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An atmospheric pressure plasma jet generated with Ar with H>O vapor is characterized and applied to inactivation of
Bacillus subtilis spores. The emission spectra obtained from Ar/H,O plasma shows a higher intensity of OH radicals com-
pared to pure argon at a specified H,O concentration. The gas temperature is estimated by comparing the simulated spectra
of the OH band with experimental spectra. The excitation electron temperature is determined from the Boltzmann’s plots
and Stark broadening of the hydrogen Balmer Hg line is applied to measure the electron density. The gas temperature, ex-
citation electron temperature, and electron density of the plasma jet decrease with the increase of water vapor concentration
at a fixed input voltage. The bacteria inactivation rate increases with the increase of OH generation reaching a maximum
reduction at 2.6% (v/v) water vapor. Our results also show that the OH radicals generated by the Ar/H,O plasma jet only
makes a limited contribution to spore inactivation and the shape change of the spores before and after plasma irradiation is

discussed.
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1. Introduction

Atmospheric pressure plasma jets or plumes are receiving
increasing attention because of potential applications to poly-
mer treatment,!!! etching,”! film deposition,?! and biomed-
ical applications.[*! Many atmospheric pressure plasma jets
utilizing different types of excitation such as DC (direct cur-
rent) and microwaves have been developed ®—! and a dielectric
barrier discharge plasma jet operating with sinusoidal signals
around 10-100 kHz is the most common nowadays. [1-6-10-14]
In this device, the dielectric barrier prevents the formation of
high temperature arcs. In plasma jets operating on noble gases
such as He or Ar, the formation of active OH species is accom-
plished by dissociation and excitation of H,O in the air. The
influence of water or peroxide vapor addition on the plasma
has been discussed.!!>~1°! For instance, optical emission spec-
troscopy allows direct investigation of the OH band and other
plasma characteristics. Wang et al. determined the absolute
OH density by adding water vapor to the carrier gas in a con-
tinuous atmospheric microwave plasma jet by UV-cavity ring-
down spectroscopy (CRDS).[20-22!

The physical characteristics and biological applications of
atmospheric pressure plasma jets operating on different gases
have been studied?>=!1 and the biological effects mainly stem
from UV light emission, a high concentration of charged parti-

cles, and OH and O radicals generated in the discharge.[3>~3%]
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Walsh et al. reported that in the linear-field jet, electron trans-
portation was driven downstream to allow more active plasma
chemistry.?! Although there have been many investigations on
the inactivation mechanism of atmospheric pressure plasma

[6-8.23-36] the contribution of various species in the plasma

jets,
and their individual efficacy in killing bacteria are still not well
understood. OH radicals have been reported to play an impor-

n. (61419321 Ty these reports they only

tant role in sterilizatio
prove the existence of OH by optical emission spectroscopy,
but there is no discussion about the influence of OH concen-
tration on inactivation effects. In this study, a plasma jet with a
single electrode is optimized to produce a large amount of OH
radicals in the afterglow of the plasma jet by mixing Ar with
water vapor. Our objective is to investigate directly the role
played by OH radicals in Bacillus subtilis spore inactivation
and optical emission spectroscopy (OES) is employed to iden-
tify the excited species and determine the important plasma
parameters such as the gas temperature, electron excited tem-
perature, and electron density in the Ar and Ar/H,O plasma

jets.

2. Experimental details

A schematic of the atmospheric pressure plasma jet is de-
picted in Fig. 1. A copper rod (2 mm in diameter and 100 mm
long) was embedded in a quartz tube (2 mm in inner diameter,
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Fig. 1. (color online) Schematic diagram of the atmospheric pressure plasma jet.

4 mm in outer diameter, and 80 mm long) with one side sealed
as the single electrode and wrapped tightly with a teflon shell
. The teflon shell is a hollow cylinder, and its inside diame-
ter and outside diameter are 10 mm and 20 mm respectively.
A quartz tube (20 mm in length, 4 mm in inner diameter, and
6 mm in outer diameter) was connected to the shell as a nozzle.
An AC power supply with frequencies from 10 kHz to 42 kHz
and variable output voltages from 0 kV to 50 kV (peak to peak)
was used. Argon (99.99% pure) as the carrier gas was regu-
lated by a gas flow meter and bled directly through the tube
and also into water to form a gas mixture of Ar and H,O vapor
at 20 °C. Here, Aryaer Was the volume of Ar passing through
the water and the total gas flow was fixed at 750 h~!. The
volume ratio of water vapor injection into the plasma jet was
Alyater/Arora. The voltages and currents were monitored by a
high-voltage probe (P6015A) and a Rogowsky coil via a digi-
tal oscilloscope (Tektronix MSO 5104). In order to investigate
the electrical characteristics of the plasma jet, a Rogowsky coil
was mounted 1 cm away from the nozzle to measure the cur-
rent. The optical emission from the plasmas was monitored on
the AvaSpec-2048-8-RM spectrometer with a grating of 2400
grooves/mm and an optical fiber was located at a distance of
1 cm away from the nozzle of the plasma jet.

