BNWP Handle for
Iont+Combination ISE Electrode, Thermo Scientific Orion 900200 Sure-Flow Reference
Half-Cell Electrode, and a Thermo Scientific Orion 8220BNWP PerpHecT Ross Combi-
nation Micro pH Electrode. Water loss was documented by varying both the air flow rate
and water flow rate into the plasmatron. Water loss vs. water flow rate was performed by
maintaining the air flow rate at I SCFM while varying the water flow rate at 16.7, 20.0,
25.0, 33.3, and 50.0 ml/min. Water loss vs. air flow rate was conducted by keeping the
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water flow rate constant at 50 ml/min and varying the air flow rate at 0.6, 0.8, 1.0, and
1.2 SCFM.

Plasma-generated acidified water was produced at 16.7 ml/min @ 1 SCFM, 50 ml/
min @ 1 SCFM, and 0.8 SCFM @ 50ml/min. To determine total water loss from heat
generated by the system, the treated water was placed onto a 140-mm aluminum weigh-
ing dish and weighed with a Fisher Scientific Accu-64 scale. The pH and nitrate levels
were also immediately measured after each weigh. Samples of water are stored in sep-
arate sets of BD Falcon Centrifuge tubes. Two separate sets of samples were produced
by storing some with an air bubble in the tube and another without. The pH and nitrate
level readings of both sets were taken immediately and also after letting the samples rest
for 1 hand 48 h.

E. Photo and Video Recording

To document plasma behavior with photographs and video we have used a digital sin-
gle-lens reflex camera (Nikon D80OE, Nikon, USA) with macro lens (Nikon AF-S VR
Micro-Nikkor 105 mm f72.8G IF-ED, Nikon, USA) and a macro conversion lens (Ray-
nox DCR-5320PRO with Bower 62—72-mm step-up ring, distributed by B&H Photo,
Video, & Pro Audio, New York, NY). Figure 3 shows a photograph of the setup used
to document the plasmatron. The photography setup remained approximately the same
throughout all the experiments reported on in this document.

FIG. 3: Photograph of the setup used to photographically document plasmatron (white bar rep-
resents 25.4 mm)
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lll. RESULTS

A. Electrical and Thermal Characterization

From the data received from MATLAB calculations of 1 pulse of compressed air over
0.4, 0.6, 0.8, and 1.0 SCFM, energy increases as air flow rate increases. This increase
is also apparent in 1 pulse CO, results. However, it is also noted that energy con-
sumption for the plasmatron with CO, flow is much greater than with compressed air
flow. There also does not seem to be any correlation between the gas flow rate and the
length of each pulse. These findings are demonstrated in the results shown in Tables
1 and 2.

As the compressed air flow rate is increased, energy consumption of the plasmatron
over 1 s and 1 pulse also increases accordingly as shown in Figure 4. As CO, flow rate is
increased, energy consumption is increased over 1 s readings but interestingly no ener-
gy-gas flow rate correlation can be determined over 1 pulse duration as shown in Figure
5, for oscillograms used in this analysis, see Figures 6-9.

As expected, when measuring the temperature of the plasmatron with an OMEGA
L-0044T Thermocouple connected to a FLUKE 5211 Thermocouple thermometer, an
increasing trend is determined from the measurements. Interestingly, the lowest gas flow
rate for CO, and compressed air (0.3 and 0.4 SCFM, respectively) yields the highest
final temperature, while the higher gas flow rates yield a lower temperature after 300 s
of continuous run time of the system. See Figures 10 and 11.

B. Thermal Characterization

We analyze the rise of the temperature of the high voltage electrode during the
system operation. Unfortunately, given the current configuration of the plasma
system we see temperature rise as much as 60°C in 5 min of operation. Clearly,
this issue needs to be addressed in an industrial setting either by actively cool-
ing the electrodes (air-cooling or water-cooling are both possible and have been
introduced before) or by other modifications leading to reduced time of contact
of the arc with the electrode and better gas flow arrangement to allow for longer
operating times.

C. Water Characterization

With an initial water volume of 50 ml, it was determined that volume of water loss
increases as compressed air flow rate increases. Interestingly, volume of water loss de-
creases as water flow rate increases as shown in Figure 12.

Chemistry of the treated water also changes with low water flow and high water
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TABLE 1: Chart of comparison between CO, flow rates with energy consumption per pulse and
length per pulse

Flow rate (SCFM) Energy (J) Length of pulse (ms)
0.4 0.9686 1.090
0.6 1.4961 1.520
0.8 0.9283 1.822
1.0 0.8427 0.843

TABLE 2: Chart of comparison between compressed air flow rates with energy consumption per
pulse and length per pulse

Flow rate (SCFM) Energy (J) Length of pulse (ms)
0.4 0.2683 3.000
0.6 0.4581 3.578
0.8 0.5525 4.630
1.0 0.6833 4.458
bl , W"‘W i
Fohlste o aitioal Jo ] pubadlid Ll G ot 1 UL

LA w L 2] ™ L1} L) Lad w LA} Wi ¥ a3 s L2}

b 1ol

o

.: A IuLll‘JL A
U

L { IO T O AT

CO2® 003N COTO 1 1% WA

Teee -
= . .
‘ Areo | | f S
L [ S LR S | ace S ¥ S R T TN B T B A e ) i
v -
g . z u
. " A A " L ]
[ B T R T B T R | S T} A R 1) L R L E L B L B L L
11eeo Su1e®
i 1heeo | ‘ H e 4
vooo I
‘ lll " ]
LAy | 2
o LEF} L) LB L) L) LI o L) v <
-~ v et

