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Inactivation of Escherichia coli Cells in Aqueous Solution by
Atmospheric-Pressure N,, He, Air, and O, Microplasmas
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Atmospheric-pressure N,, He, air, and O, microplasma arrays have been used to inactivate Escherichia coli cells suspended in
aqueous solution. Measurements show that the efficiency of inactivation of E. coli cells is strongly dependent on the feed gases
used, the plasma treatment time, and the discharge power. Compared to atmospheric-pressure N, and He microplasma arrays,
air and O, microplasma arrays may be utilized to more efficiently kill E. coli cells in aqueous solution. The efficiencies of inacti-
vation of E. coli cells in water can be well described by using the chemical reaction rate model, where reactive oxygen species play
a crucial role in the inactivation process. Analysis indicates that plasma-generated reactive species can react with E. coli cells in

water by direct or indirect interactions.

Plasma, called the fourth fundamental state of matter, in addition
to solids, liquids, and gases, consists of equal numbers of positive
ions and negative electrons (negative ions in some cases) and
other reactive species, generally resulting from the ionization of
neutral gases. Due to the reactive species in plasma, gas-based
reactive plasmas are thought to be effective in killing various mi-
croorganisms (1-3). Therefore, recently, the inactivation of mi-
croorganisms in water by atmospheric-pressure cold plasmas
(APCP) has attracted great attention for biomedical and environ-
mental applications due to their lethal effects on bacteria and
fungi (4-8), since APCP include many reactive species similar to
those in the conventional methods of microorganism inactiva-
tion, such as ozone generation (9), UV irradiation (10), chemical
agents (11), electrical fields (12, 13), and microwave irradiation
(14).

The chemical reaction rates of these plasma-activated species
may be improved greatly when atmospheric-pressure nonequilib-
rium plasmas are generated in water (4-7, 15). These short-lived
species can be formed in the vicinity of microorganisms and effi-
ciently kill microorganisms in water. Usually, it is relatively hard
to generate stable atmospheric-pressure plasmas in water. Among
various plasma sources (4, 5, 7), atmospheric-pressure arc dis-
charge has frequently been used for killing microorganisms in
water. Compared to other sources, the strong arc discharges are
less influenced by the aqueous environment while obviously lead-
ing to an increase in the water temperature with high energy con-
sumption. This arc discharge can also cause serious damage to
heat-sensitive materials, and the volume of treated aqueous solu-
tion is limited, since the arc plasma is usually controllable only in
a small processing space.

Previously (16), we designed an atmospheric-pressure air mi-
croplasma array to inactivate Pseudomonas fluorescens cells in
aqueous media. The microplasma produced by hollow-fiber-
based microplasma jets is stable and extremely efficient in killing
P. fluorescens cells in aqueous media. This design demonstrates
potential application for large-volume plasma inactivation of bac-
terial cells in water. In this study, we report on the influence of He,
air, N, and O, feed gases and the discharge voltage on the effi-
ciency of inactivation of Escherichia coli cells in water. The inacti-
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vation of E. coli cells was evaluated via CFU counts on petri dishes.
The efficiencies of inactivation of E. coli cells treated by the micro-
plasma arrays were compared to that in H,O, solution. To deter-
mine the discharge processes that take place within the plasma and
their properties, optical emission spectroscopy (OES) was utilized
to monitor optical emissions of plasmas. As it does not interfere
with the plasma itself, information on the undisturbed plasma
could be obtained. In OES, the spectrum of the radiation emitted
by the plasma is sliced and its intensity is measured as a function of
the wavelength. In addition, the discharge power of He, air, N,
and O, microplasma arrays was measured as a function of the
discharge voltage, and the processes of inactivation of E. coli cells
in water by this method are discussed based on the experimental
results.