The decontamination capability of the atmospheric pres-
sure Ar or Ar/H,O plasma jet was assessed using Bacillus sub-
tilis spores having strong vitality. Bacillus subtilis is a gram-
positive bacterium with a thicker cell wall than gram-negative
microorganisms and a spore-forming vegetative cell produces
a highly tolerant spore protected by a multilayer comprising
the cortex and protein envelopes. The spore acquires higher re-
sistance to bactericidal actions of various chemical and phys-
ical factors. In our experiments, 0.05 ml of the spore suspen-
sion (1.16 x 10% spores/ml) was deposited on a polytetrafluo-
roethylene (PTFE) sheet (6 mm diameter) and allowed to dry

for 12 h in air. The dried samples were exposed to the plasma
jet at a distance of 1 cm from the nozzle at a fixed voltage
(22 kV) and different water vapor concentrations at a flow rate
at 750 h~!. After the plasma treatment, each sample was put in
5 ml of sterilized distilled water and the spores were removed
from the PTEF sheet using a vortex stirrer and an ultrasonic
generator. One-tenth of a milliliter of each sample was spread
onto an Agar plate and after incubation at 37 °C for 24 h, the
colonies were counted. In order to reduce errors in plasma
inactivation, three independent experiments were performed
under the same conditions, and the colony counting result was
the average of the three independent experiments.

3. Results and discussion

A high voltage of 22 kV at a frequency of 38 kHz is suf-
ficient to sustain a cold plasma jet with up to 7.8% H,O vapor
as shown by the photos of the plasma jet with 0%—7.8% H,0
vapor concentrations in Fig. 2. The plasma jet is more than
30 mm long without H,O vapor and shortens to about 20 mm
as the H,O vapor concentration reaches 5%. When the H,O
vapor concentration is above 7.8%, the plasma is only sus-
tained inside the quartz tube and becomes weaker.

Optical emission spectroscopy is a common technique to
determine the various plasma parameters such as the excited
species, gas temperature, excitation temperature, and electron
density. Photon counting is carried out for 80 ms and repeated
100 times for data accumulation. Figure 3 shows the opti-
cal emission intensity of the Ar and Ar/H,O plasma jets in
the range of 200-1050 nm. The intensity of OH (309 nm)
reaches the highest value at a water concentration of 2.6%
and then decreases significantly as the water concentration is
increased further. In this study, we specifically focus on the
OH concentration because it is considered as an important fac-
tor for inactivation. Excited oxygen atoms (emission lines at
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Fig. 2. (color online) Photographs of the atmospheric pressure plasma
jet with different volume ratios of H,O vapor: (a) 0%, (b) 1.3%, (c)
2.6%, (d) 5.2%, and (e) 7.8%.

777.2 nm and 844.6 nm) are produced inevitably when the
pure Ar plasma jet is operated in open air, and so the effects
of the excited oxygen atoms on inactivation must be consid-
ered. As reported previously,[”:33¢] the inactivation efficacy
increases significantly when a small amount of oxygen is in-
jected into the plasma jet, and it is attributed to the sharp in-
crease in the amount of excited oxygen atoms. However, in our
experiments, the intensity of these two lines does not increase
significantly as the water concentration is increased, as shown
in Fig. 3. Therefore, the effects of the change of the excited
oxygen atoms can be neglected and the relationship between
the excited oxygen atoms and inactivation is investigated here.

