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ABSTRACT

A novel water treatment technique, based on a combination of electrospraying and pulsed corona discharge, has been
used for bio-decontamination of wastewater. The electrospraying process has been found to increase the surface area of
the treated wastewater, and hence increases the efficiency of the corona treatment process. The phase diagram of the
discharge, which characterizes the discharge regimes, has been identified experimentally. The survival ratio of the mi-
croorganisms has been investigated experimentally as a function of the applied voltage and the numbers of treatment
runs using air and oxygen as working gases. Microorganism surface has been examined using scanning electron micro-
scope (SEM), which enabled in understanding the decontamination mechanisms of the treated microorganism. A com-
plete decontamination has been achieved after only one run for an applied voltage higher than 16 kV when the dis-
charge system was operated in oxygen gas. Optical emission spectrum of the electrosprayed water confirmed the exis-
tence of OH-radicals responsible for decontamination process.
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1. Introduction charging [4-8]. The incorporation of electro-spraying
with corona discharge leads to an increase in the surface
area of the water to be treated by corona discharge and
hence results in increasing the efficiency of the system
compared to other systems utilizing corona discharge
only. In general, the pulsed high-voltage corona dis-
charges generate plasma that initiate a variety of physical

and chemical effects at high electric field, intense ultra-

Wastewater contains countless numbers of biological
contaminants, living micro-organisms, bacteria, protozoa,
fungi and so on. Traditional decontamination methods of
wastewater include decontamination agents like chlorine
or its compounds such as chloramine or chlorine dioxide,
or by using ozone, ultraviolet or hydrogen peroxide [1].

On the other hand, modern treatment methods of waste-
water are based on the advanced oxidation processes
(AOPs), which involve an input of energy (either chemi-
cal, electrical or radiative) into the water matrix to pro-
duce highly reactive radical intermediates, which then
attack and destroy the target compounds [2].
Electrosprayed pulsed corona discharge has been in-
troduced recently in wastewater treatment [3]. The proc-
ess is based on a combination of corona discharge with
electro-spraying. Electro-spraying is a method of gener-
ating a very fine liquid aerosol through the electrostatic
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violet radiation, and lead to the formation of various re-
active chemical species (such as OH, O;, O and H,0,),
which react with microorganisms and chemical com-
pounds dissolved in water [9].

The abovementioned electrosprayed pulsed corona
discharge treatment technique has been used for phenol
removal from water [3]. In the present paper, the poten-
tial of this new treatment method for decontamination of
microorganisms in wastewater has been investigated.

2. Materials and Methods

Schematic diagram of the electrospraying pulsed corona
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discharge system, used for wastewater decontamination
process, is shown in Figure 1. Pulsed high voltage power
supply (0 - 22 kV, 15 kHz) has been used to initiate the
electrospraying pulsed corona discharge (Elsawah et al.
2012).

The discharge cell consists of two electrodes which
comprises a medical syringe needle connected to the high
voltage power supply, and the passive electrode that is a
flat stainless steel plate, connected to the ground. The
two electrodes have been fixed in a tight closed Pyrex
container which has two slits for gas inlet and gas outlet.
Electrical characterization of the discharge cell (current-
voltage waveforms) has been studied elsewhere using
double channel 150 MHz digital oscilloscope (type
HM1508), where one channel was connected to a voltage
attenuator (1000:1) and the other channel was connected
to 100 ohm resistor.

The wastewater samples were collected, after the me-
chanical filtrations and before any chemical or biological
treatment, from a local wastewater plant in Egypt (Mus-
torod water treatment plant). The untreated samples have
been injected through the medical syringe-needle whereas
drops of the water fall down in the discharge space
through the pin to plate system. When the applied volt-
age reaches a certain value, water drops are sprayed as a
result of the effect of the applied electric field and there-
fore corona streamers are formed simultaneously as shown
in Figure 2.

The function of electro-spraying process is to increase
the treated surface area and the rate of evaporation of
water. Since the micro-droplets of the sprayed water pass
through the different regions of the discharge streamer
they will be subjected to the different plasma species,
and hence enhances the treatment process.