MATERIALS AND METHODS

Plasma reactor and multiglow mode discharge. A schematic diagram of
the microplasma array device is shown in Fig. 1 (7). The plasma device is
mainly composed of microplasma jet units housed in a glass cup. In each
microplasma jet unit, two hollow fibers with inner diameters of 200 pm
and 1,500 pm are used to generate the microplasma inside the thicker
hollow fiber. The 200-pm-thick tungsten wire, acting as a high-voltage
electrode, is inserted into a 200-pwm-inner-diameter fiber sealed at one
end. The 200-pm-inner-diameter fiber is inserted into the 1,500-pwm-
inner-diameter fiber, and the separation between their ends is fixed at 3
mm. In this study, 6 by 6 microplasma jet units were uniformly distrib-
uted inside the glass cup with an inner diameter of 70 mm. The feed gases,
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FIG 1 Schematic diagram of the experimental setup used in this study. (a) Cross-sectional view of the microplasma array device. (b) Top view of the plasma

device. PMT, photomultiplier; H.V., high voltage.

such as He, N,, air (artificial air), and O,, were added to the 36 micro-
plasma jet units at a flow rate of 2.0 standard liters per minute (SLM). One
tungsten bar was immersed in aqueous solution, and the tungsten bar was
connected to the ground. The aqueous solution containing E. coli cells
acted as the grounded electrode. The power supply mainly consisted of a
signal generator, a power amplifier, and a transformer. The signal gener-
ator is used to adjust the applied voltage and its frequency. The power
supply is capable of supplying bipolar AC output with a peak voltage (V},)
of 0 to 20 kV at an AC frequency of 9.0 kHz.

Experimental procedures. (i) E. coli cells treated with atmospheric-
pressure microplasmas. To treat E. coli cells with atmospheric-pressure
microplasmas, a single E. coli colony was inoculated into approximately
200 ml LB liquid medium (tryptone, 2 g; yeast extract, 1 g; NaCl, 2 g;
distilled water, 200 g; pH 7.2) and was cultivated on a shaking table with a
rotation speed of 200 rpm at 28°C for 24 h. Then, 8 ml of the original
solution of E. coli at a concentration of 10° CFU/ml was transferred to 800
ml sodium chloride solution (1% NaCl) for plasma inactivation. In order
to avoid the effect of residual gas in solution on the inactivation efficiency,
the working gas was injected into the solution before plasma inactivation.
The solution, with an E. coli concentration of 10° CFU/ml, was treated
with an atmospheric-pressure N,, He, air, or O, microplasma array, while
the untreated solution was used as the control. The plasma inactivation
treatment was performed in a V}, range from 0.8 to 7.0 kV. After plasma
inactivation, 1 ml of treated solution was centrifuged at a rotation speed of
3,000 rpm for 10 min. Then, the deposit at the bottom of the centrifuged
solution was separated from the suspension and dissolved in 100 pl dis-
tilled water. This solution was then spread over the LB agar medium and
inoculated for 24 h at 37°C.

(ii) E. coli cells treated with H,O, solution. The hydrogen peroxide
(H,0,) inactivation of E. coli cells was performed for different inactiva-
tion times. The hydrogen peroxide and E. coli concentrations were 5.0 to
10% and 107 CFU/ml, respectively. E. coli solution (6 ul) was transferred
to 100 pl H,O, solution for H,O, inactivation. After a certain time, 100
ml distilled water was added to the H,O, solution to slow down or stop the
oxidation reaction. The solution was centrifuged with a rotation speed of
3,000 rpm for 10 min, and the deposit in the bottom of the centrifuged
solution was used for inoculation of the petri dishes. The bacterial samples
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were inoculated on standard petri dishes 9 cm in diameter containing 15
ml LB solid medium. The static cultivation was kept at 37°C for 24 h
before the bacterial counting procedure.

Analytical methods. (i) Measurement of electrical and optical char-
acteristics. The applied voltage and discharge current were measured
by using a Tektronix 2040 digital oscilloscope with a high-voltage
probe and a current probe. The Lissajous figure of the microplasma
array in water was obtained by measuring the charges across the ca-
pacitor (2.0 wF) in series to ground and the applied voltage across the
discharge device. The Lissajous figure is used to calculate the discharge
power (17). Because the optical emission spectra of an atom or mole-
cule contain specific information about the atom or molecule, they can
be used to identify the major excited reactive species generated by the
N,, He, air, or O, plasma in water. OES data were obtained by using a
SpectraPro-750i monochromator (Acton Research Corporation) with
a resolution of 0.5 nm in the wavelength range of 200 to 800 nm. One
end of the fiber optics cable was used to acquire light signals through a
focus lens at a distance of approximately 5 mm from the side of the
quartz glass, as shown in Fig. 1a. By OES of different gaseous plasmas,
we investigated the global levels of reactive oxygen species (ROS) gen-
erated by plasma in the solution.

