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1. Introduction

Plasma technology has no competitor in the water puri� cation
market and processing industry and is not likely to be
replaced by any of the emerging technologies, at least in the
short term. Water treatment by plasma technology offers a
suitable solution for the industry to overcome the challenges
and limitations in many � elds such as waste treatment [1] and
textile treatment [2], and moreover opens new markets for
industry based on the treatment and puri� cation of waste
water [3]. Industrial waste water treatment can be converted
into fresh water [4].

In the past 50 years, environmental pollution has become
a global problem and the risks cannot be predicted because of
the large increase in the amount of waste. The production of
huge amounts of waste from industrial processes results in
polluted waste water, which is harmful to human beings,
plants and � sh [5].

The presence of a large amount of organic pollutants in
water causes many dif� culties in industrial processes such as
in the paper and aluminum industry. Consequently, solving
these problems is a vital issue. Efforts have been made to � nd
effective environmentally friendly ways to deal with the large
quantities of contaminated � uids, which can also be applied to
mixed � uid spots resulting from oil spills [6, 7].

In recent years, many different processes for the treat-
ment of contaminated water are being used, the most
important being electrochemical processes and advanced
oxidation processes [8]. The application of plasma as a
modern disinfection technology process meets the increas-
ingly strict environmental requirements. Plasma complying
with the protocols of killing microorganisms has opened new
� elds of biotechnology applications. Recently, the � eld of
glow discharge plasma has rapidly expanded, and the deac-
tivation of bacteria by plasma at atmospheric pressure [9, 10]
is being evaluated.

This paper provides a study of the capability of a thermal
plasma reactor to treat contaminated water through direct and
indirect exposure using a high power plasma torch. The
absorbance spectra of the organic dye called benzene sulfo-
nate (C16H11N2NaO4S), and of viable cells called Staphylo-
coccus aureus, have been analyzed. Furthermore, the
degradation of the organic dye solved in water as well as the
elimination of bacteria contaminating water is discussed.

A proposal is made to improve the fast inactivation of
microbes and the degradation of organic compounds dis-
solved in water, in particular, for direct exposure rather than
indirect exposure.

2. Experimental set-up

The main topics of the present article are the fast inactivation
of microbes and the degradation of organic compounds dis-
solved in contaminated water [11] with high � ow, using
thermal plasma emerging from a plasma torch [12].

The main parts of the thermal plasma water puri� cation
system (TPWPS) shown in � gure 1 are:

1. The source of gas is oxygen at controlled rates.
2. The plasma torch, which is the main component of the

plasma reactor.
3. The interaction zone between the plasma and water.
4. The 60 liter tank is � lled with 60 liters of water

contaminated by an injection of dye solution, namely
benzene sulfonate (C16H11N2NaO4S) as well as some
viable bacteria, namely a S. aureusbundle spore.

5. Sources for the supply of untreated and contaminated
water injected with the dye solution and viable cells.

6. Analysis center after thermal plasma puri� cation and
sterilization of the water, with sudden cooling and
condensation.

7. Storage tank for the puri� ed water.

2.1. Water samples analysis centers

There are � ve positions for water analysis as indicated in
� gure 1, which illustrates all stages of obtaining pure water:

Sample A: the � rst sample of contaminated water con-
taining a dye and some viable bacteria, was injected for water
cooling around the body of the plasma torch (to deal with its
high excursion of temperatures). This represents indirect
exposure (cooling system), whereby the sample is treated due
to its high temperature and is converted into the second
sample, sample AA, to be treated.

Sample B: the third sample with the same characteristics
as sample A enters into the water tank until it there is 60 liters,
the tank is then closed. This sample of water is treated by
direct exposure inside the tank to thermal plasma plumes
emitted from the plasma torches. The sample is treated and
converted into the fourth sample, sample BB, to be treated.

Every 100 s, both samples AA and BB are re-fed into the
reactor for more puri� cation and sterilization, as described
above, taking into account that the main water source is
closed to be able to calculate the time and amount of ster-
ilization for the existing quantity of water.

