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Abstract:

The aim of this work is to certify the sensitization of organic molecules, a phenomenon related to
the cold plasma matter generated by the Gliding Arc Discharge reactor. The study was conducted
by an experimentally and validated by modeling-simulation approach using Simulink hardware.
The predictive mathematical model used to calculate the plasma species concentrations and the
conversion rate of phenol as reactive target was inspired from the model of penetration of gas-
liquid reactions. The plasma reaction for few seconds demonstrates that the sensitization
phenomena exists despite the mass transfer of protons and nitrous species. Aqueous plasma
chemistry offers a novel and significant pathway to sensitize organic molecules to be more reactive

by increasing their energy sate.

Keywords: plasma, Gliding Arc discharge, sensitization, Modeling, Phenol, SIMILINK



General introduction

Cold atmospheric-pressure plasma holds great prospects in diverse fields such as environmental
protection, biomedicine, nanotechnology, and agriculture. For many of these applications, the
targets of plasma treatment are placed in a humid medium, thus subjecting gaseous plasma species
to strong interactions with water molecules before their arrival at and reaction with the targets.
Many questions remain unanswered to highlight the interaction of plasma species with the liquid
medium due to the complexity of the mechanism.

In reality, organic molecules are treated for hours in order to degrade them in water. This aspect is
conventional and requires a lot of electrical energy to be applied correctly. There is also another
mode of treatment which is the temporal post-discharge which give satisfactory results but require
days of post-reaction to degrade the molecule. A last mode of treatment recently tested by the
members of the STEVA laboratory (Univ-Mostaganem), has been successfully applied to make
organic molecules highly reactive with coagulation and Fenton. It is about sensitization, that is to
say the treatment of the aqueous solution for a few seconds in order to prepare it for a possible

treatment downstream of the plasma process.

The Understanding of the sensitization phenomenon will help to master the coupled processes with
plasma. The latter can be generated by different types of reactors. In this work, we were interested
in the Gliding Arc Discharge (GAD) to conceptualize the sensitization process. To properly carry

out this task, our memory has been divided into two main parts:

e Part 1: astate of the art on plasma chemistry in order to become familiar with the elementary
concepts that we will use in the results part.

e Part 2: The aim is to present the different results of the simulation-simulation by
SIMULINK of the absorption of the phenol molecule in water. Each predicted result has
been validated by experiments.

The work ends with a general conclusion and perspectives.
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Chapter I.: Plasmachemistry process

.1 Plasma as forth state of matter

The Plasma is an ionized gas, a distinct fourth state of matter. “Ionized” means that at least
one electron is not bound to an atom or molecule, converting the atoms or molecules into
positively charged ions. As temperature increases, molecules become more energetic and

transform matter in the sequence: solid, liquid, gas, and finally plasma.

The free electric charges — electrons and ions — make plasma electrically conductive (sometimes
more than gold and copper), internally interactive, and strongly responsive to electromagnetic
fields. lonized gas is usually called plasma when it is electrically neutral (i.e., electron density
is balanced by that of positive ions) and contains a significant number of the electrically charged
particles, sufficient to affect its electrical properties and behavior. In addition to being important
in many aspects of our daily lives, plasmas are estimated to constitute more than 99% of the
visible universe. The term plasma was first introduced by Irving Langmuir (1928) because the
multicomponent, strongly interacting ionized gas reminded him of blood plasma. Langmuir
wrote: “Except near the electrodes, where there are sheaths containing very few electrons, the
ionized gas contains ions and electrons in about equal numbers so that the resultant space charge
is very small. We shall use the name plasma to describe this region containing balanced charges
of ions and electrons.” There is usually not much confusion between the fourth state of matter
(plasma) and blood plasma; probably the only exception is the process of plasma-assisted blood

coagulation, where the two concepts meet.

.2 Manmade plasma

Plasmas occur naturally but also can be effectively man-made in laboratory and in industry,
which provides opportunities for numerous applications, including thermonuclear synthesis,
electronics, lasers, fluorescent lamps, and many others. Manmade plasma ranges from slightly
above room temperature to temperatures comparable to the interior of stars. Electron densities
span over 15 orders of magnitudes. However, most plasmas of practical significance have
electron temperatures of 1 to 20 eV with electron densities in the range 106 to 1018 cm.
Not all particles need to be ionized in a plasma; a common condition is for the gases to be

partially ionize.

The use of an electric discharge is one of the most common ways to create and maintain a
plasma. Here, the energy from the electric field is accumulated between collisions by the
electron that subsequently transfers a portion of this energy to the heavy neutral particles

through collisions. Even with a high collision frequency, the electron temperature and heavy

-4 -
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particle temperature normally will be different. Because the collision frequency is pressure
dependent, high pressures will increase this frequency and the electron’s mean free path
between collisions will decrease. One can show that the temperature difference between
electrons and heavy neutral particles is proportional to the square of the ratio of the energy an
electron receives from the electric field (E) to the pressure (p). Only in the case of small values
of E/p do the temperatures of electrons and heavy particles approach each other; thus, this is a
basic requirement for local thermodynamic equilibrium (LTE) in a plasma. Additionally, LTE

conditions require chemical equilibrium as well as restrictions on the gradients.

When these conditions are met, the plasma is termed a thermal plasma. Conversely, when
there are large ldepartures from these conditions, Te > Tn, the plasma is termed a
nonequilibrium plasma or nonthermal plasma. As an example, for plasma generated by glow
discharges, the operating pressures are normally less than 1 kPa and have electron temperatures
of the order of 104 K with ions and neutral temperatures approaching room temperatures.
Physics, engineering aspects, and application areas are quite different for thermal and
nonthermal plasmas. Thermal plasmas are usually more powerful, while nonthermal plasmas
are more selective. However, these two different types of ionized gases have many more

features in common and both are plasmas.

