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Abstract

The aim of this thesis is to control plasma-liquid interactions by means of a chemical engineer-
ing approach based on some well-known but sometimes new approaches.

The first control step consists of comparing the operating regimes of each Gliding Arc Dis-
charge plasma reactor and considering a new reactive device capable of positioning itself with
the other reactors according to the needs expressed by the user. The operating principle of this
new reactor is inspired by the Venturi flow principle, and its spatiotemporal discharge mode
enables the production of molecules for industrial use. It is a plasma reactor that operates effi-
ciently from both a production and an economic point of view. For the safety front, the inves-
tigations indicate a high level of safety (SIL2) compare to the other plasma reactors. Adopting
the double film theory and following a more modern approach to the mathematical treatment
of mass transfer, it was possible to calculate the operating regime of each plasma reactor han-
dling liquid media. Based on this evaluation, the new reactor with the best efficiency-safety
ratio was selected to produce Catechol from phenol molecules at Lab and Industrial scales
using the novel GAD-VNT plasma reactor.

The conceptualization of the chemical control of plasma reactions has opened up great per-

spectives on easy, economical, and safe industrial organic synthesis.
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General introduction

Faced with the growing importance of environmental considerations in the early 2000s, chem-
istry has never had a good reputation. However, a real movement is underway to move towards
“green” chemistry, where researchers have shown great interest in the subject. The trend was
towards increasing the energy efficiency of processes, replacing organic solvents with aqueous
solvents, and seeking increasingly efficient and eco-friendly technologies and catalysts.

In parallel, a new technology has shown a good evolution of use in the field of water treatment
because of its primordial efficiency. These technologies are cold plasmas, which can be pro-
duced under different processes, such as corona discharge, dielectric barrier discharge (DBD),
jet discharge, and sliding discharge (GAD). In these technologies, the plasma is created at room
temperature and atmospheric pressure by means of two electrodes, between which a strong
potential difference is imposed. In this state of matter, which remains at room temperature,
very energetic species are then created: electrons of several eV, excited molecules, free radi-
cals, and ions. These reagents are capable of initiating chemical reactions that are difficult to
achieve in ordinary chemistry. As these plasmas can be produced under normal pressure and
temperature conditions, the need for expensive or energy-intensive facilities is reduced. In
some cases, plasma can replace them and act precisely as a catalyst, thanks to the exotic species
it contains. Therefore, the use of plasmas in chemistry could go in the direction of “green”
chemistry by reducing the consumption of energy and catalysts in the processes. Plasma can
also create new reaction pathways that could simplify currently complex synthesis protocols

thanks to radicals that are difficult or even impossible to produce by chemistry.

In fact, the use of plasmas in organic synthesis has remained limited due to its low selectivity
in the sense of producing a pure chemical compound that meets the requirements of the target
market. They are very effective in the destruction of pollutants, but more selective chemical

reactions have so far remained out of their reach.
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Control
Reactivit ..
y / Selectivity

Figure 1. Synergy of disciplines

In order to find executable solutions for controlling oxidative processes based on reactivity,
mass transfer, and simulation of these processes (Figure 01), we have developed this document,
which is divided into 04 chapters: a chapter on the literature review, a chapter on the method-

ology and materials used, and finally two chapters on the results obtained. Thus:

Chapter I, “State of art”, first highlights a review of the literature on plasmas in general and, in
the background the Glidarc discharge used in our study, as well as the state of the art on this
type of plasma processes, its applications, its advantages and its limitations. In a second time,

it presents the basic concepts and the solutions proposed for the control of this process.

The second chapter “Materials and methods” presents the different plasma glidarc configura-
tions present in the STEVA laboratory, including the description of the new reactor with its

design parameters. As well as, the main methods and analysis techniques used during our work.

Chapter 3, “Classification of plasma GAD reactors”, presents the chemical and physical prop-
erties of the configurations studied, such as gas-liquid transfer coefficient, acidity, conductiv-
ity, total oxidant agents, nitrite, and nitrate ion concentrations. These results were used to study
the reaction-mass transfer competition in the four plasma GAD configurations, and subse-
quently, the induction of this competition on the performance of these devices was established,

such as depollution, chemical conversion, selectivity, and safety contribution.

Chapter 4, “Catechol production process using plasma reactor”, presents the thesis project, an-
nouncing the proposal of a new process dedicated to the industrial production of catechol. The
invention is based on the use of the glidarc plasma reactor in the new configuration proposed
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in Chapter 11 (GAD-V). This process has shown relevant performance in terms of production

rate, selectivity, and economic interest.

Finally, the overall conclusion of this paper will point the way to future optimization and in-

tensification of cold plasma technology in industrial processes.
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Generalities

Plasma, often referred to as the fourth state of matter, is a highly ionized gas consisting of ions,
electrons, and neutral particles. The term "plasma™ was coined by Irving Langmuir in the 1920s
while studying electric discharges in vacuum tubes [1]. He used the term to describe the ionized
gas because of its composition analogy to the blood plasma, which carries cells and nutrients.
The plasma state is formed when a gas is energized to the point where electrons are freed from
atoms. This ionization process can occur through various means, such as heating or exposure
to strong electromagnetic fields, and can lead to magnetic confinement phenomena in fusion
reactors due to their excellent electrical conductivity. Plasma is prevalent in both natural and
artificial environments where the natural one occurs abundantly in the universe and helps study
astrophysical phenomena, while artificial plasmas developed in laboratories have diverse ap-
plications in medicine and scientific research. Unlike solids, liquids, and gases, plasma does
not have a definite shape or volume and is influenced by electromagnetic fields. These unique
properties make it a significant area of study in various scientific fields.
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1. Plasma classification

Within the plasma, the thermodynamic equilibrium between species is not fully defined. How-
ever, stationary states occur, in which each particle species has an energy characterized by a
temperature T, as presented in Figure 2. This is defined by the average Kinetic energy [2].
Heavy species have comparable average kinetic energies, represented by the macroscopic tem-
perature Tg. Electron energies, on the other hand, can be at much higher temperatures (Te).
Based on the energy distribution among the particles and the difference between the electron
and the heavy species temperature, plasmas are categorized into two main types: thermal and
non-thermal plasmas. This classification is dictated by whether or not local thermodynamic
equilibrium (LTE) is established. A medium is said to be in local thermodynamic equilibrium

when the temperature of the electrons is identical to that of the gas.

Température (K)

10°
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Figure 2. Temperature of electrons and heavy species in plasma [120]
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Figure 3. Classification of displacement in a logarithmic diagram according to electron temperature
and charge density [121]

1.1 Thermal plasma

Thermal plasmas are obtained at high pressures and temperatures [3]. They are rich in highly
energetic ions and electrons. The energy involved can be considerable, requiring powers of up
to 50MW [4, 5].

When a plasma is ignited in the laboratory, the energy generated by the electric field is first
accumulated by the electrons. For this reason, the initial temperature of the electrons is higher.
Subsequent collisions transfer this energy to the ions (heavier particles). This balances the tem-
peratures inside the plasma [6].

The temperature difference between electrons and heavy particles is defined as being propor-
tional to the square of the ratio of electric field to pressure. In hot plasmas, this ratio is low,
and the temperatures of electrons and ions are close together, around 10,000 K. This indicates
a local thermodynamic equilibrium between the electrons and the heavy species, and the tem-
peratures of the electrons and ions are in equilibrium, and close to each other. In this case, we

can speak of thermal plasma.

Natural thermal plasmas

-The Sun and Other Stars: The cores of the Sun and other stars are examples of natural
thermal plasma. These are incredibly hot regions where nuclear fusion occurs, creating

a plasma that is in thermal equilibrium.
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Laboratory thermal plasma

- Arc discharges: these are self-sustaining direct-current discharges with a relatively

low voltage drop at the cathode (around 10 KV)

- Radio-frequency or microwave plasma discharges: used when it is important to
contact between the plasma and the electrodes. A high-voltage electric current is passed

through a solenoid, creating an axial magnetic field.