FIG. 4: [-V-P readings for CO, with instantaneous power over 1 s

Volume 3 Number 4, 2013



322 Liang et al.

flow. Initial pH of untreated tap water is at 7.944. The pH of water that was treated
under 16.7 ml/min yielded a pH of 7.1365 while pH of water treated under 50 ml/min
yielded a pH of 6.8915 as shown in Figure 13. Interestingly, pH of the low flow rate
sample increased as the high flow rate sample decreased at 24 h and then increased
at 48 h. The no-air-gap samples of both flow rates yielded no significantly distinct

FIG. 5: [-V-P readings for CO, with instantaneous power over 1 pulse

FIG. 6: Energy readings for CO, with 0.4-1.0 SCFM flow rate over 1 s and 1 pulse, respectively
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FIG. 8. I-V-P readings for compressed air with instantaneous power over 1 pulse

results from the air-gap samples.

323

Initial nitrate concentration of untreated tap water is at 1.75 mg/l. When water
is treated at 16.7 ml/min, nitrate level yields 4.00 mg/l while water treated at 50 ml/
min yields a nitrate concentration of 3.215 mg/l. Interestingly, nitrate levels for both
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FIG. 9: Energy readings for compressed air with 0.4—1.0 SCFM flow rate over 1 s and 1 pulse,
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FIG. 10: Plot of temperature readings obtained at various flow rates of compressed air

high and low flow rates increase over 24 h but decrease at 48 h. Low flow with air ex-
posed, low flow without air exposed, and high flow with air exposed yielded similar
results at 24 h (5.86-5.76 mg/l) but after 48 h, high water flow with air exposed yielded

Plasma Medicine



Gliding Arc Plasma Treatment of Water

the highest concentration of nitrates out of all the samples during that time at 5.025 mg/I.
These measurements of the stability of nitrate concentration as well as stability of other
compounds of interest can be found in Figures 14-17.

Effect of Flow Rate of CarbonDioxide on Plasmalron Temperature
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FIG. 11: Plot of temperature readings obtained at various flow rates of CO,
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pH of Plasma Acid Water Over Time Elapsed Since Treatment
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FIG. 13: Plot of pH levels vs. time in plasma-treated tap water over =0, /=1, and /=48 h. Samples
with water flow rates of 16.7 and 50 ml/min were analyzed. Samples with air exposed and no air

exposed were also analyzed.
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FIG. 14: Plot of nitrate concentration vs. time in plasma-treated tap water over =0, =1, and =48
h. Samples with water flow rates of 16.7 and 50 ml/min were analyzed. Samples with air exposed

and no air exposed were also analyzed.
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As can be expected from a thermal plasma generated in atmospheric air in the
presence of water, Figure 18 shows an abundance of nitrogen lines in the discharge
emission.

D. Photographs of the Discharge Development

Figure 19 shows a sequence of photographs of the discharge development from the ini-
tial thermal arc to the elongated and twisted transitional arc, filling most of the central
volume, to finally extinguishing and reigniting. In burst mode, this camera is capable
of approximately 12 images per second; thus the time interval between these shots is
approximately 80 ms and it is clearly visible that the individual gliding arc exists for
approximately half of a second. It can also be observed that thne new arc ignites when

conb : \ My, o = 16.7 mL/min

350 nm
NO,

FIG. 15: UV VIS analysis of plasma-treated water injected at 16.7 and 50 ml/min into the plas-
matron. Shows nitrite levels at 350 nm
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FIG. 16: UV VIS analysis of plasma treated water injected at 16.7 ml/.min and 50 ml/min into
the plasmatron. Shows HCL levels at 487nm.

the previous arc is disconnected from the electrodes.

IV. DISCUSSION AND CONCLUSION

In this paper we have discussed treatment of water by the nonequilibrium atmospheric
pressure forward-vortex plasma system and the generation of various reactive species in
the flowing water. The key advantage of such system is that the water is moving through
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plasma without contact with the electrodes and allows for generation of a reasonably
high volume of the treated water. We have discussed the design of a new forward-vortex
system and showed how the discharge interacts with the gas flow and the liquid flow. We
presented current, voltage, and power characteristics of this system. The presented plas-
ma system does overheat (up to 80°C) in just 5 min of operation which clearly would
present a problem in an industrial setting. We have suggested possible solutions to this
problem that we also plan to investigate in the near future. We have discussed the drop in
pH and increase in nitrate concentration of the plasma-treated water and its dependence
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FIG. 17: UV VIS analysis of plasma-treated water injected at 16.7 and 50 ml/min into the plas-
matron. Shows nitrate levels at 577 nm
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FIG. 18: Optical emission spectra of the gliding arc plasmatron operating with compressed air

on both the water and the carried gas flow rate.

Clearly, many unanswered questions remain to be studied to industrialize the treat-

ment of flowing water by forward or forward-vortex plasmatrons. This paper presents
initial steps in development of these systems and we hope to further focus on the issues
of electrode overheating, increasing the flow rates while maintaining lowered pH, and
other industrially important challenges.
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