The advantage of this new electrospraying technique is
that it does not consume remarkable power. To enhance
the removal ratio of the microorganisms, the treatment
process has been repeated many times of runs (up to five
times) for the same sample.

The distance between the powered electrode (sy-
ringe-needle) and the ground electrode was fixed at 4 cm.

Wastewater

voltage
attenuator

pyrex
inclosure

HVPS
22 kV, 15 kH2 %

Outlet
| Collecting
- water outlet

J_— Stainless steel
= plate

Figure 1. Electrospraying corona discharge system.
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Figure 2. Photographic plate of the sprayed water due to
electrospraying.

Air or oxygen gases at atmospheric pressure have been
used as working gases. The water samples (either control
or treated) were diluted 10 folds serial dilutions in saline
solution (0.85% NaCl sterile solution).The diluted sam-
ples were inoculated onto the surface of nutrient agar
plates and incubated at 37°C for 24 hours. At the end of
incubation period, the number of colonies in the plates
was counted (the number of colonies to be counted was
between 30 and 300 colony/plate). The viable bacterial
cell concentration was computed and expressed as colony
forming units (CFUs)/ml. The bacterial survival ratio has
been calculated by dividing the number of colonies
counted in the treated sample by that in the untreated one
multiplied by 100. Bacterial surface was examined using
a JEOL-JSM 5500 LV scanning electron microscope
(SEM) by using high vacuum mode at magnifications
ranging from 2500 to 15,000.

To identify the various reactive species generated dur-
ing the electrospraying corona discharge process, the
emission spectra, in the wavelength range of 270 to 430
nm, have been recorded. The spectra were then compared
with a similar spectrum in the same wavelength range
collected from corona discharge in the absence of
eletrospraying, in the case when air is used as a working
gas. It is worth mentioning that, for both spectra, the op-
erational parameters of the spectrometer (Type: Solar
laser systems M266), grating: 1200 g/mm and slit width:
100 pm, were unchanged.

3. Results and Discussion

3.1. Electrical Characteristics of Corona
Discharge

It is well known that the corona discharge is formed in a
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limited range of the applied voltage where below this
range the applied voltage is not enough to initiate the
discharge while at higher voltage the corona discharge is
transformed to spark discharge. The range of the corona
voltage depends on different parameters such as elec-
trode type and shape, the working gas and the gap dis-
tance between the two electrodes.

In the present discharge system, three phases of dis-
charge are formed depending on the discharge current, as
shown in Figure 3. At low applied voltage the current is
almost few tenths or hundreds of nano-Ampers (nA),
which is related to the collection of the free electrons
generated by UV and cosmic rays [10]. In this range of
current, no discharge occurs since the electric field, be-
tween the two electrodes, is not high enough to support
the avalanche ionization process. As the applied voltage
increases up to a certain value the electric field at the tip
of the discharge electrode becomes intense enough to
make the gas breaks down in a localized space around
the discharge tip. Consequently the current jumps to val-
ues up to a few mA, which characterize the corona dis-
charge phase [11]. In corona discharge phase, as the ap-
plied voltage increases the discharge current increases
and the discharge covers more space.

At further higher applied voltages the discharge cur-
rent becomes high enough to heat the gas in the dis-
charge region. Therefore, the gas density decreases and
hence the electric field increases [12]. Consequently the
discharge current jumps to values of the order of few
amps and i.e., the discharge is shifted to the spark dis-
charge phase.

The present system has been designed to operate in the
corona discharge phase. Spark discharge phase is not
recommended for the purpose of the present work. The
accompanied heating effect with the spark discharge
causes inefficient treatment of wastewater, not only be-
cause of the power dissipation, but also because this
supports the multiplication of microorganisms. The effect
of the different discharge parameters on the phase transi-
tions has been identified to avoid the spark region. The
steep increase in the discharge current has been observed
very carefully, and has been used as an indicator of the
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Figure 3. Phase diagram (voltage and gap distance) of the
pulsed corona system.
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discharge phase. The discharge phase transitions depend
on the electric field distribution and in turn on the three
parameters namely the applied voltage (V), the distance
between the two electrodes (d) and the discharge elec-
trode diameter [12].