1.2 Non-thermal plasma
These plasmas are easier to obtain and more stable at atmospheric pressure [7-9]. They are
characterized by the lack of thermodynamic equilibrium between electrons and gas molecules.
The well-known ratio between electric field and pressure is high, meaning a big difference
between the temperature of electrons and heavy species (Te = 10%-10°, Tg = 102 -10° K). Elec-
trons will not be able to transfer their energy to heavy particles because of the low energy
supplied in these processes compared with hot plasmas. In this case, the electrons accelerated
by the electric field collide inelastically with the heavy species and transfer part of their kinetic
energy to them, giving rise to reactive species such as metastable species, radicals, and ions.
These created reactive species are subject to use in various applications such as medicine, de-

pollution, surface treatment, etc.

Natural Non-Thermal plasmas:

- Auroras (Northern and Southern Lights): Auroras are beautiful natural displays of
light in the polar regions caused by the interaction between the solar wind (a plasma
from the Sun) and the Earth's magnetosphere. When charged particles from the solar

wind collide with gases in the Earth's atmosphere, they create a cold plasma.

Laboratory thermal plasma:

- Crown discharges: faint glow discharges appearing at atmospheric pressure on tips

or edges where the electric field is sufficient [10].

- Pulsed corona discharges: an improvement on corona discharges, they enable micro-

discharges to be formed without the need for an arc [11].

- Dielectric barrier discharges: the addition of a dielectric material prevents arcing
[12].

- Glidarc discharge: obtained by electrical treatment of the gliding arc type [13].
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2. Non-thermal plasma technologies

In contrast to low-pressure plasmas, which need vacuum conditions, atmospheric plasma tech-
nologies generate and apply plasma at or near atmospheric pressure. These technologies are
extensively employed across many sectors due to their adaptability, effectiveness, and capacity
to function without intricate vacuum systems. Below are some of the most prominent atmos-

pheric plasma technologies.

2.1 Dielectric barrier discharge (DBD)
DBD plasma is produced by applying a high-tension alternative to two electrodes. At least one
of them is recovered by a semi-conducting material or insulator called an electrical barrier.
This later ensures a temporary discharge function and prevents the creation of an arc.
When the voltage applied to the electrodes is sufficiently high, avalanche ionization phenom-
ena emerge. The naturally occurring electrons in the gas are being accelerated by the electrical
field and collide to produce new electrons; this is the avalanche phase. These charges propagate
along the field lines, leaving a trained ionized streamer corresponding to the micro-discharge
channel with a wavelength of about 100 um [14].
Current flowing through the channel leads to an accumulation of charges on the dielectric (Fig-
ure 3). When the field induced by these charges masks the applied field, the discharge is extin-
guished.
This charge deposit delimits an area of the dielectric where the field is weakened. This means
that future micro-discharges will have to propagate alongside it. The presence of the dielectric
not only inhibits the arc but also spatially distributes the filaments. The plasma will, therefore,

cover the entire available surface.

A(
+ + + +
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[

Figure 4. Schema of Dielectric Barrier Discharge [15]
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2.2 Corona discharge

A corona discharge is achieved by applying a suitable potential difference between two asym-
metrical electrodes, such as tip/plane, tip-cone, and wire-tube coaxial as active and passive
electrodes, whose respective radii of curvature are very different in order to obtain a much
stronger electric field in the vicinity of one of the two electrodes. As a result, two different
zones can be distinguished: the luminous ionization zone located around the electrode with the
smaller radius of curvature and the diffusion zone where the ions move along the field lines.
Figure 4 presents the corona discharge with two different electrodes [14, 16].

The creation of the ionized channel (streamer) is identical to that observed ina DBD. However,
the discharge is extinguished in areas where the electric field is too weak to maintain ionization
[14].
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Figure 5. Schematic of different types of corona discharge [17]

2.3 Jet discharge

Atmospheric Pressure Plasma Jets (APPJ) are devices that generate a focused stream of plasma
in open air. Usually, it consists of two electrodes: a high-voltage electrode and a grounded
electrode. Depending on the design, the grounded electrode might be placed outside or inte-
grated into the setup, while the high-voltage one is often placed inside the dielectric tube (see
figure 05).

The majority of jets operate using noble gases, such as argon or helium, mixed with trace
amounts of reactive gases, like air, water, or oxygen. The gas is fed into a dielectric tube at a
controlled rate to maintain a stable jet. When the high voltage is applied, the electric field
ionizes the gas atoms or molecules, stripping electrons from them. Note that the sharp tip of a
needle electrode offers the advantage of enhancing the electric field locally. This creates a
mixture of free electrons, ions, and neutral particles, forming the plasma. The free electrons

gain energy from the electric field and collide with neutral gas atoms, causing further ionization
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in a process called electron avalanche. This cascade of ionization events leads to the rapid
formation of plasma.

An important disadvantage of plasma jets is that the surface area of the treatment is relatively
small, considering that wounds eligible for plasma treatment might be as large as several
squared centimetre. Obviously, this could be solved by moving the jet along the treatment area

or install several jets in parallel system, that was already studied by Kong et al [18,19]..
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Figure 6. Schematics of different plasma jet designs [20]

2.4 Gliding arc discharge

The “Glidarc” is a non-thermal plasma obtained by electrical effluvage of the sliding arc type,
a simple and inexpensive process developed by Czertnichwski [21, 22]. Unlike dielectric bar-
rier and corona discharges, which require very high voltage values, this technique involves
applying a relatively low potential difference of 5 to 10 KV between two diverging electrodes
arranged symmetrically around a gas stream. An electric arc is ignited at the minimum distance
between the electrodes and slides, under the effect of the flow, along them, lengthening thanks
to their divergence [23], as shown in Figure 6. In the arcing zone, the energy supplied by the
high-voltage generator, expended in the arc by the Joule effect, compensates for the power
evacuated by thermal conduction. As this phase is in thermodynamic equilibrium, the temper-
ature of the electrons is equal to that of the heavy particles.

When the arc propagates along the electrodes, the electrical power dissipated by the Joule effect
no longer compensates for the power evacuated by thermal conduction. The discharge then
evolves into a non-equilibrium plasma. The temperature of the electrons, 10000 K, is higher
than that of the heavy species, 1500-3000 K. During this second phase, electrical treatment

begins. 75-80% of the total energy involved in the discharge is expended in the non-equilibrium
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phase. It is these reactive species that are partly responsible for the chemical properties and
lethal effect of Glidarc [24].
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Figure 7. Plasma Gliding Arc Discharge, (a) electrode profile and evolution of the sliding arc, (b)
photograph of the evolution of the sliding arc [25]

3. Plasma gliding arc discharge applications

Historically, non-thermal plasmas have been studied at low pressure in discharge tubes. Their
use under reduced pressure is still widespread in micro-fabrication (etching, thin-film deposi-
tion, plasma-assisted chemical vapor deposition, etc.) but requires complex and costly instal-
lations. As a result, atmospheric-pressure plasmas such as glidarc plasmas are increasingly used
today. In addition, glidarc plasma can operate at high gas flow rates, enabling larger volumes
to be processed and making it suitable for various applications. First, Czertnichwski developed
the gliding arc for gas treatment [21, 22], then further researches were conducted on environ-

mental remediation, material processing, medical applications, and chemical synthesis.
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Figure 8. Cold Plasma Gliding arc discharge applications [21]

3.1 Environmental remediation
Gliding arc plasma has shown significant efficacy in environmental applications such as VOC
abatement and organic Pollutant Degradation. The high energy electrons and reactive species
(such as O, "OH, and N) produced in the plasma interact with VOC molecules, breaking them
down into less harmful molecules such as CO, and H20, reducing their environmental impact
[26-29]. Furthermore, water contaminated with organic pollutants, including pesticides, dyes,
and medications, can also be treated using gliding arc discharge. The reactive oxygen and ni-
trogen species (RONS), such as hydroxyl radicals ("fOH) and nitrogen oxide ("NO) generated
in the plasma can effectively break down the outlined contaminants under a complex mecha-

nism going from oxidation to mineralization processes [26, 30-33].

3.2 Material processing and surface treatment
In recent years, plasma GAD has been widely used for surface modification of materials such
as polymers and membranes. The high reactivity of the produced plasma, such as technology,
allows the grafting of functional groups like hydroxyl, carboxyl and amine onto the treated
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material surface, enhancing their mechanical and adhesion properties, wettability, and biocom-
patibility [34-37].