(ii) pH values and temperatures of treated solutions. The pH values
of plasma-treated solutions were measured immediately after exposure to
N,, He, air, or O, plasmas by using a pH meter (model Lab-850; SI Ana-
lytics Co., Mainz, Germany). The temperature of the plasma-treated so-
lution was measured immediately after the plasma treatment using a mer-
cury thermometer. Our measurements showed that the temperature of
the plasmas-treated cultures was usually lower than 40°C.

(iii) ROS concentrations of treated solutions. The iodide oxidation-
reduction (2I«>1,) method was used to measure the concentration of ROS
in the hydrogen peroxide solutions and plasma-treated water (18). In this
study, plasma-generated ROS typically included H,O,, HO,, O, and ni-
trogen oxide (NO,) molecules and HNO, and O and OH radicals in the
gas phase. An excess of manganese(II) salt and iodide (I") and hydroxide
(OH™) ions were immediately added to the solution sample once the
solution was treated with the atmospheric-pressure microplasma array.
This manganese(II) salt was then oxidized by the ROS in solution into a
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FIG 2 Photographs of samples of E. coli solution after treatment, spreading on agar plates, and incubation. The solution was treated with 5% hydrogen peroxide
solution (row a), a N, microplasma array (row b), a He microplasma array (row c), an air microplasma array (row d), and an O, microplasma array (row e). The
plasma treatments were performed at a V, of 4.5 kV with different treatment times.

brown manganese precipitate. In the next step, strong sulfuric acid was
added to acidify the solution. The brown precipitate then converted the
iodide ions (I7) to iodine. Then, thiosulfate was used with a starch indi-
cator to titrate the iodine: 25,05%” (aq) + 1,—S,0,> " (aq) + 21~ (aq). The
amount of ROS in solution is directly proportional to the titration of
iodine with a thiosulfate solution.

Statistical analysis. The experimental data, including inactivation ef-
ficiencies under different feed gases, discharge voltages, and treatment
times, was statistically analyzed using one-way analysis of variance
(ANOVA) and linear regression analysis. P values below 0.05 indicated a
statistically significant difference. It should be pointed out that all the
bacterial-inactivation experiments reported here were repeated four
times, and the results were consistent with the experimental conditions.
The inactivation of E. coli cells was evaluated via the CFU counts on petri
dishes. For visible but not countable sample plates, a dilution method was
used to count E. coli colony units, and then the dilution ratio was multi-
plied accordingly.
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RESULTS

Chemical reaction rate model and inactivation efficiency. Figure 2
shows photographs of samples of E. coli solution after treatment,
spreading on agar plates, and incubation. The solution was treated
by using 5% hydrogen peroxide solution (row a), a N, micro-
plasma array (row b), a He microplasma array (row c), an air
microplasma array (row d), and an O, microplasma array (row e).
The plasma treatments were performed at a V;, of 4.5 kV for dif-
ferent times. Clearly, the efficiency of inactivation of E. coli cells by
H,O0, solution is significantly dependent on the treatment time,
while the plasma inactivation efficiency depends on both the treat-
ment time and the feed gases used. Among these inactivation
methods, O, and air plasmas are more effective in killing E. coli
cells in water. Figure 3a shows the log(C,/C,) values for 5% and
10% H,0, solutions as a function of treatment time, where C, and
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FIG 3 (a) Comparison between the log(C,/C,) values obtained in 5% and
10% H,O0, solutions within different treatment times and fitted theoreti-
cally using equation 6. m/m, mass fraction. (b) Comparison between the
10g[Cy1202(0)/Cy 11202] values obtained in the 5% H,O, solution with dif-
ferent treatment times and fitted theoretically using equation 3. (¢) Com-
parison between log(C,/C,) values obtained under He, N,, air, and O,
plasma treatments and fitted theoretically using equation 9. The data
points and error bars represent, respectively, the averages and standard
deviations from four independent measurements.
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C, are the concentration of E. coli cells alive at the treatment time
(t) and the concentration of E. coli cells alive at time zero, respec-
tively. When the treatment time increases from 0 to 50 s, the
log(C,/C,) value is rapidly reduced, and then it begins to decrease
slowly at a t of >50 s. The rapid decrease in the log(C,/C,) value
suggests that E. coli cells are efficiently inactivated in the H,O,
solution at this initial stage.