In the present measurements the applied voltage has
been increased slowly and the transition points (jumps of
the current) has been measured at different conditions.
Figure 3 shows the discharge phase diagram [discharge
phases as a function of the applied voltage (V) and the
distance between the two electrodes (d)] at different val-
ues of the discharge electrode diameter. At longer dis-
tance between the two electrodes, the range of the corona
discharge phase increases. In addition, as the diameter of
the discharge electrode increases the corona discharge
phase has been observed to be contracting. This may be
attributed to the fact that, the intensive electric field pro-
duced at thinner discharge electrode supports the transi-
tion to corona phase at lower applied voltage.

On the other hand the thicker electrode decreases the
electric field intensity in the gap between the two elec-
trodes and hence prevents the transition from corona
phase to spark phase. Therefore the thicker electrode
leads to wider range of corona phase. In the present work,
the diameter of the discharge electrode of 0.1 mm and the
distance between the two electrodes of 4 cm have been
chosen as an ideal parameters for the operation of the
system in the corona phase.

Figure 4 shows the power-voltage characteristic
curves of the corona discharge and the electro-spraying
corona discharge, where the peak values of the wave-
forms have been used. Two different slopes of the two
curves are shown in Figure 4. At voltage lower than 14
kV, the discharge power increases slowly by increasing
the discharge voltage while at voltages higher than 14 kV,
the discharge power increases rapidly by increasing the
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Figure 4. Power consumed during electrospraying corona
discharge and corona discharge only.
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discharge voltage. This behavior can be noticed clearly in
both corona discharge and electro-spraying corona dis-
charge. The two slopes behavior can be attributed to two
different types of corona discharge. At discharge volt-
ages lower than 14 kV, the corona discharge works as a
glow corona discharge. At discharge voltages higher than
14 kV, however the voltage is enough to produce streamer
corona discharge. In streamer corona discharge the dis-
charge volume is larger and hence the charge carriers are
denser, which increases the slope of the power-voltage
curve.

In the present work, the treatment process has been
carried out in the corona streamer mode in order to take
the advantage of large discharge volume. Figure 4 illus-
trates that the electrospraying process doesn’t consume
remarkable power compared with the corona discharge
power, in other words, electro-spraying doesn’t need a
valuable cost to be combined with the corona discharge.

3.2. Decontamination of Wastewater

Figure 5 shows the bacterial survival ratio in wastewater
as a function of the number of treatments runs at differ-
ent applied voltages using air as a working gas. Increas-
ing the applied voltage and the number of treatment runs
shows a positive effect on the decontamination process.
Using oxygen as a working gas shows a more positive
effect on the decontamination process, as shown in Fig-
ure 6, than in the case of using air as a woking gas, Fig-
ure 5 Almost a complete decontamination has been
achieved at only one run for applied voltages higher than
16 kV when oxygen was used as a working gas.

The decontamination mechanism of microorganisms
using electro-spraying corona discharge depends on the
generation of disinfecting agents such as UV, OH, Os;, O
and H,O, which is generated inside the streamer channels
during corona discharge. Discharges in the presence of

Bacterial survival ratio %

Number of runs

Figure 5. Survival curve ratio at different applied voltage as
a function of no. of runs using air as a working gas.
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water produce hydroxyl radical (OH) as a result of the
dissociation of the water molecules. In addition, corona
discharge produces ozone (0O;), oxygen atom (O) and
hydrogen peroxide (H,0,) (Joshi et al. 1995). Among the
produced oxidants in corona are the OH radical which
has the highest oxidation potential (2.8 V). The oxidation
potential of atomic oxygen, ozone and hydrogen perox-
ide are 2.4, 2.1 and 1.8 V respectively [13]. Comparing
chlorine (oxidation potential 1.3 V) and the oxidants
produced in corona discharge, one can conclude that the
oxidants produced in corona discharge are more efficient
for decontamination. Various mechanism sustain the for-
mation of oxidant in electro-spraying corona streamer are
described in Table 1 [13-16]. These agents have high
concentration when oxygen was used as a working gas
which explains the reduction in the survival curve ratio
shown in Figure 6 more than that when air has been used
as working gas, Figure 5.