1.3 Applied plasmachemistry

Both natural and man-made laboratory plasmas are quasi-neutral, which means that
concentrations of positively charged particles (positive ions) and negatively charged particles
(electrons and negative ions) are well balanced. Langmuir was one of the pioneers who studied
gas discharges and defined plasma to be a region not influenced by its boundaries. The transition
zone between the plasma and its boundaries was termed the plasma sheath. The properties of
the sheath differ from those of the plasma, and these boundaries influence the motion of the
charged particles in this sheath. The particles form an electrical screen for the plasma from

influences of the boundary.
1.3.1 Thermal and Non-Thermal plasma

All varieties of plasma systems are traditionally defined into two major categories, namely
thermal and non-thermal, in terms of electronic density or temperature [1]. In general, a
subdivision can be made between plasmas which are in thermal equilibrium and those which
are not in thermal equilibrium. Thermal equilibrium implies that the temperature of all species

(electrons, ions and neutral species) is the same. This is, for example, true for stars, as well as
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for fusion plasmas. High temperatures are required to form these equilibrium plasmas, typically
ranging from 4000 K (for easy-to-ionize elements, such as cesium) to 20 000 K (for hard-to-
ionize elements, like helium). Often, the term ‘local thermal equilibrium’ (LTE) is used, which

implies that the temperatures of all plasma species are the same in localized areas in the plasma.
1.3.2 Types of discharge in thermodynamic equilibrium

In the application of electrical plasma technology for water treatment, designing an
energy-efficient plasma reactor has been receiving great attentions. In addition, a variety of
different reactors with liquid phase or gas—liquid phase electrical discharges for phenol and
phenolic compounds removal have been reported by several authors [2]. In particular, the
plasma-treatment of liquids can be applied using buy: gliding arc discharge (GAD), dielectric
barrier dielectric (DBD) and corona discharge. In this section, we will detail only the first type

of the discharge.

The gliding arc discharge (GAD) is considered as an innovative technology exhibiting a
dual character of thermal and non-thermal plasma and a typical reactor, as shown in Figure
I.1.a, consists of insulating cover, ‘‘knife-edge’’ divergent electrodes, high voltage power
supply, the nozzle and impedance [3]. In gliding arc discharge processes, high voltage is
introduced between two or more thin ‘‘knife-edge’’ divergent electrodes and the narrowest
point is electrical breakdown resulting in arc discharge when the electric field reaches
approximately 3 k\V mm1 in air. As a high velocity gas flows through the nozzle, the length of
the arc (actually a thermal plasma) increases and the temperature of the ionized gas decreases,
so that it becomes a non-thermal quenched plasma upon breaking into a plasma plume, as
illustrated in Figure 1.1.b and c. After the decay of the plasma plumes, the evolution repeats
from the initial break-down. Unlike the pulsed corona discharges, this technique allows high
electrical power introduction and consequently results in the larger yields of short-lived active

species.
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Figure 1.1. (a) Diagrammatic sketch of gliding arc discharge reactor [4]; (b) photographs of

electrical discharge in gliding arc reactor (adapted from Ref. [5] with permission from ACS).

In aim to improve the treatement of the liquid solution differente GAD reactor
configurations have been developed respecting the same principle of plasma production

[6,7].In this work tow diffrents configurations were used to treat the target solution which are :

a) GAD 1 (open cell):

This dispositive adapted in treatment solids and liquids, type | have an open cell with double
walls in Pyrex able to cool down the treated liquid, but this reactor has many disadvantages
because of the evaporation of the treated liquid, and the dispersion of plasma species in air and

the treated volume 125mL. Figure 1.2 represents the diagram of gliding arc type I.
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Figure. I. 2. GAD I diagram (Open cell Reactor)

b) GAD (II) :

This GAD consisted in a closed thermostated cylingrical reactor dimensioned by 20 cm in
length, 10 cm in width and 10 cm in diameter ,which is able to treat 180 ml of liquid solution
assisted by magnetic stirring using a meter boat as it presented in Figure. I. 3.

Plasma parameters were subject to optimisation in previous works [7-8] wich have been
maintained constant in this work , such as the nozzel diameter of plasma gas (® =1 mm), the
inter-electrode distance (e = 3 mm), the gas flow rate (Q = 800 L.h-1), the electrode-film

distance (d = 3 cm), and the nature of the plasma gas [ 9].
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Figure. I. 3. Schemes of the gliding arc discharge GAD (I).
c) GAD-FF

As the first configuration (GAD 1) is limited by its volme of liquid solution treated , its
stationary flow rate and the reactor fragility which make it industrialy not applicable and in
order to make it easy for industrial applications, a new prototype was developed to be abel to
treat a contunious flow rate of liquid effluent as a laminar film falling by gravity.This new
prototype was named GAD-FF (Figure. I. 4) such as the pyrex reactor of the GAD (Il) was
replaced by stainless steel plate having straight channels of defferent widths wich generate a
large interface area plasma-liquid. In this work the plate is inclined by 45° as it can go from 0°

to 90°withe the respecte to the horizontal arc .The liquid flow is assisted by a peristaltic pump

GAD-FF parametres are the plate ( length L = 300 mm, width | = 150 mm, thikness € =5

mm, angle a = from 0° to 90° ), the channels of the plate ( depth =2 mm , the three channels
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have deffrent widths A =1, 2, 3 mm respectively ), the peristaltic pump ( ® = ), the volume of

the liquid (V =180 ml ). This new configuration have been innovated by mr.Ghazzar et al [10]

Channel 1

Chanpel 2
Channel 3

]
-
HT ,
I —_ — Untreated falling film +— Stainless plate
|
: e
Humid air | L
| > Plas L
| a | [asma region
— I
! 0
M | = _
I Electrodes
Flowmeter |l_| | L] L
. I Treated falling I'| F o
— L ﬁ. Peristaltic Pump
Target solution Tank
Water flask

Figure. 1. 4. Schemes of the gliding arc discharge GAD-FF.