Sample C: the � fth sample with puri� ed water resulting
from the plasma treatment process is safe to drink. A scheme
of water treatment and puri� cation by plasma technology is
shown in � gure 2, which indicates the main parts and pro-
cesses of the TPWPS.

2.2. Plasma torch

The plasma torch is considered to be the main component of
the plasma reactor. It can cover a wide range of technical
parameters and is powered by direct current. Figure 3 shows
an example of an air plasma torch.

The working active gas is air, which has an important
effect on the oxidation of dyes and viable cells, in the pre-
sence of UV radiation [13] and a fast rate of heat transfer from
the plasma to the liquid. The electric discharges are generated
between the two electrodes; cathode and anode are large
enough to be able to resist the gradual erosion and are water-
cooled to deal with the high temperatures. In the plasma torch
electrical energy is transformed into thermal energy, and a
thermal plasma jet emerges from the torch due to the pressure
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of the compressed air � ow, when it passes between the gas
column and the anode inner surface [14, 15].

The proposed optimized TPWPS uses a hybrid plasma
torch, enabling us to obtain a plasma easily tunable to the

treatment of various types of contaminated water [16–19] with
the following parameters: (1) maximum applied voltage, 500 V;
(2) maximum current, 250 A; (3) maximum output, 125 kW;
(4) temperature ranges of plasma jet, from 10 000 K–19 000 K;
(5) maximum consumption of working gas 28 mg s� 1, and (6)
inlet and outlet water of the cooling system (sample A).

The wavelength λmax of the radiation emitted in this
experiment can be described by Wien’s displacement law for
the special dimensions of the black body that is glowing with
temperature T, where λmax depends on the produced max-
imum intensity of the radiation [20]

l = ( )d T 1max

d is Wien’s displacement constant and equals 2.90×
10� 3 m·K. For the temperature ranges from 10 000 K–

19 000 K (hybrid plasma torch), it gives λmax between
290–153 nm. Thus, photons with high energy are produced in
the ultraviolet range.

Figure 1. Schematic diagram of a thermal plasma water puri� cation system.

Figure 2. Scheme of water treatment and puri� cation by plasma technology.

Figure 3. Schematic diagram of air plasma torch (non-transferred arc).
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2.3. Contaminations

Two types of contaminants are injected in the water:

(a) Viable cells as S. aureusbundle spore representing
Gram-positive bacteria.

(b) An amount of dye 2 g per liter was dissolved in the
water system tank. Dye is dif� cult to breakdown and
decompose under normal conditions. Changes in dye
concentration are determined by ultraviolet spectrum
analysis. The dye used is a type of nitrogen dye called
benzene sulfonate known as orange color. It has the
chemical formula C16H11N2NaO4S and the following
organic chemistry composition:-

3. Results and discussion

3.1. Inactivation of viable cells (sterilization)

A bundle spore from Gram-positive bacterium, namely S.
aureuswas injected in the contaminated water to be treated.
Figure 4 shows the culture of the S. aureusbundle spore
before and after plasma torch treatment, demonstrating the
dramatic decrease in the concentration of S. aureuswith time.
As shown in � gure 4(a) the concentration of viable cells in the
contaminated water was 109 cells ml� 1, and � gures 4(b)–(e)
illustrate the inactivation process of microbes after exposure
to thermal plasma emerging from the plasma torch after 20,
40, 60 and 100 s using milli� ex, a rapid microbiology
detection and enumeration instrument. Figures 4(a)–(e) show
the petri dishes containing viable cell samples from the con-
taminated water. Furthermore, the tests were carried out with
a viable suspension of bacterium spread-plated onto petri
dishes containing nutrient agar, for different exposure times,
and in a series of the inoculated petri plates [21, 22].