The H,O, molecule acting as one oxidant in the solution
can react with organisms (Org), such as E. coli cells, as shown
below (19).

H,0, + Org — H,0 + Org(oxidized) (1)

By this chemical reaction, organisms are oxidized. The organisms
are usually big enough to react with a large number of H,0, mol-
ecules. The chemical reaction rate can be written as follows:

ACyp0n(t) ,
% = — k' CorgCriaoa (1) (2)

where C,, is the concentration of organisms, Cyy,0,(#) is the con-
centration of H,0, at the inactivation time (¢), and k' is the rate
constant of the chemical reaction. The reaction calculation does
not take into account the spontaneous degradation of H,O, to
water in solution, as well as the possible influence of iron residues
from the bacterial medium. The Cp,, value does not change sig-
nificantly when the inactivation time is improved. Thus, one can
obtain Cyy,0,(#) values as a function of t as follows:

Ciz02 (1) = Copaoz exp(— k' Copgt) = Concn107P (3)
where the value of the equation § = k’C,, log e is constant and
Co. 1202 1s the initial concentration of H,O,. At a certain time (1),
the H,O, solution containing E. coli cells may be immediately
diluted 1,000 times to prevent or slow down the chemical reaction
between H,0O, molecules and E. coli cells. Then, the iodide oxida-
tion-reduction (2I<>1,) method is utilized to measure the concen-
tration of H,O, in the solution. Figure 3b shows a comparison
between the log[Cyy,0,(1)/Co 120,] values obtained in the 5%
H, 0, solution within different treatment times and fitted theoret-
ically by using equation 3. This linear fitting leads to a B of 0.023
s~ ' and shows good consistency with the measured values. The
resulting correlation coefficient is higher than 0.991.

E. coli cells alive in water can be inactivated during their inter-
actions with H,0, molecules. One E. coli cell is assumed to be
completely inactivated after being oxidized by a H,O, molecules.
The chemical reaction rate can be written as follows:

dc,

dt
where C, is the E. coli concentration at the treatment time (), « is
the mean value for inactivating one E. coli cell, and k is the rate
constant of the chemical reaction. Combining equations 3 and 4,
one can obtain equation 5:

=—k [CHZOZ (t)]act (4)

dc, , N
FTE k [CO,HZOZ exp(—k COrgt):l C (5)
Solving equation 5, one can obtain equation 6:
kG202

Ct kyt
In| — | = 107 — 1) =k (1077 -1 6
“<c0) Gt ) =k ) ®©
where the values of the equations k; = kC1,0,"/ak’Co,, and
k, = ap = ak’Cp,, log e are constant. Figure 3a shows a compar-
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ison between the log(C,/C,) values obtained in 5% and 10% H,0,
solutions within different treatment times and fitted theoretically
by using equation 6. These fittings lead to a k, of 5.5 and a k, of
0.028 s~ " for 5% H,0, solutionand a k, of 8.1 and a k, 0£0.027 s~ "
for 10% H,O, solution. These fittings are consistent with the ex-
perimental data (for all comparisons, P < 0.05 by ANOVA), indi-
cating that the rapid decrease in the log(C,/C,) value can be attrib-
uted to the high H,O, concentration at this initial stage. The H,O,
molecules in aqueous solution are completely in contact with E.
coli cells and efficiently react with E. coli cells in solution. However,
at increasing treatment times, the H,O, concentration is greatly
reduced due to the interaction with organisms. This results in a
rapid decrease in the rate of change of the E. coli cell concentration
(dC,/dt). Therefore, the concentration of E. coli cells alive in the
solution slowly decreases when the treatment time is improved.