1.4 Factors affecting plasma efficiency:

Bo Jiang et all [11] have montionated the the factors affecting plasma effeciency wich are
respensibal of the plasma specific physical or chemical characteristics. To intensively illustrate
the effects of these factors on pollutant removal, pulsed electrical discharge technologies are

provided as a typical case to be discussed in this part.
1.4.1 Reactor system (geometry):

Usualy reactor geometry desing shoul be such that as much as possible energy utilization and

contact surface of plasmaand water are obtained at a given energy input.

M.R. Ghezzar et all [10] have studied different configurations pf gliding arc discharge on the
degradation of anthraquinonic Acid Green 25 such as ( GAD ,1 GAD Il and GAD-FF) .The
pulsed electrical plasma reactors are usually made-up of glass/Perspex as rectangular
parallelepiped [12,13], vessel [14,15,16,17,18] or reaction column type reactor [19], which are
operated in batch [18,15], circulating [20,12,19] or continuous-flow mode [19,20,13]. Batch
mode vessel reactors are representative types for lab study due to their high operational stability.

-10 -
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For example, compared with batchreactor withgas corona discharge, a rectangular shape reactor
with water flowing as a much thinner layer has roughly an order of magnitude larger surface-
to-volume ratio [21,12]. What is more, spraying the water into the aerosol reactor further
increases the surface-to-volume ratio by roughly three orders of magnitude in comparison with
the above rectangular shape reactor, leading to even shorter treatment time and higher
conversion, as had been expected [20]. The installing a gas re-circulation or reutilization system

can favor the increase of energy efficiency [11,20]
1.4.2 Electrode

During the electrode design process the main goals, which had to be considered, are large
electrical discharge zone and good matching with reactor. it has been demonstrated that multiple
electrodes display superior treatment performance [22]. As for the applied number of

electrodes, it is mainly dependent on power input, reactor configuration and processing load.

It should also be also noted that the gap distance between the electrodes is significant for plasma
generation. The discharge inception voltage can be reduced with narrowing the gap dimension
of electrodes due to an increasing electric field. But too marrow gap distance certainly will
diminish the volume of plasma generation zone. Therefore, there is an optimum gap distance
for electrical plasma formation at a given voltage input in the decomposition of the target
pollutants [23, ,164].

1.4.2 Energy input

The nature of the plasma oxidation has outlined the dependency of the overall organic
degradation rate on the energy input in a specific range [11, 15, 22]. To satisfy various needs of
experiments, energy input can be varied either by changing the voltage or the frequency
introduced into the discharge system. Normally the higher the electron density, the more
densities of OH, O , HO2, H202 and O3 are produced [25, 26, 27]. Besides, higher energy
input favors more intense physical effect, which is greatly favorable for pollutant removal. For
example, Lukes et al. [28] quantitatively obtained the relationship between photon flux (J190—
280) and discharge pulse mean power (Pp) in pulsed corona discharge in water with needle-

plate electrode geometry as follows:
J100-280 = 44.33P,* -1 (L.1)

Normally, you can obtain the best pollutant degradation efficiency or highest energy yield, but
not both [11,29,30,13,22,31]. Thus, according to the different treatment requirements of the

-11 -
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contaminated water, it is required to weigh the above two indexes, degradation efficiency and

energy Yyield.
1.4.3 Solution pH

The solution pH significantly affected the plasma chemistry properties during the
electrical discharge process. Analysis of optical emission spectra indicates that the OHemission
intensity generated by the pulsed streamer discharge is pH-dependent and increases when
neutral and alkaline conditions are used [27]. Thagard et al. [32] also reported that the formation
of hydrogen peroxide in either gas phase or liquid phase depends on solution pH. Besides, there
are acid base equilibriums between various plasma species, which finally impact degradation
reactions of aqueous pollutant. Hydroxyl radicals, as one of the most oxygen-based oxidizers,
can be rapidly converted to O in strongly alkaline solution, which exhibits substantially
different chemical reactivity from OH. Andin reaction with organic molecules, OH acts as an
electrophile, while O is a nucleophile, leading different intermediates and thus distinct reaction

pathway [26].

Furthermore, the acid—base equilibrium of organic molecules dependent on pH also influences
significant on degradation potential of organic molecules. In the cases of phenol degradation,
the basic form of phenol is more reactive than the associated acidic form because the electron
liability of the p bonds in the phenol aromatic ring is enhanced. It has been justified by Li et al.
who reported that superior phenol removal efficiency was achieved at pH 10.2 using a gas—
liquid phase pulsed discharge plasma reactor [31]. This viewpoint can be used to explain the
fact that quite different optimal pH required for various pollutant treatment using plasma
technologies [33,15].