The plasma treatment of metal surfaces is also becoming a promising process for anticorrosion
activities and affects their mechanical properties. The relatively low temperature of the gliding
arc discharge makes it suitable for treating temperature-sensitive materials. This process, espe-
cially with nitrogen-containing gases, has greatly enhanced the hardness, wear resistance, and
corrosion resistance of metal surfaces [38-44].

In addition, several studies have used gliding arc discharge for plasma-enhanced chemical va-
por deposition (PECVD), wherein reactive species from the plasma help deposit thin films of
materials onto substrates [45-49]. This process is critical in applications such as semiconductor

manufacturing, solar cells, and protective coatings.

3.3 Medical applications

Gliding arc discharge has been explored for medical applications, such as wound healing, can-
cer therapy, infection control, etc. The antimicrobial properties of this technology were widely
studied for different bacteria groups, and it showed a high level of microbial inactivation, even
for resistant ones, due to the high amount of produced plasma oxidants [50-52]. Additionally,
the antimicrobial properties of plasma help prevent infection, making it suitable for treating
chronic wounds, burns, and ulcers. The plasma-generated reactive species can also promote
angiogenesis, cell proliferation, tissue regeneration, and inflammation reduction [54-59]. GAD
plasma has been investigated for its potential in cancer therapy, where the reactive oxygen and
nitrogen species (ROS and RNS) generated by plasma can induce oxidative stress in cancer
cells that trigger their apoptosis (programmed cell death), offering a non-invasive treatment
option [60-64].

3.4 Chemical synthesis
Plasma-based chemical synthesis, mainly through Gliding Arc Discharge (GAD) plasma, has
emerged as an auspicious approach for enhancing reaction kinetics and enabling chemical
transformations that are challenging to achieve through conventional thermal processes. The
synthesis of ammonia (NH3) via plasma-assisted nitrogen fixation is one of the emerging ap-
plications of gliding arc plasma. In this process, nitrogen (N2) from the atmosphere is dissoci-
ated into reactive nitrogen species, which then combine with hydrogen to form ammonia. This
process offers an alternative to the traditional Haber-Bosch process, potentially reducing en-
ergy consumption and greenhouse gas emissions [65-69]. In addition, Plasma can facilitate the
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hydrogenation of CO, into methane (CHa) or other hydrocarbons, offering a pathway for re-
newable fuel production [70-76]. This process contributes to carbon capture and utilization

(CCU) strategies, turning CO: into valuable products while reducing its environmental impact.

3.5 Agriculture applications

Plasma technology, particularly Gliding Arc Discharge (GAD) plasma, has emerged as a prom-
ising tool for improving agricultural productivity. This technology can be used to generate
plasma-activated water that is highly concentrated by reactive species such as oxygen and ni-
trogen radicals. Oxygen reactive species like hydrogen peroxide H>O: inactivate harmful path-
ogens such as bacteria, viruses, and fungi and help for better plant health. Nitrogen species,
such as nitrates (NO3") and nitrites (NO2"), which are essential nutrients for plant growth [77-
85]. By irrigating crops with plasma-activated water, farmers can effectively deliver bioavail-
able nitrogen to plants, reducing the need for synthetic fertilizers

4. Plasma GAD challenges

Plasma gliding arc discharge technology offers numerous advantages, particularly in chemical
synthesis, environmental applications, and agriculture; the laboratory scale has shown promis-
ing results; however, scaling them up for industrial processes is the most challenging part.
Several limitations must be addressed to improve its efficiency, selectivity, scalability, safety,
and commercial viability. These challenges are primarily related to technical, economic, and
operational aspects of GAD systems [86-89].

1. Enerqy efficiency: In GAD systems, a significant portion of the energy is dissipated as heat

rather than contributing to generating reactive species. This inefficiency can lead to higher

operating costs, especially in large-scale industrial applications.

2. Low Selectivity in Chemical Reactions: The versatile population of produced plasma spe-

cies, such as rectors, makes it difficult to control the selectivity of chemical reaction path-
ways. This complexity can result in the formation of undesired by-products, reducing the
efficiency of the target reaction and the quality of the final product, which then requires a

hard purification process and higher operational cost.

3. Uniformity of plasma medium: Maintaining uniform distribution of reactive species over a

large volume is another significant limitation, especially for large-scale systems. This lack

of uniformity affects the performance of plasma-based processes. Moreover, the plasma arc
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creates localized high-temperature zones, resulting a partial reactions or incomplete con-

version that is highly undesirable for chemical synthesis processes.

4. Material degradation: The intense energy and reactive environment generated in GAD

plasma systems can cause material degradation over time, leading to equipment wear and
reduced operational efficiency. Finding materials that can withstand the harsh conditions

inside a plasma reactor is a key obstacle in scaling up the technology.

5. Safety Concerns: The high voltage, intense radiation, and presence of free radicals in GAD

plasma systems raise the probability of hazardous operability risks. The long exposition to
the reactive oxygen and nitrogen species and UV radiations generated by plasma can pose

health risks and occupational diseases.

6. Economic considerations: The cost-benefit duality in such as processes have to be compar-

atively studied with the conventional processes, including costs of implementation, equip-

ment, maintenance, energy consumption, and final product pricing.

5. Plasma GAD characterizations

5.1 Consumed energy
The energy consumed in a gliding arc discharge (GAD) plasma system depends on several
factors, including input power, operating voltage and current, gas flow rate, gas nature, elec-
trode configuration, and overall system efficiency.

Generally, the gliding arc plasma operates with a high voltage of around 9 kV and a moderate
current of 100 mA [90]. The electrical power input P is 0.9 kW, calculated using the following

formula:
P=VxI (Eq. 1)

A specific energy consumption is usually calculated to examine the plasma consumed energy
in different reactors. It can be expressed as the amount of energy consumed per unit volume

of gas treated or per unit mass of gas treated.
Specific Energy Consumption (SEC) = g (Eq. 2)
Q: is the gas flow rate (m* h'%)

For a gas flow rate of 700 I.h*%, a 1.29 kW h m was consumed. The SEC provides a measure

of the energy efficiency of the GAD process for different gases and flow rates.
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In such reactors, the energy is not totally conserved, and some energy is lost as heat due to the
resistance of the electrodes and the surrounding gas. The efficiency of converting electrical
energy into plasma energy can vary but is generally less than 100%.

Unlike corona discharge, this technique consumes more energy (1.29 kW h m=) [90], resulting
in a higher production of active species. These criteria make it ideal for industrial applications

in pollution control.

5.2 Processes occurring in plasma GAD
Plasma Gliding Arc Discharge (GAD) technology in gas-liquid systems presents a unique plat-
form for numerous physical and chemical phenomena. This part explores the key processes

occurring in the plasma gas region, gas-liquid interface, and liquid region.

5.2.1 Gasregion
The unique properties of plasma arise from the collective behaviour of the charged and neutral
particles, leading to various physical and chemical processes. Table 1.1 shows the different
types of processes that occur within plasma and can, therefore be grouped in terms of excita-

tion, ionization, dissociation, recombination, and other reactions [91].

Table 1. The principal reaction types in plasma phases [95]

Reaction process \ Reaction type Reaction N°
By heavy particle A+B-A+B (R1)
Excitation By photon A+ h1_9 - A _ (R2)
By electron A+e o A+e (R3)
By transfer A+B ->A+B (R4)
Deexcitation A - A+hd (R 5)
By heavy particle A+B->A"+B+e” (R 6)
lonisation By photon A+hd - At +e” (R7)
By attachment A+e - A (R 8)
Charge transfer A+Bt > A" +B (R9)
By photon A, +hd—-A+A (R 10)
Dissociation By electron A,+e > A+A+e (R11)
By transfer A, +B->A+A+B (R12)
Between atoms A+A+B->A,+B (R13)
Electron/ion e"+At>A+hd (R 14)
Recombination lon/ion A +B* > AB (R 15)
Between radicals R +H - RH (R 16)
lon/molecules At + B - AB* (R17)
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These reactions can be grouped into three main processes: the primary process, closely linked
to the physics of the discharge; the secondary process close to chemical plasma part; and the

third one for liquid interaction (figure 9) [25].
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Figure 9. Mechanism of plasma reactive spices in plasma gas [25]

The primary process gathers the ionization and excitation reactions that the produced electrons
start by applying the appropriate potential difference, followed by the charge transfer and
streamer propagation reactions. The time scale of the primary process-governing phenomena
is on the order of nanoseconds (ns). The type of discharge, the type of current used, the shapes,
and the structure of the electrodes all affect how effective this procedure is [24, 92, 93]. At this
level, the principal produced species are electrons, atomic radicals, and ionic species with both
positive and negative charges.