The log(C,/C,) values were measured as a function of the He,
N,, air, or O, plasma treatment time, as shown in Fig. 3c. The
log(C,/C,) value obviously decreases with increasing treatment
time. The log(C,/C,) values are strongly dependent on the treat-
ment time and the feed gases used. The oxidation processes of
plasma-generated oxidants, such as O, OH, H,0,, or O; can play
the most important role in inactivating microorganisms (2, 20,
21). These species can dissolve in the aqueous solution and then
react with E. coli cells. A large number of microbubbles are formed
close to the ends of hollow-core fibers (16). The atmospheric-
pressure microplasmas are generated inside these microbubbles.
The oxidants generated in the gas phase can collide with E. coli
cells suspended in water and react directly with E. coli cells, result-
ing in the inactivation of the E. coli cells. If the plasma inactivation
of bacterial cells is controlled by one specific oxidation reaction,
the reaction processes resulting in the inactivation of E. coli cells
can be briefly described as follows:

aROS + E. coli(alive) — E. coli(dead) (7)

One E. coli cell is assumed to be killed after reacting with o ROS.
Thus, the oxidation reaction rate can be written as follows:

dc,

dt
where k, is the rate constant of the oxidation reaction and Crg is
the concentration of ROS in the vicinity of E. coli cells resulting in
bacterial inactivation. This equation is used based on the funda-
mental assumption that ROS are the dominant species in this
process. The Crog can be strongly dependent on the discharge
power and the feed gas used. The ROS resulting in the inactivation
of E. coli cells can be both those dissolved in the water and those in
the gas phase interacting with bacterial cells directly. During the
discharge generated at a given V,, the density of ROS in the gas
phase is assumed to be independent of t. If Cyg is mainly deter-
mined by the plasma density and remains constant at a given V),
one can obtain the following equation by solving equation 8:

— ko Cros G (8)

log<Q) = — kyClost loge = —kyt )
Co

where the value of the equation k,= k,Cin log e is constant.
Figure 3¢ shows a comparison between the log(C,/C,) values ob-
tained within different treatment times and fitted theoretically by
using equation 9. These fittings, resulting in a ké)(Nz) 0f0.0039s™ ',
a k(')(He) of 0.0098 s, a k(’)(air) of 0.0022 s, and a k(')(Oz) of
0.0033 s~ ', are consistent with the measured values (R? > 0.95 for
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FIG 4 Comparison between log(C,/C,) values measured experimentally at
different V, values and fitted theoretically using equation 9. The data points
and error bars represent, respectively, the averages and standard deviations
from four independent measurements.

all feed gases). This indicates that the plasma-generated oxidants
in the gas phase can play a crucial role in killing the microorgan-
isms. The inactivation efficiency is mainly determined by the den-
sity of oxidants generated inside microplasmas. Among these mi-
croplasma arrays, the O, microplasma array is most efficient at
killing E. coli cells in water, which can be attributed to the relatively
high density of oxidants generated inside O, microplasmas. Com-
pared to H,O, inactivation, the O, plasma can completely kill E.
coli cells in water, since the log(C,/C,) value rapidly decreases with
increasing treatment time. This can be attributed to the constant
and high concentration of oxidants generated in O, microplas-
mas. Generally, O, and air plasmas are more effective at killing E.
coli cells in water than N, and He plasmas. This also suggests that
the oxygen-containing species generated inside O, or air micro-
plasmas play a crucial role in activating E. coli cells in water.

Figure 4 shows a comparison between the log(C,/C,) values
measured experimentally at different V, values and fitted theoret-
ically by using equation 9. Clearly, the inactivation efficiency is
strongly dependent on the V), value. Increasing the V), value leads
to a significant increase in the inactivation efficiency. E. coli cells at
a concentration of 10° CFU/ml were completely inactivated by the
O, microplasma array generated at a V;, of 7.0 kV within a treat-
ment time of 1.0 min. These theoretical fittings are consistent with
the measured values. The log(C,/C,) values obtained at different
V, values linearly decrease with increasing treatment time. The
slope of these straight lines is strongly dependent on the V}, value.
These theoretical fittings lead to a ky(1.5kV) 0f 0.0048 s~ !, a k; (3.0
KkV) 0f0.0013 s, aky(4.5kV) 0f0.0026 s, ak,(5.0kV) 0f 0.0032
s~ ! and a kg)(6.0 kV) of 0.0065 s !, with correlation coefficients
higher than 0.995. The value of the equation k, = kyCins log e
obviously increases when the V,is varied from 1.5 to 6.0 kV. These
fittings predict that the ROS concentration of O, plasmas can be
greatly improved at increasing V), values.