1.4.4 Temperature

Benstaali et al have studied the rotational temperature measurement of the OH and NO [34]
The products of humid air discharges are mainly H20, H2, and O2 at normal temperature and
H202 at low temperatures [35]. Chen et al. [36] studied the phenol decomposition in a batch
electrical liquid discharge reactor with oxygen bubbling and reported that a lower water
temperature tended to significantly increase the degradation rate. According to Arrhenius
equation, higher temperature leads to larger rate constant. Henry constants (gaseous pressure to
aqueous molefraction) of ozone vary at different temperatures, for example, 3550, 3930, and

4530 atm1 for 15, 20, and 25°C, respectively [37]. As a result, lowering the water temperature

-12 -
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in the observed range can lead to enhanced absorption of 0zone into water favorable for organic

abatement.
1.4.5 Gas input

The properties of the plasma such as its oxidizing power and acidity are explained by the species
produced during the GAD treatment which depends on the natural of gas used for the discharge
where it was a large area for researchers. With efficiency comparisons among various feeding
gases, it has been widely demonstrated that the first-rank treatment performance was assigned
to oxygen as the feeding gas, in turn followed by air and argon, and the least for nitrogen
[38,39,40,27,41,42]. One should be noticed that, when nitrogen-containing gases are exposure
to electrical discharge, electrical discharge can give enough energy to dissociate nitrogen

molecules into nitrogen radicals [43].

1.6 Plasma products:

These above discharge types have been reported distinct discharge characteristics and very large
magnitude differences in gas temperature and electron density and temperature [44]. However,
these electrical discharges have certain common chemical reaction mechanisms and physical
phenomena, such as formation of molecular and radical species and energy generation.

1.6.1 Plasma energy

a) UV light

All plasmas containing water have UV light emission as a result of exited species relaxation to
lower energetic states, which are generated from the collisions between electrons and neutral
molecules. In organic degradation processes, when an organic molecule (M) is irradiated by
UV light, it absorbs the radiation and gets promoted to an excited state (M*). Then, the excited
molecule M* immediately returns to the ground state due to its short lifetime (10°—10% s)

through which excited molecule can decompose into new molecules [26,45]:
M + hu——>M* — Products (a.1)

Not only can the UV light photolytically degrade organic compounds, it also dissociates the
hydrogen peroxide and ozone there by causing hydroxyl radicals generation in plasma system
[46,47]. These supplementary hydroxyl radicals in turn destroy the pollutants and thus enhance

the utilization of input electrical energy.

-13-
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b) Shockwave

In electrical discharge processes, the expansion of the plasma channel against the surrounding
water generates an intense shockwave. Thus, shockwave can be produced by high electric
energy only introduced directly in the liquid or in bubbles [48]. For example, streamer-like
discharges in liquid produce shock fronts, and diaphragm-like discharges in bubbles in the
liquid can generate weaker shockwaves at the moment of bubble implosion [49,50]. While gas-
phase plasmas normally do not induce any shockwaves in the liquid, but they can affect the
liquid motion under three plasma generation situations, namely, cold plasma jets or plumes,
ionic wind and the formation of Taylor cones in plasma—water interface [51,52]. The resulting
shockwave can induce pyrolytic and chemical reactions in bulk liquid indirectly via
electrohydraulic cavitation. For example, more OH and H202 in the bulk liquid can be

produced via dissociation of water induced by shockwaves [53].

c) Pyrolysis

Pyrolysis is the degradation of organic molecules with heat alone in the absence of oxygen. In
non-thermal plasma generation process, high electrical discharge induces the production of
localized regions of high temperature. Benstaali et al [34] have got a linear decrease in the
temperature of the two radicals (OH°and NO°) against the distance can be expressed by the
following expressions: TOH® = —90.226d + 3136 with R* = 0.9994 (1.2)

TNO® = 107.61d + 3640.2 with R* = 0.9757  (1.3)

where T is expressed in Kelvin and d in cm. Bruggeman et al. [54] estimated N2(C—B) bands
rotational and vibrational temperatures of 550 +50 K and 3860+ 200 K, respectively for
dcexcited corona discharges in air bubbles. This temperature does not only dissociate water
molecules into radicals but also induce pyrolysis of pollutants. And these effects are more
intensive for electrical thermal plasma cases due to its high temperature of 104 K in whole
discharge zone [55]. In summary, the degradation of organic compounds using electrical plasma
technologies is primarily depended on chemical active species, and the presences of other

physical effects intensify this process.

d) Electrons:

electrons are directly extract from cold metal surfaces due to the quantum-mechanical effect

of tunneling.As presented in Fig. 2-14. Electrons are able to escape from the metal across the
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barrier due to tunneling, which is called the field emission effect and can be described by the

Fowler-Nordheim formula:

e 1 €r aZm W, 2
V= 4m2h Wy + &p) (W, P 3¢hE

Where €F is the Fermi energy of the metal, and WO is the metal’s work function not perturbed

(1.4)

by an external electric field. h

Mechanisms of electron emission from solids,related to surface bombardment by different
particles, are called secondary electron emission. The most important mechanism from this

group is secondary ion-electron emission.