Figures 7(a) and (b) shows SEM photographs of both
the untreated (a) and the treated (b) samples. The re-
marked destructions of the cell-wall of the microorgan-
isms illustrated by SEM image shown in Figure 7 con-
firm that the rapture of the cells caused by the plasma
active species is the main factor affecting the decon-
tamination mechanism of the microorganisms. Such rap-
ture of the cells can be referred to the oxidation processes
of the cell walls by the active oxidant species generated
by electro-spraying corona discharge.

3.3. Optical Emission Spectra

To identify the various reactive species generated during
the electrospraying corona discharge process, the emis-
sion spectra, in the wavelength range of 270 to 430 nm,
have been recorded. Typical emission spectra of the air
corona discharge and electrospraying corona discharge
are shown in Figure 8, in the range of wavelength of 270 -
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Figure 6. Survival curve ratio at different applied voltage as
a function of no. of runs using oxygen as a working gas.
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Figure 7. SEM of untreated (a) and treated (b) microorganism.

Table 1. Radicals generation during electrospraying corona discharge.

OH Generation

H,0, Generation

Ozone Generation

e+H,O0O -H+OH+e

e+2H,O0 —» H,O, +H, + ¢

hv+H;0, — OH +OH OH + OH — H,0, e 0301 0(P)+OCP)
b
O3+H202—>OH+H02+02 e+02—>e+0(3P)+O(lD)
05+ HO, — OH +20, Oxygen atom generation 0+0,— 0,
O+H202 d OH + HOZ
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Figure 8. Optical emission spectra of corona discharge and
electrospraying corona discharge.
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430 nm. The spectrum collected from the corona dis-
charge produced in air showed that the N, second po-
sitive system emission bands are dominating. The observed
N, emission bands are the transitions N,C°IT, — B 3Hg(v1
=0,1,2,and 3 and v, =0, 1, 2, and 3) transitions [17].
The excitation energies of the N,C>I1, states for v; = 0 to
3are 11.178 eV, 11.425 eV, 11.668 ¢V, and 11.908 eV,
respectively.

The spectrum collected from the corona discharge in
air has also showed OH emission lines. The observed OH
emission is from the OH (A *Z — X *IT) (0 — 0) transition.
The excitation energy of the OH A’Y state is 4.2 eV.
Besides, to generate OH, the gas phase H,O from the
ambient air has to be dissociated into OH and H. The
dissociation energy of H,O is 5.1 eV [18]. On the other
hand, emissions from electrospraying corona discharge
showed an increase in the intensity of the OH emission
lines in addition to the N, emission lines. The OH mo-
lecules recorded in the spectra are produced due to water
dissociation caused by electron impact, i.e. ¢ + H,O —
OH + H + e. Results of the OE measurements confirm
the vital role of OH radicals produced in the electros-
praying corona discharge in the decontamination proc-
ess.
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4. Conclusion

A novel system for wastewater decontamination has been
developed based on the combination of corona discharge
and electro-spraying in the same reactor using the same
power supply using air and oxygen as working gas at
atmospheric pressure. Reactive oxidants such as OH, O,
O; and H,0, have been found to be generated in electro-
spraying corona discharge system and play the major role
in the decontamination processes. Electro-spraying plays
an important role in increasing the exposure area of the
treated water for larger contact area between the water
droplets and the oxidant species formed inside the dis-
charge zone. Also, electro-spraying increases the density
of water vapor inside the reactor and hence increases the
production rate of some active oxidant species such as
OH and H,0,. The system showed high ability for the
decontamination of the wastewater by killing the micro-
organisms. A complete decontamination has been achieved
at 3 runs in air and only one run in oxygen. SEM images
showed complete and partial destructions in the cells
wall as a result of the oxidation process by oxidants
which have been generated in the electro-spraying corona
discharge. The system showed higher efficiency of treat-
ments when using oxygen gas because of the increase in
the density of oxidant species such as: OH, Oz, O and
H,0,. Optical emission spectra confirmed the production
of OH radicals responsible for the decontamination.
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