OES spectra of microplasma jets. Figure 5 shows the typical
OES spectra of N,, He, air, and O, microplasma arrays generated
ata V, of 4.5 kV. The optical emissions from the second positive
system of N, (C’TI—B’II) at 316, 337, 357, 380, and 405 nm (22,
23) and the first negative system of N, * (B*Y,, " —X*2, ") at 391.4
nm (24) are observable for the N,, He, air, and O, microplasma
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FIG 5 Typical OES spectra of the N,, He, air, and O, microplasma arrays generated at a V,, of 4.5 kV. a.u., arbitrary units.

arrays. The N, (B[l and C’II) and N, * (X22g+) states are mainly
formed by the electron impact excitation and ionization from the
molecular ground state of N, (X12g+), respectively (25). In the He
and O, microplasma arrays, the N, emissions could be from the
residual N, molecules in the chamber. In the He microplasma
array, the penning ionization process could be also responsible for
the formation of N, * in the gas phase (6). In the He microplasma
array, He* atoms (metastable state) are mainly formed due to the
collisions of energetic electrons with He atoms (26, 27). The OH
emissions from the transition of A*Y"—X?IT (Av = 0) at 309 nm
is also visible for the N,, He, air, and O, microplasma arrays. The
O, microplasma array shows the strongest OH emission, while the
OH emission is weak in the N, microplasma array. Water vapor
molecules may diffuse into the microplasmas, and OH radicals
can be formed by electron impact dissociation (H,O + e —H +
OH + e) (6). In the He microplasma array, OH radicals can be
generated by the Penning process of excited He* and water vapor
(He* + H,O—He + H + OH) (6). The O emission at 777 nm,
assigned to the transition of 2s*2p?3s-2s2sp*3p is visible for the air
and O, microplasma arrays (26, 27). The energetic collisions of
electrons with O, molecules (O, + e~ —20 + e~ ) can be respon-
sible for the formation of O radicals. The recombination process
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of O and H radicals (O + H + M—OH + M) can contribute to
the generation of OH radicals in the air and O, microplasma ar-
rays.

pH value of the treated solution. The pH values of the solu-
tions treated by using N,, He, air, and O, microplasma arrays were
measured as a function of the treatment time, as shown in Fig. 6.
All the plasma treatments were performed at a V;, of 4.5 kV. The
atmospheric-pressure air and N, microplasma arrays resulted in a
slight decrease in the pH value. This could have been be due to the
NO, generated in the microplasmas. They react with water and
produce nitric and nitrate acids (7, 16, 28). The pH values of the
solutions treated by using O, and He microplasma arrays slightly
increase with increasing treatment time. The energetic collisions
of electrons with water vapor molecules can result in the forma-
tion of OH ™ species in water (4, 7, 15, 29) and thus an increase in
the pH value.

ROS concentration of the treated solution. In order to avoid
the effect of holding time on the ROS concentration of the plasma-
treated solutions exposed to the air, the ROS concentration was
immediately measured by using the iodide oxidation-reduction
method. ROS in the plasma-treated solutions or the hydrogen
peroxide in the solution may rapidly react with manganese(II)
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FIG 6 pH values of the solutions treated with N, He, air, and O, microplasma
arrays as a function of the treatment time. All the plasma treatments were
performed ata V, of 4.5 kV.

ions when an excess of manganese(II) salt and iodide (I") and
hydroxide (OH ™) ions are added to the solutions. Figure 7a shows
the ROS concentrations in N,, He, air, and O, plasma-treated
solutions as a function of the plasma treatment time. The atmo-
spheric-pressure microplasmas were generated at a V, of 4.5 kV,
corresponding to a discharge power of about 18 to 20 W. The ROS
concentration increased when the treatment time varied from 0 to
420 s. The O, microplasma arrays showed the highest ROS con-
centration (~16 mg/liter) in the solution, while the ROS concen-
tration in the N, microplasma-treated solution was relatively low
(~1 mg/liter). The ROS concentration in the plasma-treated so-
lutions is related to the efficiency of inactivation of E. coli cells in
water. The higher the ROS concentration, the higher the inactiva-
tion efficiency, as shown in Fig. 3. The ROS concentration in the
hydrogen peroxide solution exposed to the air was also measured
as a function of the holding time. The measured ROS concentra-
tion in this solution was more than 10 g/liter. The concentration of
ROS dissolved in the plasma-treated water was relatively low com-
pared to that of the hydrogen peroxide solution.