This electrons have theree impacts on the plasma speices; ionization, dissociation and
excitation . Thus, ionization is the first elementary plasma-chemical processes to be considered
wich take different mechanisme (Direct ionizationby electronimpact, Stepwise ionization by
electron impact, Surface ionization (electron emission)). This electrons can also induce a
dissociation of some plasma molecules by an dissociative electron ettachment to molecules
wich is defined as a major mechanism of negative ion formation in electronegative molecular
gases. Then the molecular ion can be quickly neutralized in the rapid process by a dissociative
electron. Plasma molecules dissociation can be also stimulated by both vibrational and
electronic excitation as a result of electron impact, where vibrational excitation is probably the
most important elementary process in non-thermal molecular plasmas. It is responsible for the
major part of energy exchange between electrons and molecules, and it makes a significant
contribution in kinetics of non-equilibrium chemical processes in plasma. In the other hand the
relative contribution of multi-stage rotational excitation is small when taking into account the
low value of a rotational energy quantum with respect to vibrational quanta,[56]. A.A. Joshi et
al have demonstrate that the addition of water molecules into electrical discharge process leads
to generating OH° and H° via dissociation, ionization and vibrational/rotational excitation of
water molecules [25]. For example, the pulsed streamer discharge process produces charged
particles having energies of about 5-20 eV, which can initiate the reactions of
vibrational/rotational excitation of water (threshold energy <1 eV), dissociation of water
(threshold energy = 7.0 eV) or even ionization energy of water (threshold energy = 13 eV) as

Egs. (1)—(4) [25,26,57].

Dissociation : H20 + e ——» OH° + H°® + e (D
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lonization : H20 + e —» 2e + H20" 2)
H20" + H20 — OH° + H30" 3)

Vibrational/rotational excitation :

H20 + e —» H20° + e (4)
H20 + H20° — H20 + H° + OH° (5)
H20 + H20° — H2 + 0° + H20 (6)
H20 + H20° — 2H° + 0° + H20 (7)

Egs. (5)-(7) demonstrated that vibrationally/rotationally excited water molecules relax into a

lower energetic state through which some active radicals can be produced.(A)
1.6.2 Plasma species :

Considering the cold plasma and especially the gliding arc discharge with humid air composed
of 50% of water (H20) and 50% of air, (as a reminder, the composition of the air is, in a very
simplified way, of 21% dioxygen and 79% dinitrogen). This gas passes between the electrodes
of the GAD, forming a purple plume due to contact with the electric current. this plume results
in the formation of the primary plasmagenic species (cations, anions and neutral species).
Generally these species have a great energetic state which allows it to react with each other
which expresses its short lifetimes. the reactions between the primary species induce the
formation of the secondary plasmagenic species classify in two category RNS [58] due to the
presence of nitrogen and ROS due to the presence of oxygen, these species penetrate into the
liquid where they present oxidizing effects and acidifying which can degrade the pollutants

present in the liquid. all the plasmagenic species in the different regions are presented in table

Plasma reg ion NO,N20,NO2,NO3,N203,N204,N205, HNO,HNO2,HNOs,N,N2,
02,0,02(31A),Os,OH,HOz,HzOz,Hz,HzO

Liquid region Oaq, Oz(a'A)aq, Osaq,0OH aq ,HOsaq, H.0-.aq,HO-aq , N2aq, Haq,
Hzaq, N20saq, NOag, NOzaq, NOsaq, N2Osaq, N2Osaq, HNO-aq,
H*aq, HO:aq, OHag, Oaq, Ozaq, Osaq, NO2aq, NOsaq, O-2NOOHaq,
0:NOOaq, ONOO aq, ONOOHaq, HNOsaq, N2Oaq, H2Oaq.

Tabel 1.1: plasma speices .[58]
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1.6.3 Plasma reactions

a) In plasma region:

Within the plasma, the nature of the reactions depends on the type of collision such as elastic
collisions which do not participate directly in the activation of the gas, but are responsible for
the conduction and diffusion of heat and the inelastic collisions which are the source of a
significant number of physicochemical reactions which can therefore be grouped into two main
processes: the primary process closely linked to the physics of the discharge and the secondary
process (Figure. 6) [59-60].

The primary process combines ionization and excitation reactions initiated by the electrons
produced by applying an appropriate potential difference, followed by charge transfer reactions
and the propagation of the streamer. The duration of the phenomena that govern the primary
process is on the order of a nanosecond (ns). The efficiency of this process depends on the
nature of the discharge, the type of current used, the shapes and the nature of the electrodes [61,
59, 62]. The main species resulting from the first process with regard to atmospheric plasmas

are electrons, atomic radicals, and ionic species with positive and negative charges.

The second process which is the chemical part of the plasma is the logical continuation of the
species produced in the first process. It is in this process that the important reactions of
formation of the active and oxidizing species take place. These species can be formed by
recombination of the species and by radical reactions. The maximum time required for the

creation of these species is close to a millisecond (ms).

b) In liquid region :

Once the active and reactive species formed in the gas phase, they can either transfer to the
liquid phase to form other new reactive species and / or increase the concentration of certain
species which induce two types of reaction within the liquid, the dissociation reaction and new

species formation reactions, these two types include the following reactions:

1) Acid — base reactions due to acidic effects caused in water by the chemical products formed

by the plasma (e.g., nitrous and nitricacids produced in water by air discharges)

2) Oxidation reactions caused by oxidative effects of reactive oxygen species (ROS) and
reactive nitrogen species (RNS) produced by the plasma (eg, OH e radical, ozone, hydrogen
peroxide, and peroxynitrite)
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3) Reduction reactions caused by reductive species produced by the plasma (e.g., He, HO 2 *

radicals)

without forgetting the effect of energy transfer from plasma to liquid which can be the answer

to several questions. These energies can induce reactions within the liquid such as:

1) Photochemical reactions initiated by UV radiation from the plasma (UV-assisted dissociation

reaction)
2) Pyrolysis of organic molecules by heat produced by plasma

3) Dissociation, ionization and vibrational / rotational excitation of target solution molecules

by electron impact [11].
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Introduction

Organic compounds as a major group of pollutants in wastewater are of concern worldwide
due to their severe problems for the environment and human health [1]. Thus, in the cases of
unavoidable pollutant emissions, these emerging compounds must be treated to satisfy the stringent

water quality regulations before discharging into aquatic ecosystem.