The second process is the logical progression of the first one and remains the chemical part of
plasma, where the most important reactions occur. These reactions are of oxidative species
production, such as radical and recombination reactions. The maximum time required for these
species' creation is less than a millisecond (ms). Once active and reactive species have formed

in the gas phase, they may either move into the liquid phase to form new reactive species or
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increase the concentration of certain species. These interactions with the liquid represent

the third process (tertiary process.).

5.2.2 Interface

The plasma gliding arc is a biphasic reactor in which the plasma species generated in the gas
phase are transferred into the liquid, driving various chemical reactions such as oxidation, re-
duction, and the formation of new compounds. The interfacial area, solubility, and transfer
regime are the key parameters determining the performance of such reactors.

The mass transfer process in GAD involves both diffusion and convection, which are influ-
enced by the turbulence caused by the plasma discharge and the characteristics of the liquid.
Generally, the reactive species in biphasic plasma reactors move from the gas bulk to the gas-

liquid interface by diffusion; this phenomenon is governed by Fik’s law:

dC

Where, J is the molar flux of the reactive species, D is the diffusion coefficient, and Z—f{ is the concentration

gradient at the gas-liquid interface.

However, the mechanical movement of the arc and the high-velocity gas flow increase in
plasma GAD reactors generate a convection turbulence regime. This later enhances the mass
transfer by increasing the gas-liquid contact area and accelerating the reactive species' move-
ments.

When the plasma species are brought into contact with a liquid, after a time "t," the concentra-
tions of this element remain constant but different in each phase: the system is then in thermo-
dynamic equilibrium [96, 97]. Henry's law, which describes the thermodynamic equilibrium

obtained, is given by Henry's constant "He" according to the relation.:

He == (Eq.4)

Once equilibrium has been established, conditions near the gas-liquid interface are difficult to
observe or explore experimentally, if not impossible. To overcome this, hypotheses and theo-
ries have been developed to study the transfer between the two phases. One such theory is the
double film model (Lewis and Whitman) [130]. Proposed by LEWIS and Whitman, this model
is applicable to two-phase gas-liquid or liquid-liquid systems. In this model, solute transfer to

the liquid phase is essentially by molecular diffusion.
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The conditions for applying Whitman's double-film model are similar to our own. Therefore,
this model will be used in the next chapters to explain and simulate the mass transfer in plasma

GAD reactors. This model is also simple to implement [98-101].

5.2.3 Liquid region
Plasma GAD introduces additional complexity due to interfacial reactions at the gas-liquid
boundary. Short-lived species produced in the discharge (radicals, excited molecules, electrons,
UV radiation) react directly on the solution surface to form new species [25]. Among these
reactions is the dissociation of the water molecule by electron impact to form *OH radicals and

stable species such as H20> following the reactions:

e +H,0->H+ "OH+e" (R 18)
e~ +2H,0 - H,0, + H, + e~ (R19)

The presence of UV radiation in the discharge also contributes to the formation of *OH and H*

radicals by dissociation of the water molecule:
H,0 + h9 & H + "OH (R 20)

The stable species formed can transfer from the gas to the liquid phase and react with water
molecules. This process occurs either when the discharge is in direct contact with the liquid or

in the post-space discharge phase when the discharge is not in direct contact with the solution.

H20, formed in the gas phase or at the gas-liquid interface (in the case of humid air) can pen-
etrate the liquid due to its high Henry's law constant. However, it can be rapidly decomposed

in the presence of UV radiation following the reaction [102]:

H,0, + h9 & 2 *OH (R 21)
Stable nitrogen species created in the gas phase may also strongly absorb into the liquid phase
due to their high solubility.

Among these NOy, absorbed nitrogen dioxide (NO2) and its dimeric form, N2Ogs, react with
water molecules to form nitric and nitrate acids, which are responsible for the acidity of the
treated aqueous medium, releasing protons and ions that are also responsible, along with other
species, for increasing the medium's conductivity. This mechanism is described by the follow-
ing reactions [102, 103]:
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2NO, + H,0 - HNO, + H* + NO3 (R 22)

N,0, + H,0 - HNO, + H* + NO3 (R 23)

In the case of "NO, its absorption is generally negligible due to its low Henry's partition constant
(He =1.8 10 mol m= Pal).

Finally, in the liquid phase, there may be reactions between oxygen and nitrogen species:

05 + HNO, = 0, + H* + NO; (R 24)
H,0, + HNO, - H,0 + H* + NO; (R 25)

These reactions can lead to the formation of peroxynitrite, which is difficult to detect. Ferhat
and his colleagues have conducted investigations to determine with certainty the presence of
this long-lived plasma species [122]. This species demonstrates the post-discharge effect of
plasma by slowly decomposing into hydroxyl and nitrogen dioxide radicals according to the

following reaction:

HONOO & °‘OH + NO; (R 27)

The plasma species transferred to the liquid reflects the oxidative power of these reactors in

liquid phases, a parameter that can be measured using the total oxidant measurement method.

In case the liquid to be treated contains molecules to be treated, the oxidizing species produced
enter into oxidation reactions with these substrates. The oxidizing species likely to convert
these molecules are the highly reactive and non-selective "OH radical, the O" radical, ozone,
nitrogenous species (NOx), etc. These species can also include UV radiation and electron radi-
ation. UV radiation and electrons can also be added to these species. Figure.10 presents A

proposed global scheme of plasma-chemical reactions.
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Figure 10. A proposed global scheme of plasma-chemical reactions [26]

The reactivity of species differs according to their redox potential, where the hydroxyl radicals

*OH remains the most reactive species due to their high oxidation potential E°( "OH/H,0) =
2.8 V/SHE which is among the strongest oxidizing potentials in water. Both of *OH and NO*
radicals are responsible for the dual power of GAD, acidification and oxidation. Several studies
have demonstrated the potential of this technique for removing pollutants from wastewater [91,
104, 32]. Discharge generates active oxidizing species; some of these are long-lived and are
responsible for time-dependent and spatiotemporal post-discharge reactions (TPD & STPD)
which develop in the liquid phase [104, 105]. These reactions continue after the GAD discharge
has stopped (in TPD) or being far from the plasma sources (in STPD), ensuring the “continuity”
of degradation. The peroxynitrite formed in the discharge is said to be responsible for post-
discharge phenomena in aqueous solutions. This active species has strong oxidizing properties
(E°(HONOO/NO3) = 2.02 V/SHE).

5.3 Chemical composition of plasma gliding arc discharge
The chemical composition of the plasmagenic medium is highly dependent on the type of gas

used. Air is a very complex plasma gas, given its composition (oxygen, nitrogen and/or H20O,
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etc.). In the plasma plume, these molecules undergo both elastic and inelastic choc with highly
accelerated electrons, resulting in excitation, ionization, dissociation and attachment reactions
producing highly reactive radical species. Emission spectroscopy carried out on non-thermal
plasma discharges reveals the presence of oxygen radicals such as *‘OH-, ‘HO,, O-, H,0,, O3,
..., and nitrogen radicals and ions such as NO*, NO3, N,05, HONOO, etc. [25, 94].

5.3.1. Reactive oxygen species (ROS)
These species are generated through various ionization, dissociation, and excitation processes

involving oxygen, vapor water molecules and other species present in the gas [94].

O+ H, » H + °OH (R 28)

H 4+ H,0 - H, + "OH (R 29)
HO, + 03 » "OH + 0, + 0, (R 30)
*OH + 03 — 0, + HO, (R 31)
"OH + H,0 - H, + HO, (R 32)
0,->0+ 0O (R 33)

‘OH + H,0" - H,0, + H' (R34)
OH + °OH - H,0, (R 35)
HO, + H,0' - H,0, + °"OH (R 36)
H,0+e” & H +HO + e~ (R37)
2H,0+ e~ & H,0,+H, +e” (R 38)
H,0 4+ hd & H + °OH (R 39)

5.3.2 Reactive nitrogen species
The presence of nitrogen (as a reminder, the composition of air is, in very simplified terms,
21% dioxygen and 79% dinitrogen) induces by the same mechanisms the production of nitro-

gen oxides called NOx, according to the following reactions: [94, 95]
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N, + 0, & NO + NO (R 40)

NO + 0, + e~ —» NO, + O (R 41)
NO'+ 0+ M — NO, + M+ e~ (R 42)
N, + 0= NO + N (R 43)

N+ 0 - NO (R 44)

N'(2D) + 0, = NO + O (R 45)
NO, + OH' —» H* 4+ NO3 (R 46)
NO' + OH' — HNO, (R 47)
HNO, + H,0, - HNO, + H,0 (R 48)

In addition, the species created in the gas phase of the discharge can be grouped into two main

families, depending on their lifetimes (see Table 2).