The survival curves of the microorganisms before
and after treatment of the microbes are a measure for the
quantifying sterilization ef� ciency given by the following
equation [23]:

= ( )r
N

N
Log 210

0

r is the logarithmic reduction value, N0 and N represents the
bacterial concentration before and after the plasma treatment
in unit (CFU/ml, CFU: colony-forming unit), respectively.
Figure 5 shows the survival curve of S. aureusthrough the
relationship of CFU/ml as a function of exposure time (s)
[24], while � gure 6 represents the Log of the reduction
Log10(N0/N) as a function of exposure time (s) for S. aureus
at various exposure times for direct and indirect exposure to
the plasma torch. Moreover, � gure 7 shows the comparison
between the residual microbe (reduction) ratio of direct and
indirect exposure to the plasma torch.

Figures 4–7 illustrate the dramatic inhibitory effect and
the suf� cient elimination of the residual survival microbes of
sample BB in the case of direct exposure, which is higher than
that for sample AA in the case of indirect exposure to the
plasma air torch. The plasma jet emerging from the torch
whether for direct or indirect exposure has been suf� cient to
kill microbes by varying rates due to UV photons, where
Gram-positive microbes with ion temperatures Ti in the range
of 0.6 eV, i.e. 6962.4 K, are affected more in a short time
[25, 26]. Sterilization is achieved in all cases, and bacterial
cell inactivation is ultimately the result of DNA destruction
by the UV photons. Furthermore, ozone (O3) is an important
factor for the inactivation process among the active species in
oxygen plasma [27] where it is considered as a long-life
active component for continuous inactivation. Moreover, it
attains the goal of inactivation through damaging the mem-
brane structure and changing the permeability of the micro-
organism cell by oxidation [28]. In plasma, O3 can be formed
through electron impact dissociation of O2 to form O atoms,
followed by a three-body recombination of O and O2 to make
O3 [29]. The following equations show reactions of O3 pro-
duction:

+  + + ( )– –O e O O e 32

+  ( )O O O . 42 3

3.2. Dye degradation

Figure 8 represents the absorbance amount of the dye spectra
and viable cells using a Cary 5000UV-VISNIR spectro-
photometer from Agilent to measure the photo-degradation of
both the acidic and basic dyes. The measurements [30] show
changes in the concentration of the dye and viable cells by
analyzing the ultraviolet spectral spectrum by means of the
spectral analysis device for different exposure times. The dye
degradation and the microbes elimination due to the dramatic
inhibitory effect of the survival microbes ratio can be
explained by the fact that ultraviolet radiation, which is
emitted from the plasma jet generated by the torch because of
very high plasma temperatures and thus high intensity of
ultraviolet radiation, and is also due to the excitation and
ionization of water molecules by active electrons as shown in
the following equations [31]:

+  + +· · ( )H O e H OH e 52

+  + + ( )2H O e H O H e 62 2 2 2

+  +· ( )O e 2O e. 72

Figure 9 represents the sharp decrease in dye con-
centration as the exposure time increases. The decrease is
stronger for direct exposure than for indirect exposure.

The degradation process of the dye in the contaminated
water is due to the combined in� uence of all the previously
described processes. Figure 9 illustrates the comparison
between the concentration of the dye in the direct heat of the
plasma jet (sample BB), and the second indirect exposure to
the heat of the plasma jet (sample AA). The � rst sample BB is
exposed to direct radiation of thermal exposure in addition to
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ionization and oxidation, while the second sample AA is
exposed to the indirect exposure to the jet of the plasma. In
both cases there is a sharp decrease in dye degradation in the
samples due to electron impact and activate radicals play an
important role in the destruction of the dye molecules in the
plasma. Furthermore, the rapid decrease of concentrations

(represented by the extinction coef� cient of the dye) is
directly proportional to the absorbance in spectra A and
inversely proportional to the concentration C, through a path

Figure 4. (a) Culture of S. aureusbundle spore before plasma treatment. (b)–(e) Culture of S. aureusbundle spore after plasma treatment. The
concentration of S. aureusbundle spore and treatment times varied.

Figure 5. S. aureusbundle spore survival as a function of
exposure time.

Figure 6. Log reduction with time for S. aureusat various exposure
times for direct and indirect exposure of plasma torch.
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