In the last decade, the cold plasma in humid air generated by Gliding Arc Discharge (GAD)
[2-3] or by Dielectric Barrier Discharge (DBD) [4-5], was successfully used to treat organic
pollutants soluble in water. Initially, these techniques were applied alone, but to reduce the energy
cost of the electrical process, combinations with other processes were adapted. In this context, a
number of hybrid processes have emerged: (i) plasma-catalysis in the presence of TiO2 dispersed
in the pollutant solution [6-7] (ii) plasma-catalysis using a deposited TiO2 [8]; (iii) plasma-
catalysis in the presence of an aluminophosphate molecular sieves [9]; (iv) plasma-precipitation to
the elimination of lead acetate salt in a basic medium [10], (v) plasma-induced plasma grafting to
improve the adsorption of pollutants in water [11-12], (vi) plasma—Fenton to degrade

pharmaceutical compounds.

In this work we examine the phenomenon of sensitization provoked by a short time plasma
treatment to give more energy to the molecule to more interact in any conventional and/or advanced

treatment.

1.1 Mass transfer

Matlab.2018a and SIMULINK software were used to resolve numerically the simulation of the
mass transfer between plasma species and the liquid target. The mathematical models were

obtained using the equation of the mass balance in the batch plasma reactor.

The mass penetration model proposed by Higbie (1935) was used to model the interaction between
plasma and liquid phases. Like any physical model, the theory of penetration is based on the

following assumptions:
The bulk of the liquid phase is perfectly agitated.

Elements from the core come to the interface; they all stay there for an identical time "t,,," during

which they exchange matter with the other phase by unidirectional molecular diffusion
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mechanisms, before returning to mix with the core of the phase. Renewal is ensured either by

turbulent agitation or by discontinuous flow.
The contact times are such that a stationary concentration profile is not established.

Thermodynamic equilibrium is checked at the interface. The transfer is described by Fick's second

law "diffusion equation»:

acz,py _ aCc?(z,b)
E0 - _pa2tl (I1.1)

where t is time and x is distance, in the direction of transfer.
The boundary conditions of equation (11.1) are:
e C(tz=0)= C;,Vt=0 (Cp;is the interface concentration within the liquid);
e C(t=0,2) = Cyp,Vx = 0 (C, is the initial concentration within the liquid );
e C(tz =00)= CpVt =0 because the depth of the element is assumed to be infinite in
front of the distance concerned by the solute penetration.

The integration of equation (11.1) with these boundary conditions gives:

0
0=-04(3;) _=(Ci~Co) (11.2)

The instantaneous material flow is deduced from the following equation:

C=Co+(Cri—Co) {1 —erf [z/%]} (11.3)

By noting ¢.,, the time the elements are exposed to the interface, the average flow is:

_ 1 tex Dy _ Dy
= f, " (Ci=Co) [ dt > ¢ =2(CLi—Co) |72 (11.4)
The average mass transfer coefficient on t.,,is then written as follows:
— Dy
K, =2 - (1.5)

11.2 Kinetic Model

The main molecules present in humid air (N2, Oz and H20) was excited using a delivered power

by the electric source (900-1200 volts) to produce primary species (cations, anions and neutrals)
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which transferred to the secondary species and they, in turn penetrate into the liquid region, all the
plasma species considered in the model are presented in table I.1. Henry’s Law is used to describe
the concentration balance of a given species between the gas phase and the liquid phase, and

Henry’s coefficients are listed in table 1.2. Two kinetic scenarios were considered:

between plasma species and the liquid target;

Table 11.1. Major plasma reactions in water and phenol

a complex kinetic model which consider all the possibal reactions between plasma species

a simplified model studied and proposed by some authors [13].

NUM Hydrolysis reaction pEa'K

1 HiOu = Hy, + OH, 15.999

2 HiOy ”_;l i ||.*_jh_| 1 L65

3 OHy, — HZ, + 0, e

4 HOw = HL, + O 43

3 ONOOH,, — HL, + ONOO, e

h OyNO0H,, «+ H, + 0:NOO, 5

7 HNO = HY + NOuy LH

& HNO g == Hi + NOw, 34

NUMN Chbver reverable reaction Fosward coefficient Backward coefficienm
’ HObyy = Oy + HY 14 = 10 5 % 10"
10 Oy + Otz = Dig 36 = 107 33 = 1w
1 TN =+ N2Ohugy 45 « 108 69 « 10
12 NOsy, + NO, = NaOs, L1 o= 107 84 = I0¢
13 2HNO = NOy, + NOu (+H20.) 13.4 1.1 = 10*
14 ONOO, — NO + Oy 0,020 5= 107
15 ONOOH,, « N0y, + OHy 0.3s 45 x 107
16 ONDO, «s NOug + 0 10-8 35 w107
17 NOu, + O, < 0:NDO, 45 » 1o 1.05

I8 MOy + HOag =+ O:NOOH 1.8 = 10¢ 0.026

19 INO g +Hy0y) = NOy,, + NO, + 2HL, 1 = 10° 4l = 1w
0 Olag + Dhzag == Oigg 40 = 107 30 0= 10"
2l OH,, + OH,g = Hi0 + O 1.3 = 10 L7 = 10"

ag
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51 HO,, + HOS,, —OH,, + OH,, + Oy, 0.5