Table 2. Plasma species in Gas-Liquid environment

Parent speices Primary speices Secondary speices
H,0,N,,0,,e *OH,H*,0°,N*,NO°*,NO;, ... H,0,,NOx, 03, HONOO, ...

- The family of highly reactive, short-lived and unstable species: In this family we can have

atomic and polyatomic radicals (e.g. in a moist air plasma, we can have OH", O etc).

- The long-lived species family: These species are more stable than short-lived species (in a
dry air plasma, O; and NOy are typical examples). The species formed in the gas phase are

highly dependent on the nature of the plasma gas.

Figure.11 shows the probable zones of these two families.
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Figure 11. Distribution of species into two large families according to their lifetime [25]

6. Plasma GAD processes control

Effective control of the processes taking place in gliding arc discharge (GAD) plasma reactors
offers a powerful solution to the challenges and limitations inherent in these systems. By im-
plementing precise control mechanisms, GAD reactors can be optimized for a variety of appli-
cations, from water treatment and environmental remediation to chemical synthesis and indus-
trial production. Controlling oxidation processes enables significant reductions in energy con-
sumption and promotes more guided reaction pathways, reducing the likelihood of unwanted
by-products, particularly in chemical synthesis and pollutant degradation. Controlling gas flow,
mixing, and surface enhancement ensures a more efficient transfer of reactive species into the
liquid, resulting in higher conversion rates. It also helps to protect materials, increasing their
durability and service life. Achieving an optimum balance between energy efficiency, mass
transfer, and reaction selectivity is key to the widespread adoption and scalability of this tech-
nology for industrial purposes. Below are several key control measures that can significantly

improve the performance and efficiency of GAD reactors.

6.1 Energy consumption control
The consumed energy can be controlled using various strategies, the most effective being the
use of pulsed power systems [106-109]. This strategy delivers energy in short bursts while

maintaining the plasma state. This minimizes component heating and enables better control of
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arc stability. Energy consumption can be reduced by using high-frequency alternating current,
which results in less heating of the electrodes and reactor walls, thus reducing energy loss
through heat dissipation. In addition, implementing a power management protocol can also be
an effective strategy, reducing power when fewer reactive species are required, which can help

reduce unnecessary energy consumption.

6.2 Mass transfer control

Optimizing plasma gas-liquid interactions, such as the transferred amount of reactive species,
offers more control over the oxidative power of these technologies; thus, the higher the trans-
ferred quantities, the higher the conversion rate is reached, and vice versa. This can be achieved
by designing the right configuration for the right operation. According to "technique de I'inge-
nieur", there are several gas liquid systems with different properties such as interfacial area,
mixing mode, and treated volumes [100]; thus, if there is a need for fast oxidation like for water
depollution, the higher surface area and well-mixed reactor is required because it ensures
higher absorption amount of oxidative species. However, if higher selectivity is required for
chemical synthesis, a moderate to lower surface area with a well-mixing system is preferable.
Venturi and agitated tanks present the highest interfacial area, while the lowest one refers to
the pulverization column. However, the difference in mixing and discharge types can show
different properties in terms of conversion rate and consistency.

Furthermore, the mass transfer in these reactors can also be controlled by the optimization of
the feeding gas flow rate. Thus, the higher flow rates reduce the residence time time of the gas
molecules in the plasma plum and improve the transfer of reactive species into the liquid. How-
ever, this may lead to incomplete ionization and insufficient reactive species generation. Con-
versely, a flow rate that is too low can result in poor transport of reactive species but better gas
ionization. A balancing plasma generation and mass transfer phenomena is highly required.
For continuous treating systems, the liquid circulation parameter can greatly affect mass trans-
fer operations. Circulating the liquid phase offers more liquid volumes to be exposed to the
plasma, helping to better reactive species absorption. This strategy is highly recommended for

systems showing lower mixing properties.

6.3 Reactive species generation control
Several strategies can handle the control of the generated plasma reactive species type and
amount; the first one consists of controlling the feed gas composition, which influences the
types and concentrations of reactive species generated in the plasma, such as using higher con-

centrations of oxygen lead to high production of oxygen reactive species (ROS) while using
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higher nitrogen concentration led to a higher amount of nitrogen reactive species (RNS). The
second strategy consists of separating the plasma reactive species based on their lifetime and
reactivity. For example, using direct discharge will concentrate our medium by highly reactive
and short-life species; this allows for a fast and intense reactivity of the plasma device. How-
ever, using spatiotemporal post-discharge offers more long-lived and lower reactive species;
this offers more control over the conducted operation and selectivity [105]. Last but not least,
the optimization of powered energy can control the composition of the generated plasma pop-
ulation species. For example, using energy lower than the breaking down energy band of mol-
ecules will not lead to its ionization and offer lower reactivity of the produced entities. For
instance, nitrogen molecules have an energy band of 9.8 eV. Thus, more RNS will be generated
if the provided energy is higher than the breaking down band energy of nitrogen molecules.
Elsewhere, more ROS are generated [91]. Furthermore, a selective gas filter could be a great
option for controlling the plasma gas population; the filter needs to be installed in the generated
gas output before its interaction with the targeted molecules, such as using a filter will reduce
their interaction with the treated liquid or material and allows for more ROS concentrated me-
dium. The control of the plasma-produced reactive species offers more control of the plasma
reactivity and selectivity that could be beneficial, especially for chemical reactions and plasma

medicine.

6.4 Reaction pathways and selectivity control

Controlling reaction pathways and selectivity in plasma reactors is a complex operation that
requires a comprehensive understanding of the interplay between various operational parame-
ters such as medium acidity, conductivity, and total oxidant amount. The conductivity in these
reactors is a parameter that reflects the quantity of the produced charged entities in the solution.
It influences the transport of charge and mass in the system. A balanced conductivity ensures
that desired reactive species interact with target compounds without promoting excessive ion
recombination or side reactions.

In addition, the acidity of the solution medium has a significant influence on the reactivity of
dissolved species and the progression of chemical reactions. Generally, plasma oxidative reac-
tions are conducted in an acidic medium that is fast and is auto-acidified by the plasma reactor
itself, according to the production of nitric and nitrate acids. This acidity promotes the for-
mation of strong oxidizing species such as hydroxyl radicals ("OH) and enhances their stability
in solution; these species are responsible for the oxidative power of this system. In basic con-

ditions, hydroxide ions affect the stability of plasma reactive species, leading to the formation
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of lower reactive species and water [110, 111]. This action reduces the reactivity of such reac-
tors by reducing the concentration of free radicals available for oxidation reactions. Thus, the
pH optimization of the treated solution helps control the oxidative power better.