Discharge power of microplasma arrays. The voltage-versus-

~ 55
=
Q) 184 —e—N, plasma (a)
E 164 —e— He plasma
N —%— Air plasma
o 149 —v—0, plasma
2 129
S 104
)
o 84
[0}
2
5 4]
O 2]
LN o]
O L} L) T T T
M 0 100 200 300 400

Treatment Time (s)

Inactivation of E. coli Cells in Water by Microplasmas

charge plots or Lissajous figures of the N, He, air, and O, micro-
plasma arrays were measured to calculate the discharge power.
The discharge power showed little dependence on the feed gases
used. However, the discharge power rapidly increased from 1.2 to
50 W with V,, values varying from 1.1 to 5.5 kV. The discharge
energy consumption can be calculated from the average discharge
power and the plasma treatment time required to completely kill
E. coli cells in aqueous media. To obtain a 6-log-unit reduction of
the E. coli cells in water, the discharge energy consumptions for
atmospheric-pressure air and O, microplasma arrays were 0.38 to
0.66 kWh/m? and 0.33 to 0.52 kWh/m?, respectively. The energy
consumptions were much lower than those reported previously
(30, 31). Bogomaz et al. (30) reported 5-log-unit reduction of E.
coli cells with 1 kWh/m” by high-voltage pulsed discharge in water.
Lee et al. (31) reported the disinfection of bacteria and viruses in a
synthetic drinking water matrix with a pulsed arc discharge. E. coli
inactivation ranged from approximately 0.8 log unit with 2.8
kWh/m’ to 2.0 log units with 13.9 kWh/m”. Plasma inactivation of
Photobacterium phosphoreum and Lactobacillus sakei by surface
dielectric barrier discharge resulted in a 3-log-unit or 4-log-unit
reduction with 150 kWh/m® (32). An increase in the discharge
power indicates an improvement in the density of the microplas-
mas generated in the aqueous media, and thus, an increase in the
concentration of ROS reacting with microorganisms in water, as
shown in Fig. 7b. As discussed previously (15), the average dis-
charge power is significantly influenced by the flow rate, the spa-
tial distribution of the microplasma units, the feed gases used, and
the V. The average discharge power is proportional to the fre-
quency of applied voltage, V, and the average discharge current.
An increase in the high discharge power at an increasing V, can be
attributed to the strong pulsed discharges (15).

DISCUSSION

Plasma-induced species, such as radicals and charged particles
(electrons and ions), have been assumed to play a role in the in-
activation process by low-temperature plasmas (20, 33). It is
thought that UV radiation from the atmospheric-pressure cold
plasmas is insufficient to cause lethal damage to cells (2, 33, 34). In
this study, the pH values of solutions are typically in the range of
5.6 to 7.8, depending on the feed gas used and the treatment time.
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FIG 7 (a) ROS concentrations in N,, He, air, and O, plasma-treated solutions as a function of plasma treatment time. The atmospheric-pressure microplasmas
were generated at a V;, of 4.5 kV. (b) ROS concentrations in the O, plasma-treated solution as a function of V. The plasma treatment time remained constant

at 100 s.
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However, it has been proposed that the rate of inactivation of
bacterial cells is not affected at all by the pH value of cultures when
it is varied from 7 to 8 to 2.0 (4, 28). In addition, our measure-
ments show that the temperature of the plasma-treated solution
slowly increases from room temperature to about 40°C within a
treatment time of 10 min, indicating that the slight increase in the
water temperature does not cause an obvious effect on the survival
efficiency of bacterial cells.