The gas temperature is an important parameter in plasma
processing and in an atmospheric pressure discharge,[!>-2%37]
the rotational temperature 7; of OH (AZX*, v = 0) can be used
to estimate the gas temperature 7,. The gas temperature is de-
termined by 7; of OH using the LIFBASE software as shown

in Fig. 4[131 and the rotational temperature is about 313 K in
the Ar and Ar/H,O plasma jet. In Bruggeman’s report, 8]
the rotational temperature based on the OH lines in the lig-
uid containing plasma is unreliable. In order to monitor the
slight change in the gas temperature accurately, a thermome-
ter is used, and it is located at a distance of 1 cm away from the
nozzle of the plasma jet. The gas temperature in the Ar plasma
jet is close to 40 °C (313 K) and decreases to 33 °C (306 K)
at 7.8% water vapor, as shown in Fig. 5. At a flow rate of
750 h™!, the voltage and current waveforms for different wa-
ter contents are acquired and presented in Fig. 6. There are
two peaks in the current waveform in the discharge in pure Ar
during the half-period of the applied voltage. The first peak
has a time duration of 1.2 ps and the second one is about
3.3 us.
and the current pulse length decreases to 0.9 us after the ad-

dition of water vapor (7.8% (v/v) concentration) to the feed

The maximum current increases to about 200 mA

gas. Furthermore, addition of water vapor to the feed gas re-
duces the current peak duration and increases the maximum
current, and the current waveform at a water vapor concentra-
tion of 7.8% (v/v) is not symmetrical. Although the maximum
current goes up with increasing water concentration, the aver-
age discharge power decreases because the current peak dura-
tion decreases significantly according to the following expres-
sion: Pye = (1/T) J§ U(#)I(t)dt. The relationship between the
gas temperature at different water concentrations and average
power is illustrated in Fig. 6. The gas temperature decreases
when water vapor is introduced because the average discharge

power is reduced. 1]
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Fig. 3. (color online) Axial emission spectra of the plasma jet in the mixtures with (a) 0%, (b) 1.3%, (c) 2.6%, (d) 5.2%, and (e) 7.8% (v/v) H,O vapor. The

input voltage is fixed on 22 kV.
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Fig. 4. (color online) Fittings of the experimental and simulated spectra

of OH radicals with the emission recorded at 10 mm from the edge of
the quartz tube (pure Ar).
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Fig. 5. (color online) Gas temperature at different HyO vapor concen-
trations measured by a thermometer.
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Fig. 6. (color online) Relationship of input power versus gas tempera-
ture of the plasma jet at different H,O vapor concentrations.

The excitation temperature Tex. of the plasma jet is calcu-
lated by the Boltzmann method!*! applied to several excited
Ar emission lines and these emission lines are shown in Ta-
ble 1. By adopting a linear fit, the excitation temperature is
found to be 9054 K (0.78 eV) in the Ar plasma jet (Fig. 7). The
excitation temperature decreases gradually with water vapor
injection increasing and it is 7816 K (0.67 eV) for 7.8% water

vapor content. The drop is probably due to collisions between
H,O with excited argon species.!'>! As the excitation temper-
ature may be used to estimate the electron temperature,!?! the
results suggest that the Ar plasma jet has larger average elec-
tron energy.

Table 1. Line parameters of the Ar lines.

A/nm Ey/eV Agils ! gi—8k
426.65 19.549 1.64 x 107 6-6
4272 14.52491 7.97 x 10° 3-3
430.01 14.50607 3.77 x 10° 3-5
433.36 14.68829  5.68x 10° 3-5
440.098 19.2229 3.04 % 107 8-6
667.73 13.47989  2.36x 10° 3-1
435.22 19.30534  2.12x 107 2-2
714.7 13.28264  6.25x 10° 5-3
2 4
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Fig. 7. (color online) Electron excitation temperature of the plasma jet
at different HO vapor concentrations.

The electron density (V) is determined from the Stark
broadening of the Hg Balmer series line (486.13 nm) of atomic
hydrogen. Hydrogen is present in the discharge as an im-
purity in the carrier gas (Ar and Ar/H,0O). Stark broaden-
ing of the Hy line is one of the common tools to diagnose
the plasma electron density because it depends on the elec-

113740451 Under the conditions of ~1 atmo-

tron temperature.[
spheric pressure and 7;; of 300 K to 330 K, the most important
mechanisms are van der Waals broadening, due to collisions
between excited hydrogen and argon atoms, and Stark broad-
ening arising from the interaction between charged particles
and excited hydrogen atoms. Both exhibit a Lorentzian profile.
In addition, Doppler broadening stemming from the thermal
motion of excited hydrogen atoms and instrumental broad-
ening with a Gaussian profile should be considered. Other
less important effects such as natural broadening or resonant
broadening can be neglected in the high density plasma.