Despite their efficiency in breaking down chemical pollutants, the use of plasma reactors for
chemical synthesis is still far from the expected performances in terms of selectivity and final
product purity, referring to the high reactivity shown by the produced plasma spices, which
react rapidly in parallel reaction with the treated molecules, leading to parasite reactions and
undesired by-products. The use of selective scavengers can be a promising tool to overcome
the unselective plasma problem. Scavengers are specific compounds that have a high affinity
and are translated by a high constant rate to the reactive spices to be controlled or eliminated,
preventing them from participating in unwanted reactions. For example, Ter-butanol and meth-
anol are the best chemicals used for scavenging hydroxyl radicals; they work by reacting
quickly with these radicals, neutralizing them before they have the opportunity to react with
the treated molecules [112, 113]. For nitrite and NOx radicals, sulfamic and sodium azide acids
have shown great scavenging rates and high selectivity [114]. Meropoulis and Aggelopoulos
have studied the effect of adding selective scavengers for “OH, H>0>, Oz And solvated electrons
on the degradation rate of dye molecules both in gas-liquid DBD and plasma bubble [115].
Rather than improving the selectivity of chemical reactions, scavengers also enhance the over-
all efficiency of the process by neutralizing reactive species that could lead to side reactions.
Furthermore, catalysts can be used to control reaction pathways in plasma reactors. Their prop-
erties in transferring volumetric to surface reaction allow them to be an efficient tool for con-
trolling oxidative reactions. Their process consists of the adoption of both plasma reactive spe-
cies and the treated molecules to a specific adsorptive pore with a specific diameter; this is the
limiting step of the plasma catalysis process, allowing selective adsorption. Then, making the
adsorbed reagents too close to a specific condition allows for the initiation of the desired reac-
tion with a minimum activated energy and less to no undesired by-products by skipping side
reactions, ensuring a fast and selective reaction mechanism. Then, the product is desorbed to
the bulk-liquid medium. Photocatalysts are highly recommended in reactors due to the high
amount of UV light emitted by plasma. These later serve to activate reactive sites in the catalyst
surface. Here, the band gap of the catalyst plays a crucial role in the determination of the reac-
tion pathways, selectivity, conversion rate, and consumed energy [116-119].

These strategies can be easily studied using simulation software; they provide insights into

plasma dynamics, chemical kinetics, mass, and heat transfers that are difficult to capture ex-
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perimentally. These insights allow for the precise control of reaction pathways and the devel-
opment of more efficient and scalable plasma GAD reactors for a wide range of applications,

from chemical synthesis to environmental remediation.
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Conclusion

A clear and brief explanation of the thermal classification of plasma processes is presented in
this chapter, as well as the main technologies that have been developed in the context of cold
plasma. Focusing on the plasma gliding arc discharge, which was the main system used in the
presenting thesis, the different applications, challenges, and limitations have been strongly dis-
cussed. This system has shown promising results, so it can be proposed to integrate industrial
processes in the applications of water and surface treatment to chemical production. However,
its integration with the industrial sector needs to be well controlled in terms of selectivity,
conversion rate, safety, eco-friendship, and economic roadmaps.

For this, the different processes present in plasma gliding arc discharge have been widely dis-
cussed, such as plasma energy consumption, species generation both in gas and liquid phases,
mass transfer, and different chemical reactions. These processes directly affect the plasma
GAD conditions; controlling them serves to control the reactor outcomes.

Finally, different strategies have been proposed as control solutions for the processes present
in these systems; these solutions serve to optimize the energy consumed, ensure the good trans-

fer of the oxidizing charge, avoid parasitic reactions and undesirable by-products
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Introduction

In this chapter, we will detail the new configuration proposed in this work as well as the old
configuration present in the STEVA laboratory. In the second part, we will develop the oper-
ating mode used in the aqueous solution treatment experiments. We will also describe the an-
alytical techniques used to study the liquid phase (by-products, ions, etc.) and the gas phase
(discharge characterization). Finally, we will look at the analysis and preparation techniques
used to determine phenol conversion rates, AG25 discoloration rates, demineralization rates,

and selectivity.

1. Model reagent

In our work, we have chosen model reagents with different properties, such as phenol, which
is uncolored and moderately soluble in water, and acid green 25 (AG25), which is highly sol-
uble in water and visible.

AG25, phenol and its by-products used in this study (Table.3) are of analytical quality. They
were used without prior purification. Solutions were prepared with ultra-pure water obtained

using a Human Powerl New Water Purification System.

All reagents used in this study are listed in Table.3:

Table 3. Reagents used in this study

Product Supplier Quality
Aromatic | Phenol SIGMA-ALDRICH >99.5 %
Hydroquinone SIGMA-ALDRICH >99.5%
1,2-Dihydroxy-benzéne (Catechol) SIGMA-ALDRICH >99 %
1,3-Dihydroxy-benzéne (Resorcin) SIGMA-ALDRICH >99 %
2-Nitrophénol SIGMA-ALDRICH >99 %
2,4-Dinitrophénol SIGMA-ALDRICH >99 %
p-Benzoquinone BIOCHEM >99 %
Dye Acid Green 25 (Anthraquinone dye) | SIGMA-ALDRICH >99 %
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1.1 Physicochemical properties of the used chemical products

This study focuses on acid green, phenol and its derivatives, whose physicochemical properties

are presented in Table.4.

Table 4. Physicochemical properties of phenol and its derivatives

Product name Chemical Brute for- Appearance Molecular  Solubility in Saturation
structure mula weight water at vapour
(g.mol?) 20°C (g.LY)  pressure
at20°C
(GEY)
OH CeHsO Uncolored 94,11 76 53 270
Phenol to yellow or
(Acide phénique) light pink
(Acide carbo- crystals
lique)
1,2-Dihydroxy- OH CeHsO> Uncolored 110,11 430 20 254
benzéne OH crystals
(Catechol)
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CHAPTER Il. Material and methods

2. Experimental devices

The first version of plasma GAD reactors (Glidarc | & 11.) used in previous studies are batch
system reactors, meaning that the contact surface between the plasma and the solution to be
treated is limited and remains invariable.

To propose reactors for industrial use with high treatment efficiency and performance, various
Glidarc geometries have been envisaged to ensure continuous treatment, enabling massive
treatment, such as the Glidarc Failing Film and Spray Tower reactors [90, 122]. However, the
performance of these reactors is somewhat limited in terms of time and contact surface com-
pared with batch systems. These details will be developed in Chapter I11.

Consequently, a new Glidarc geometry will be developed to meet the requirements of industrial
processes, such as massive processing and high yield. This is a spiral-tube reactor assisted by
a venturi system contactor, enabling a gas-liquid plasma fluid flow to be co-current along the

spiral tube, ensuring long contact times and large surface areas.

2.1 GAD-Batch
The LEICA laboratory team at ROUEN University, under the direction of Professor J.L. BRIS-
SET, has developed a more efficient reactor, Figure 12. This closed reactor centralizes the
diffusing species towards the target to be treated, condenses the water vapors, has a higher
capacity, prolongs treatment times, and consequently offers greater reactivity.
This adaptation has made it possible to treat a large number of recalcitrant organic pollutants
in the aqueous phase and liquid industrial waste [123]. However, there are technical limitations

to extrapolating it to a pilot or industrial scale.
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Figure 12. Plasma GAD-II, (a) reactor photograph, (b) reactor description diagram [123]

2.2 GAD.FF

To overcome these problems, another generation of 'Glidarc' called 'Glidarc I11" (figure.13) has
been developed by Ghezzar et al. 2013 [90] to treat liquids in the film state and continuous
flow and loop systems: the glass cell has been replaced by a stainless-steel plate on which
straight channels are machined. This plate forms the functional part of the device, i.e., the core
of the reactor. It can be tilted at different angles from 0° to 90°. It is the seat of the absorption
reaction between the ionized gas (plasma) and the falling liquid film channeled along the chan-
nels.

The liquid to be treated is drawn from a reservoir by a peristaltic pump. The 'Glidarc' 11l has
been optimized by varying the following parameters, which are more extensive than the origi-
nal configuration: channel width, pump speed, and plate angle.
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Figure 13. Schemes description of plasma GAD-Failing Film [90]

2.3 GAD-ST

Figure 14 shows the GAD spraying tower reactor in which the gas phase is nonthermal plasma
at atmospheric pressure. This phase is in countercurrent with the droplets of the liquid that fall
along the column. In the spatial post-discharge mode (ex-situ) produced by the presented
plasma reactor, the discharge takes place far from the target (70 cm) to treat the pollutant re-
motely. Therefore, the electrodes have a longer service life, and the risk of electric shock is
minimized. The parameters affecting plasma efficiency are relevant for all current GAD de-
vices [33, 90]. They are optimized in the previous work [124, 91, 118] and have been kept the
same in this work. (i) diameter of the plasma gas inlet nozzle: ®= 1 mm,; (ii) distance between
electrodes (e): e = 3 mm; (iii) plasma gas: the used plasma gas was essentially air saturated
with water in order to minimize treatment costs and generate active "NO and "OH radicals; (iv)
plasma gas flow(Q): 700 L h™; and(v) the injected power ‘P’ into the discharge is constant
during the treatment period. The power was estimated at 100 W based on the relationship pro-
posed by Doubla et al. [125].
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Figure 14. Schemes description of plasma GAD-Spray Tower [105]

24 GAD-V
The GAD-VNT (Gliding Arc Discharge-Venturi) system operates on the same fundamental
principle of plasma generation as the GAD-ST. However, it introduces a different gas-liquid
interaction mechanism in this configuration. Figure 15 shows an overview of the assembly we
designed and installed in our STEVA laboratory; the atmospheric plasma gas produced by the
gliding arc discharge is directed to a Venturi system, where it is mixed with the liquid solution

being processed. The gas and liquid phases flow in co-current mode through a 100 cm spiral
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pipe, designed to increase fluid residence time and enhance mass transfer processes between
the plasma and liquid phases.