52 HO;.G + H.q - H;O:,‘ 1.8 « 10"
53 “024 + “0).‘ —b H;O;., + |5():_.‘ 5 x 10
54 HO:,‘ + H:O;.‘ = OH,‘ + 0_!.‘ + H:O.. 0.5

55 HO).‘-'O:,‘i'OHq 11 x |0‘
56 21"0;..-’“203.'4-20:.‘ 5 x 10
57 HOw + Osyg — OH, + 202 1 x 10"
58 Hi01 + sy — OHy + Osy + OHL, 0.13

59 HyOsy + Hyy — OH,, + H:0, 9.0 x 107
60 O, + HiOpq — Hi0, + 05, 50 x 107
61 O + Hy — OH L1 % 10"
62 20,, (+H;0,,) — OH,, +HO;, 1.0 % 10°
63 0, + HOL, — OH_, + Oy 4.0 x 10
64 0y #05, (+H:0.) — 20H, + Oy 6.0 x 10"
65 O, + Hay — Hy + OH 8.0 x 107
66 205, (+2H:0,) — Hi0sy + Onyy + 20H,, 0.3

67 O3 + Hy — HOG, 1.8 % 10
68 Oy + HOL, = Oy + Oz + O 0.13

69 Hy, + Hy0,, — Hay + OHy 1

70 H,, + HO, — OH,, + OH,, 9.0 x 107
n Hy + Hyy — Hag 7.8 % 10
(3 Hay + Oz — HOxy 2.1 x 10"
B 0, (+H;0,,) — 20H,, 50

" NO, + OH,, — NOj,, + HL, 2 x 10"
75 2NO,, + Oz = 2NOy,q 23 x 10
NUM Irreversible reaction Coefhicient

2 0_\» + OH;‘ - 034 + HO;., 40

23 Ouyg + OH, — 05 + HO,y 70

] Oy + O = O3y + Oy 50 x 10°
25 Ouq + 02y — O + Oy L6 % 10°
2% Ouoq + HO — O3 + O + OH,, 55 x 100

0 0_;..+0H.|-‘H03.‘+0~_q 3X|0°

2 0_\.4'1‘"03_.‘—' _.|+H0).. 5.0 x 10

2 O.\n'f' HO-.,,—-OH.,+20;,., 1.0 x 10

30 Oug + HiOsy — OHyy + HOwy 4 Ong 6.5 x 107
31 Ouq + H.‘ — HOyy 38 x 10"

3 Oy + NO3,, = O + NO,, S« 10

33 Oy (+H:0,) — OH,, + Oy + OHL 25

4 Oy + OHy — 05 + HO2y 6 x 10

35 Oy, + OH,, — Oy, + OH 25 % 10°

36 Ol +Hag = Osg + OH, 1.0 x 101

37 05 + 0, — 205, 7.0 x 10*
38 Oy + Hyy — Osg + OHy 9.0 x 10"
3 OH,, + HOpy — Oz + HiOy 7.0 x 10°

40 OH,, + HO gy — H:020g + Osy 5x 10

41 OHy, + Hy0s4 — HOzy + H:O 27 x 107

2 OH,, + HO;,, = HOs,, + OH_, 7.5 x 10°

43 OHy, + Oy — Osq + OH, 1.0 x 10"
S OH,, + O, — HOy, 26 x 10

45 20H,, — Hy0,, 50 x 10°

46 OHy, + Hy — H:0,, 7.0 x 10°

47 2HO, — Hi0u + Oy 8.6 x 10°

48 HOy, + Oy ~ Oy + OH, 6.0 x 107
49 HOuy + O3, — HOL, + Osy 8.0 x 107

50 HOy, + O3, — OHL, + 20, 6.0 x 10°
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11.3 Modeling
11.3.1 Geometry

In order to explain the geometric model, the 3D configuration was simplified to 1D. The approach
was followed to study the reactive transfer of plasma species into the molecule in the GAD reactor

represented in figure.ll.2.

Thermodynamic

equilibrium (He)

Convection (¢ = U %) Convection (¢ = U %) + reaction

»
L4

Plasma phase (1) Liquid phase (2)
Interface (3)

Figure.11.1. GAD reactor 1D geometry

The plasma species can be present in three domains as follows:
e Domain (1): perfectly homogenized plasma phases where the plasma species tansfered to
the interface gaz-liquid by convection.
e Domain (2): the interface gaz-liquid wich is explaned by a thermodynamic equilibrium.
e Domain (3): perfectly homogenized liquid phases where the plasma species tansfered by
convection.
11.4.2 Material Balance
Simulink software 2018a was used to solve the equations obtained for each species in the
3 domains. These equations were obtained from the material balance for each plasma species taking
account the two GAD configurations.
e GAD Batch reactor-Discontinuous mode
A stirred tank which is loaded by a continuous flow of plasma matter. The tank contains initially a

volume of liquid interaction with the plasma phase as it is shown in figure 11.2.
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Figure.l1.2. Batch GAD reactor-discontinuous mode

In this case, the masse balance for a j plasma species is as follows:
=9

VT = (1.6)

Where,

v;: the stoichiometric coefficient of the j" plasma species, C;: the concentration of the j™ plasma

species and r: the reaction rate.

e GAD plate reactor

This configuration consists also of two regions. The first one is located on the plate where the
reaction takes place after contact of the plasma species with the liquid phase containing a pollutant.
The second region is represented by the agitated tank to regenerate (recycle) the liquid. Figure 11.3

presents the plate configuration of the GAD reactor.
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QC.(0,1)
\
=<T’ dsdz
! i
QC (L)
\$
= (3