The profiles derived from these mechanisms can be ap-
proximated to have the Gaussian or Lorentzian forms and the
combined contribution (convolution) is the Voigt profile. The
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part of line broadening corresponding only to Stark broaden-
ing can be obtained by separating (deconvoluting) Stark broad-
Calibration of the
instrumental functions is made with a mercury lamp on the

ening from the total broadened profile.

Hg 1471 nm line and it is found to be a Gaussian with a full-
width at half-maximum (FWHM) of 1.4 A. Doppler broaden-
ing is determined from the gas temperature 7, by the FWHM

expression[#4]

Ap (nm) =7.16 x 1077 Ao(T,/M)'/?,

where T is in Kelvin, M is for H expressed in atomic mass
units, and A is the wavelength of the line in nanometers with
a value of 0.005 nm. For the two Gaussian profiles, the convo-
lution is also a Gaussian profile with a total FWHM given by
Alcziauss = All2 + AAZZ [44]

Convolution of the two Lorentzian profiles also yields
a Lorentzian profile with the FWHM given by AALorenz =
AL; + AL,.*4 The FWHM of van der Waals broadening can
be expressed by the following formula:

AlWz;u:lls = I{i(Tg/nu)o.SNv

where p is the reduced mass of the H-Ar pairs, N is the neu-
tral density which can be derived from the gas temperature
T, using the ideal gas law, and K; is a constant depending
on the spectral line and emitter polarizability with a value of
0.055 nm.*>! The FWHM of Stark broadening is related to the

electron density as follows:[11-37]

Adgiark (nm) =2 x 1071 ()3,

where the electron density is in cm 3. Each broadening mech-
anism is independent of each other and the combined line pro-
file is the convoluted line profiles of each mechanism. By
comparing the Voigt profile and measured line, the FWHM of
Stark broadening AAgk is 0.107 nm resulting in an electron
density of 3.9 x 10'* cm™> (Fig. 8). The electron densities at
a fixed voltage but different water concentrations are shown
in Fig. 8, further indicating that the electron density decreases
almost linearly with water concentration.
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Fig. 8. (color online) Electron densities of the plasma jet at different
H,O vapor concentrations.

Figure 9 shows the survival curves of Bacillus subtilis
spores after exposure to the Ar plasma jet, Ar/H,O plasma
jet, and other entities (UV radiation, heat) generated by the
plasma. Because the gas temperature of the plasma jet is only
40 °C, the hot gas flow at 40 °C is used to simulate the plasma
gas temperature for inactivation at flow rate of 750 h~! and it
results in no reduction. To study the effects of UV photos gen-
erated by the plasma jet, a UV-passing glass is placed above
the spore sample and the number of living spores is reduced
by one tenth after 5 min of UV exposure. The optimal UV
germicidal action occurs between 240-280 nm, but there are
no emission lines in this range (Fig. 3) from either the Ar or
Ar/H,O plasma jet. This is the reason why reduction is small
after exposure to UV. The results thus illustrate that heat and
UV are minor contributors in plasma inactivation. To evalu-
ate whether OH may play the major role, the Bacillus subtilis
spores are exposed to the plasma jet with 2.6%(v/v) water and
the largest emission intensity of OH (309 nm) is observed. The
resulting inactivation of spores by the Ar and Ar/H,O plasma
jets are shown in Fig. 9. A 5-min exposure to the Ar atmo-
spheric pressure plasma jet produces nearly 2-log reduction in
the number of living Bacillus subtilis spores and compared to
the Ar plasma jet, the Ar/H,O plasma jet results in a 0.4-log
reduction.
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Fig. 9. (color online) Survival curves of Bacillus subtilis spores treated
by the Ar plasma jet at different HyO vapor concentrations using differ-
ent plasma parameters (UV, temperature).

In order to verify that O is not the main inactivation fac-
tor but rather OH plays the dominant role when water vapor is
injected into the plasma jet, figure 10 shows the killed Bacil-
lus subtilis spores as well as actinometric measurements using
O (777.2 nm and 844.6 nm) in the Ar/H>O plasma jet when
the H>O concentration is increased from 0 to 7.8%. Compared
with our previous results on the Ar/O; plasma jet,[*®! the in-
tense excited oxygen atom emission lines from the Ar/H,O

plasma jet change only slightly as the water concentration is
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increased. In addition, it is obvious that the optimal inacti-
vation efficacy does not correlate with the maximum O emis-
sion intensity but instead the maximum OH emission intensity
(Fig. 11). Hence, the main reason for the change of inactiva-
tion efficacy is the change in OH as water vapor is introduced
to plasma jet.
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Fig. 10. (color online) Survival curves of Bacillus subtilis spores and O
(777.2 nm and 844.6 nm) intensity as a function of H,O vapor concen-
trations (treatment time = 5 min).
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Fig. 11. (color online) (a) Survival curves of Bacillus subtilis spores and
OH intensity as a function of H,O vapor concentrations (treatment time
=5 min). (b) Survival curves of Bacillus subtilis spores as a function of
the OH emission intensity (treatment time = 5 min).