This extended residence time enables more effective interaction between the reactive species
generated in the plasma and the liquid components, thus improving overall treatment effi-
ciency. The respective flow rates of the liquid and plasma phases are 9.6x10-3 m? h* for the
liquid (QL) and 0.9 m3 h** for the gas (Qc), ensuring a stable flow regime for the mixing process.
After treatment, the gas phase (air) is discharged into the atmosphere, while the liquid phase is
recirculated into the stirred tank for further treatment or subsequent stages. This configuration
is designed to optimize mass transfer performance, exploiting the Venturi system's ability to
create efficient mixing and enhance dissolution of plasma-reactive species in the liquid. The
spiral configuration also contributes to this by increasing the contact surface and maximizing
interaction time.

The pilot plant consists of three main components, as shown in Figure 15: a Glidarc-VNT
reactor that produces plasma gas, a venturi-tube system in which the absorption phenomenon

takes place, and a tank containing the solution to be treated.
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Figure 15. Glidarc V- (GAD.Venturi) pilot installation
2.4.1 Plasma reactor

Plasma gas inlet nozzle diameter (¢)

The nozzle is directly related to the jet flow of the plasma gas. The narrower the nozzle, the
more mobile the active species and the greater their diffusion into the target. In all 'Glidarc'

generations ¢ =1 mm.
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Inter-electrode distance (e)

Depending on the distance between electrodes, the volume of the plasma plume is more or less
significant. For example, an electrode spacing (e) of 3 mm results in a considerable volume.
On the other hand, e =5 mm is the maximum distance at which the arc is extinguished.

Plasma gases
Plasma-generating gases can be oxygen, nitrogen, air or other. In this work, water-saturated air

was chosen as the plasma gas to minimize processing cost and to generate the reactive species
*NO and "OH.

Gas flow rate (Q)
When the flow rate is in the range (700, 900) L h-1, the plasma plume is pink, a color charac-

teristic of oxygen plasma, and plasma species migrate rapidly towards the target to be treated.
Below this interval, i.e. at 360 L h-1, the plume becomes pale yellow, the characteristic color

of a nitrogen plasma, and active entities diffuse slowly.

Distance between electrode and liguid surface (d)

In previous generations of reactors, bringing the electrodes closer to the target leads to faster
species diffusion, thus minimizing treatment time. However, this distance must be relative to
the flow rate of the plasma gas to avoid quenching of the plum. In this new reactor, (d) is 20
cm of pipe length connecting the reactor to the venturi system. The main operating parameters

of the plasma reactor are:

The wet air flow rate is 900 m® h', with a nozzle diameter of 1 mm and an electrode-target

distance of 20 cm.

2.4.2 Venturi-tube system
This system is made up of two parts, such as the venturi contactor, which mixes the plasma gas
and the liquid to be treated, and the spiral tube, which ensures a long residence time for im-

proved reactor efficiency.

Venturi contactor

The venturi contactor is made of polyvinyl chloride (PVC), an inexpensive material that resists
chemical attack. Figure.15a present the zoom diagram of the venturi contactor with more de-
tailed parameters. This contactor: is a microsystem with an external diameter (Dv) of 0.005 m
that offers a better gas-liquid interfacial area (av) about 0.08 m™* after the creation of discrete
volumes from the immiscible phases. The plasma gas fraction was calculated to be 13.83%,

that is closed to the standard value mentioned in “Technique de 1’ingenieur” [100].
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Spiral pipe

Figure.15b present the zoom diagram of the spiral pipe with more detailed parameters. This
pipe considered as the place of the plasma-liquid reaction, the dispersion generated by the ven-
turi system circulate throughout the spiral pipe of length L, = 100 cm and diameter D, =1 cm
with a residence time of ts = 20 s for liquid and gas flows of Q. = 0.01 m®s* and Qg = 0.7 m®
h™1, respectively. This tubing has been manufactured from a flexible PVC material reinforced
with polyester thread for added strength and durability. Clear PVC pipe is resistant to chemi-

cals, oils and UV rays, making it an ideal choice for a variety of applications.

What's more, this material has the advantage of being transparent, allowing us to visualize fluid

flows inside the pipe.

The venturi system designed in this way offers a number of advantages over other liquid efflu-
ent treatment processes. The system is simple in technology, requires low capital outlay, and

can handle high flows of gas and liquid.

Solution tank
It is a Pyrex glass tank used as solution container of 300 ml, assisted by three circulating holes
such as of liquid pumping outlet, fluidic inlet and pored gas outlet.

- The gas plasma circuit
Plasma gas from the Glidarc reactor is fed into the venturi-tube system by a centrifugal com-
pressor located outside the STEVA lab. The flow rate to the column is 700 L h*. This flow rate
can be adjusted at two levels:

¢ In the compressor installation, a pressure reducer to lower the pressure.

¢ On the pilot plant level, a valve enables finer adjustment of the air flow into the

Glidarc reactor,
Plasma gas from the Glidarc reactor is transported to the venturi contactor through a 20 cm
long gas pipe.

The plasma gas velocity was chosen to be as close as possible to the values likely to be en-
countered in industry. In industry, velocities measured in ducts, manifolds and chimneys are
generally between 8 and 12 m s* for natural circulation and between 10 and 20 m s for forced

circulation.
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In practice, the installation sets two limits for plasma gas velocity:

¢ An upper limit above which the gas flow is greater than the liquid flow, causing the

venturi system to malfunction due to the absence of treated liquid in the pipe.

¢ A lower limit below which the gas flow is no longer sufficient, resulting in an unde-
sired flow of liquid to the Glidarc plasma reactor, which can also be a major hazard due

to the presence of the electric arc.

In both cases, we are no longer in the domain of a gas phase dispersed in li-quid. The tests
carried out indicate that the upper velocity limit is 15 m s, and the lower limit is 7 m s, This
velocity range is indeed close to the industrial case. After passing through the column, the gas

is returned to the atmosphere, where it can be sampled for analysis of the gas phase.

- The liquid circuit
If the plasma gas is open-circuit, the solution to be treated can be either open-circuit or closed-
circuit. This solution comes from a 2.5 L recovery tank, partially filled before the system is
started up. An emptying tank of the same capacity is also provided for draining the rinsing
water from the venturi system after use. It can also be used as a reserve or for optimization
purposes.
The piping from the tanks is divided into three branches, each fitted with an opening valve for
selecting the tank and operating mode. A needle valve connected to the solution inlet circuit of
the venturi contactor is installed at the outlet of each recovery tank, and another needle valve
connected to the solution outlet circuit is installed at the inlet of each recovery tank.
For open-circuit operation, we close the inlet valve of the tank containing the solution to be
treated and open the inlet valve of the second tank; this mode of operation is used in continuous-
mode treatment.
For closed-circuit operation, the second tank is isolated, and we open the inlet and outlet valves
of the tank containing the solution to be treated. This mode of operation is used for batch mode
treatment.
A peristaltic pump is installed on the water pipe upstream of the column to provide sufficient
pressure to ensure proper gas dispersion in the liquid flow. This flow rate is measured using a
pump-specific chart.
It is then important to always have the same height of water in the tank to obtain a constant

load and detect leaks.
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After passing through the pipes, the solution is mixed with the plasma gas, ensuring a fluid

phase with a gas fraction of 13.83%.
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Figure 16. Venturi system Diagram

To ensure a dispersed fluidic phase. It is, therefore, necessary to use an optimum liquid flow
rate that is sufficient to guarantee good absorption of the plasma species. This flow rate must
not be too high, however, so as not to bypass the normal circuit to the Glidarc reactor. In our

case, we used a flow rate of 58 ml min.