Figure.l1.3. Plate GAD reactor-continuous mode

The mass balances made in a volume element of the liquid flowing along the plate and on the

recycling tank gives the following partial differential equations system:

9C(z,t) _ 0C(z,0) Y
P = k'C(z,t)
C(2,0)=Cy ,C0,t) = Cy(t) (11.7)
dCs(t)

QCLt) =QCM +— Vs

11.4 Results and Discussion
In this section, equations (6-8) were resolved by SIMULINK and fitted with experimental results
for the three configurations of the GAD reactors. To study the sensitization plasma process, the
treatment time was imposed of few seconds to simulate the migration of plasma species in the
liquid target. Figure 11.6 shows the Simulink diagram block of all reactions by using data presented
in table I1.1. The diagram is able to calculate the following concentration in two targets:

e In water: protons, nitrite and nitrate ions and protons;

¢ In phenol agueous solution: phenol molecule.
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As shown in figure 11.5, the simulations were conducted so as to find a compromise between the
calculated concentration, by using equations (6-8), and the measured one (Cexp). The convergence
of Ccar and Cexp Will valid the radical mechanism responsible for the degradation of the phenol in

water.

tguess

»
»

A J

A proposed radical mechanism

A

Mass transfer equation: %y _v. D;V¢;.. + u.Vc; = R;
at

C.q; prediction

\/

|CCa.l - CExp| =é&

No

£<1073

Yes

Validation of the radical mechanism

Figure 11.6. Computational flow chart
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Figure.l1.6. Simulink diagram bloc using all data of table I1.1
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11.4.1 Plasma species quantification in water

Figures 11.6 and 11.7 present the predicted and calculated concentrations of H*, NO5 and NO;3 ions

in water, by imposing short contact times versus the two GAD reactor configurations.

0.06 ° 0.0035 °
(HY) ~
0.05 0.003 (NO7)
0.0025
__0.04 —~
= -
3 S 0.002
£ 003 E
T °® ov 0.0015
0.02 =3
0.001
0.01
0.0005
°®
0 0 4
0 5 10 15 20 25 30 0 5 10 15 20 25 30
time (s) time (s)
0.009
0.008 - ®
(NO3)
0.007
__0.006
-
&
£ 0.005
& 0.004
=
0.003 °
0.002
°®
0.001
0
0 5 10 15 20 25 30
time (s)

Figure 11.6. Concentrations of H*, NO; and NO3 ions in water in batch GAD reactor: e predicted value,

=— measured value
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Figure 11.7. Concentrations of H*, NO; and NO3 ions in water in plate GAD reactor: e predicted value,

— measured value.

Whatever the configuration of the GAD reactor, the concentrations of predicted and measured
plasma species are in agreement. Several attempts at adjustments have made it possible to find this
compromise between experience and mathematical model by advancing the appropriate kinetic
equations. Tiny amounts of nitrite, nitrate and protons get into the water. The question that must
be asked, does this material have an impact on the reaction with a reactive target? is that we will

try to find out in the next section.
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11.4.2 Plasma reaction with phenol

Once the kinetic model has been validated on distilled water, it can be tested on a reactive target.
Phenol was chosen for the physicochemical characteristics it possesses in an aqueous medium as
well as for the numerous applications which it undergoes in the presence of plasma-GAD.
Figures 11.8 and 11.9 present the predicted and calculated concentrations of phenol aqueous solution
(10 mol L), by imposing short contact times by using the two GAD reactor configurations.

0.001 o000 0.001
0.0008 ]
GAD-Batch 0.0008 GAD-Plate
~ 0.0006 _ ~ 00006
5 ® Measured Predicted 3 ® Measured Predicted
£ E
o 0.0004 © 0.0004
0.0002 0.0002
0 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
time (s) time (s)

Figure 11.8. Phenol removal in water by plasma GAD reactors

In the presence of phenol, there is a difference between the values measured and those predicted
by the model. An adjustment with a convincing kinetic scenario is valid up to 18 s for the GAD-
Batch and 27 s for the GAD-plate. This is explained by the high convection in the first case which
accelerates the active species by transporting them more easily under the reaction bulk.
The differences are explained by the existence of an electric field generating the acceleration of
light species (electrons), which by their velocities transfer their kinetic energy to the phenol

molecule which will be in the excited state: sensitization phenomena.
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General Conclusion

Three plasma processing modes are used in plasmachemistry according to the order of magnitude
of the reaction time: (i) conventional: hours, (ii) temporal post-discharge: discharge of a few
seconds or minutes followed by a post-reaction of several hours or days and (iii) sensitization: a

few seconds are enough to make a given molecule to be more reactive.

The latter case has been investigated in this work. Modeling-simulations and experiments were
used to study the sensitization phenomena in the presence of a plasma discharge generated by

Gliding Arc Discharge in aqueous medium.

The penetration theory was used to predict the concentration values of nitrous species and protons
in water. The validation was carried out successfully by repeatable experiences. The same model
was applied in the presence of phenol to examine the time which is able to make this molecule
abler to react with plasma-species or other molecules. With the comparison between measured and
predicted outputs of phenol concentrations, the two configurations of GAD reactor show some
divergence between model and experiments in the interval of [1, 18 s] and [1, 27 s] for GAD-Batch
and GAD-Plate reactors, respectively. These times are the range of sensitization phenomena in the
plasma treatment by Gliding Arc discharge.

In the future, we project to calculate the electrical field able to increase the energy state of the

molecule when it is treated for few seconds by plasma-GAD.
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