To investigate the relationship between the inactivation
effects and OH in the Ar and Ar/H,O plasma jets, the inactiva-

tion efficacy as a function of H>O concentration is determined
by counting the surviving spores and the results are compared
to the emission of OH. Figure 11(a) shows the killed Bacil-
lus subtilis spores as well as actinometric measurements using
OH (309 nm) in the Ar/H,O plasma jet when the H>O concen-
tration is increased from 0 to 7.8%. The input voltage is 22 kV
(peak—peak) and the optimal inactivation efficacy at a speci-
fied input voltage is determined by the H,O concentration. It
increases to an optimal value at a specified H,O vapor con-
centration and then decreases as the H,O concentration is in-
creased. The OH emission line intensity also has a maximum
value at the specified H,O concentration. The H,O vapor con-
centration corresponding to the optimal inactivation efficacy
and maximum OH emission intensity is 2.6 vol% as shown
in Fig. 11(a). The number of colony forming units is plotted
as a function of the OH emission intensity in Fig. 11(b). It
is clear that the inactivation efficacy of spores increases with
the OH emission intensity. Compared with the Ar plasma jet,
the intensity of the OH emission line increases by 70% at 2.6
vol% H;O, but the inactivation efficiency only increases by
50%. Hence, OH only makes a limited contribution to spore
inactivation.

The OH emission line intensity corresponding to 5 vol%
H,O is almost equal to that corresponding to the pure plasma
jet, but the inactivation efficacy of the former is worse than
that of the latter. OH not only plays a role in spore inactiva-
tion, but also alters the charged particles in the Ar or Ar/H,O
plasma jet. Our previous study indicates that spore damage
caused by charged particles is the main factor in a pure Ar
plasma jet.[3%] Hence, a larger electron density will inactivate
more spores. According to our results, the electron density
of the pure Ar plasma jet is larger than that of the Ar/H,O
plasma jet. As a result, the argon plasma has a higher density
and higher inactivation efficacy.

The morphological changes on the Bacillus subtilis
spores before and after the Ar and Ar/H,O plasma treatments
are shown in the scanning electron microscopy (SEM) images
in Fig. 12. The spore images in Figs. 12(a)-12(c) are acquired
from the control sample, the sample treated by the Ar plasma
jet for 5 min, and the specimen treated by the Ar/H,O (2.6
vol%) plasma jet for 5 min, respectively. The Bacillus sub-
tilis spores exposed to the Ar and Ar/H,O plasma jets do not
exhibit obvious morphological changes. Hence, the charged
particles and OH do not produce significant differences in the
morphology and our previous results in fact show that the
change in the spore shape is primarily due to reactive oxygen

species. 6]
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Fig. 12. SEM images of Bacillus subtilis spores before and after plasma
exposure from the control sample (a), sample treated by the Ar plasma
jet for 5 min (b), and sample treated by the Ar/H,0 (2.6 vol%) plasma
jet for 5 min (c), respectively.

4. Conclusion

An atmospheric pressure plasma jet generated with an
Ar/H,>O mixture is characterized and the inactivation effects
on Bacillus subtilis spores are studied. The gas temperature is
derived from the rotational temperature of the OH and mea-
sured by a thermometer to be about 40 °C. The argon exci-
tation temperature of the pure Ar discharge is estimated to be
0.78 eV. The electron density estimated from Stark broadening
of the Hg line is on the order of 3.9 x 10'* cm™3. The gas tem-
perature, excitation electron temperature, and electron density
of the plasma jet decrease with increasing water concentration
at a fixed input voltage. Bacillus subtilis spores are inactivated
by the AC atmospheric pressure plasma jet with H,O in the
feedstock gas. The optimal inactivation efficacy is achieved
using the appropriate ratio of H>O to carrier gas. The Ar/H,O
plasma jet results in a more than 0.4-log reduction in the num-
ber of spores than that of Ar. Our results reveal that the OH
generated by the plasma jet makes a limited contribution to
spore inactivation and the spore morphology hardly changes
after plasma exposure.
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