With this method, the microplasmas may be in direct contact
with the bacterial cells in the aqueous solution, as described pre-
viously (6). In this study, plasma-generated ROS typically in-
cluded the H,0,, HO,, O;, and nitrogen oxide (NO,) molecules,
HNO,, and O and OH radicals in the gas phase. Among various
plasma-activated neutrals, O and OH radicals and nitrogen-con-
taining species (reactive nitrogen species [RNS]) have been as-
sumed to play a reasonable role in the plasma inactivation of mi-
croorganisms (34-39). These species have a strong oxidative effect
on the outer structures of bacterial cells. Since the O, microplas-
mas are more effective at inactivating E. coli cells than air micro-
plasmas, the RNS generated in the air microplasmas are not pro-
posed to play a crucial role in the inactivation process by this
method. Reactive short-lived species, such as O and OH radicals,
can be generated on site on the bacterial cells, since microplasmas
are in direct contact with the cells suspended in the interface.
These short-lived species can also dissolve in water and then react
with E. coli cells suspended in the water. In fact, short-lived species
dissolved in water, such as OH radicals, are considered to be the
most important agents in the inactivation process (4). OH radicals
can be easily formed even inside N, or He microplasmas when
energetic electrons collide with water vapor. OES measurements
have confirmed that OH radicals have been generated inside N,
He, air, and O, microplasmas. In addition, a small amount of
NaClO, with good efficacy in killing bacterial cells, may also be
produced by plasma electrochemistry in 1% NaCl solution, but it
does not affect our discussion and conclusions, since the steriliza-
tion effect of NaClO is caused by the NaClO-derived O-contain-
ing species, which can be regarded as plasma-induced ROS.

Our measurements show that among the N,, He, air, and O,
microplasma arrays, the O, microplasmas are most effective at
killing E. coli cells suspended in water. This indicates that plasma-
generated oxidants, such as ROS, can play a crucial role in the
inactivation process. These ROS in the gas phase can immediately
attack the E. coli cells suspended in the liquid-gas interface, or they
may dissolve in the water and then react with E. coli cells sus-
pended in the water. Increasing the discharge power leads to an
improvement in the plasma density or ROS concentration and
then an increase in the inactivation rate, as shown in Fig. 4. The
variation of the efficiency of inactivation of E. coli cells in water
with the treatment time is well explained by the chemical reaction
rate model. In this model, the concentration of plasma-generated
ROS plays the most important role in determining the inactiva-
tion rate of E. coli cells.

Compared with the atmospheric-pressure microplasma arrays
generated ata V, of 4.5 kV, the inactivation of E. coli cells by H,O,
solution is more effective at this initial stage. The H,0, molecules
may efficiently react with E. coli cells in water, acting as one ROS.
However, the inactivation rate slowly decreases with increasing
treatment time, which is due to the rapid reduction in the H,O,
concentration in water. The inactivation rates of E. coli cells in
water with different treatment times can also be described by the
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chemical reaction rate model, as calculated previously. This model
indicates that it can be difficult to completely kill E. coli cells in
water by using H,O, solution. However, the microplasma array
may be used to efficiently kill E. coli cells in water, since the ROS
density in the gas phase mainly depends on the discharge power
and the feed gas used and does not significantly change with treat-
ment time. When the ROS concentration remains unchanged, the
log(C,/C,) value linearly decreases with the treatment time, as
described in equation 9, resulting in the efficient inactivation of E.
coli cells. The ozone molecules can be generated from the O, and
air microplasma arrays. The ozone dissolved in water can decom-
pose into highly reactive hydroxyl radicals (OH) (40—42). Initia-
tion is the rate-limiting step that leads to formation of free radi-
cals, superoxide radical ions, and hydroperoxide radicals: O; +
OH™ —HO, + O, . Formation of these radicals leads to genera-
tion of the highly reactive radical OH, such as H + HO,—OH +
OH. In addition, ozone reacts slowly with saturated fatty acids and
polysaccharides, while unsaturated fatty acids and sulthydryl
groups are readily oxidized by ozone (41, 42). These oxidization
processes may lead to the inactivation of microorganisms and bac-
terial spores. The combination of ozone with appropriate initia-
tors (for example, UV photons, H,0,, O, and OH radicals or
charged species) can result in advanced oxidation processes that
are potentially effective against the most resistant E. coli cells (41).

In this study, the plasma inactivation of E. coli cells suspended
in water was performed by using atmospheric-pressure N,, He,
air, and O, microplasma arrays. Compared to the N, and He mi-
croplasma arrays, the air and O, microplasma arrays are more
effective in inactivating E. coli cells in water. E. coli cells suspended
in water are not completely inactivated by H,O, solution, while
the atmospheric-pressure arrays may be utilized to completely kill
the E. coli cells in water. The chemical reaction rate models may be
used to quantitatively describe the efficiencies of inactivation of E.
coli cells by H,O, solution and microplasma arrays. Analysis
shows that the ROS play a crucial role in the inactivation process,
and the inactivation rate of E. coli cells is strongly dependent on
the concentration of plasma-activated oxidants.
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