For the liquid phase analyses, both tanks were equipped with sampling taps.

3. Experimental protocol used in water treatment experiments.

3.1 Sample preparation

Samples of the model reagent (Phenol or AG25) chosen for the Glidarc plasma treatment ex-
periments under different configurations were prepared at concentrations of 1 and 0.8x10- mol
L1, respectively, in different reactor volumes for each configuration.

After treatment of the solutions by the Glidarc discharge, the volume of the solution is collected
in a 100 mL vial for the different liquid phase analyses. For a non-reactive medium (water),
three analyses were performed to determine the properties of each configuration such as (1) pH
and conductivity analysis, (2) analysis of nitrite and nitrate ion concentrations, and (3) analysis
of total oxidants. For a reactive medium, a volume (approximately 2 mL) is taken from the 100
mL for an analysis of the residual phenol concentration and its by-products by High Pressure
(or Performance) Liquid Chromatography (HPLC); the same volume was taken from the AG25
solution treated by plasma for a UV-Visible spectrophotometric analysis in order to measure
the residual concentration of the latter. In order to obtain a value that is as accurate as possible,
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the samples are analyzed within 8 hours of the experiment. The remaining volume is then used
in the following order: (1) Total Organic Carbon (TOC) analysis, (2) pH and conductivity anal-
ysis, in order to limit cross-contamination between the different techniques. The final volumes

are kept in the refrigerator for possible additional analyses.

3.2 Estimating solution evaporation rates in Glidarc experiments
The use of Glidarc will blow the solution significantly. In order to measure the evaporation
rate, a phenol solution (10 mol L?) is treated by the Glidarc reactor without electrical dis-
charge (only gaseous airflow). The concentration of phenol solution is measured after a 60-
minute treatment by a UV-visible spectrophotometer at a wavelength of 270 nm; this operation
is done for all Glidarc configurations present in the STEVA laboratory. Phenol is moderately
volatile and has a Henry constant Ky = 4.56x102 Pa m® mol™ at 20°C; significant evaporation
of the solution can lead to a decrease in the concentration of the reagent in solution. This can
lead, if not corrected, to a false estimate of the final residual concentration. Knowing the con-
centration of phenolic solution at the start and end of treatment, it is possible to calculate an

"Evaporation rate" noted by Xev, whose formula is (eq.1):

Xey = — (Ea.5)

Where, Crand Co are respectively the final and initial concentrations of the phenol solution. The evap-

oration rates in the four configurations do not exceed 3%.

3.3 Determination of the composition of the treated solution
HPLC analysis allows us to determine the concentrations of phenol and its derivatives. In order
to be as accurate as possible, calibration curves were plotted for each of the organic compounds
that may be present in the solution of phenol treated by GAD plasma. The same procedure was
done for green acid 25 to determine its residual concentration using a UV-Visible spectropho-

tometer. The conversion rate (Tx) is then given by the following expression (eq.2):

Co—C
T (%) = ("C—t) X 100 (Eq.6)
0

Where, C; corresponds t, the residual concentration of reagents after a treatment time “t”.
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4. Analysis method

The physico-chemical analyses carried out concerned plasmagenic species in the liquid phase
and chemically treated compounds in solution before and after glidarc plasma treatment for all
four configurations. In the following, we provide an overview of all the techniques used in this

work.

4.1 Gas-phase measurements

4.1.1 Plasma gas composition

In order to determine the different excited species, present in the gas phase during the dis-
charge, an optical emission spectrophotometry (OES) study was carried out. This non-invasive,
easy-to-use technique detects reactive species in a plasma by analyzing the light emitted by the
discharge. In a plasma discharge, molecules or atoms are excited, and their return to a stable
state result in the emission of a photon whose energy depends on the electronic transition in-
volved. By studying the emission spectra, it is possible to identify the species present in the
plasma discharge. The principle of the technique is based on the excitation of an atomic or
molecular species, resulting in the passage of an electron from a lower energy level (Ei) to a
higher energy level (Ej). Once at the excited level, the electron will tend to return, by radiative
cascade, to a lower, more stable energy level (relaxation phenomenon). This de-excitation gives
rise to the emission of photons, the wavelengths of which are characteristic of the emitting
element and the energy gaps between levels.

In our work, an optical emission spectrometer (Spectrapro-500i, Action Research Corporation)
fitted with a CCD detector (Spectrum) was used. Measurements were carried out with 1200
and 3600 grating and slit apertures ranging from 10 to 100 um. To maximize the signal-to-
noise ratio, each Spectrum acquisition was made by accumulating 10 measurements. The opti-
cal fiber was focused as much as possible at the center of the Glidarc plasma tongue, i.e., ap-
proximately 2 cm from the nozzle. The center was chosen to be the most representative of the
species present in the gas phase. The analysis was carried out in ambient air without contact

with a liquid.
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Figure 17. Schematic diagram of the experimental setup of OES analysis of the plasma gliding arc
discharge (9000 V, 30 mA and 700 L min™ air flow rate)

4.2 Liquid-phase measurements

4.2.1 PH and Conductivity
Glidarc treatment of an aqueous target leads to the diffusion of various ionic species from the
plasma into the solution to be treated, thereby increasing the solution's conductivity. Generally
speaking, these solutions are acidic, although acidification can result from plasma discharge in
the presence of nitrogen, leading to the formation of nitric and nitrous acids, as explained in
Chapter 3.
Therefore, PH and conductivity analyses are monitored in parallel with the same solution.

4.2.2 Plasma speices quantification
Measurements are taken on liquid samples taken at the outlet of the recovery tank.

The stable species measured in the liquid phase are:

- Nitrite and nitrate ions

- Total oxidants

4.2.2.1 Volumetric method for measuring total oxidants in the liquid phase
The total oxidants measured by the volumetric potassium iodide (KI) method are the species
capable of oxidizing iodide ions (1) to diode (I2). These species have higher potentials than the
I2/1" redox couple (E°= 0.621 V).
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These include hydroxyl radical (E°( *OH/H,0) = 2.8 V/SHE), ozone (E°(03/0,) =
2.07 V/SHE), dissolved NO; (E°(NO3/N,0) = 1.22 V/SHE), dissolved *NO (E°( "NO/
NO3;) = 1.59 V/SHE), nitrates (E°(NO3/NO;) = 0.84 V/SHE) and nitrites (E°(NO3/
‘NO) = 1.20 V/SHE 1.20) formed by the reaction of NO3 with water. However, this reaction
must be fast enough to occur quantitatively during the measurement period. The principle and

procedure are described in Appendix 11-1.

4.2.2.2 Measurement of nitrite and nitrate ions in solution
The determination of nitrate and nitrite ions during non-thermal plasma treatment was moni-
tored by UV-Visible spectroscopy using a spectrophotometer at wavelengths of 435 and 350
nm respectively. The concentration of NO2™ and NO3™ ions was determined by calibration

curves, constructed from NaNO; and KNOs standards respectively.
The calibration curves thus obtained are given in Appendix 11.3 & 4.

4.2.3 Spectrophotometry UV-Visible analysis
Double BeamOPTIZEN 2021 takes UV/VIS spectrophotometry to a whole new level in terms
of design, performance and functionality with new band features. This Spectrophotometer fea-
tures a photometric single-beam system using tungsten-halogen and energy-saving deuterium

lamps and operates from 200 to 700 nm.

This technique has been used primarily to determine the concentrations of nitrite, nitrate and
decolorization rate (DEC) dyes and total oxidants in plasma-Glidarc-treated solutions. Equa-
tion 2.1 calculates the decolorization rate (DEC):

A A
Abs—Abst

DEC(%) = =305

x 100 (Eq.7)

Where:

Abs? . absorbance measured at wavelength 2 at time t=0 (untreated sample);

Abs : absorbance measured at wavelength A at time t (sample treated for time t).
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4.3 Quantification of phenol and its by-products
Concentrations of phenol and its derivatives were measured by liquid chromatography
(YL9100, HPLC System YOUNGLIN); and the total organic carbon was measured using an
Analytikjena multi-N/C 2100S TOC meter (Appendix 11-5 & 6).

4.3.1 HPLC analysis
High-Performance Liquid Chromatography (HPLC) is a qualitative and quantitative analysis
technique for discriminating between the various UV- and visible-absorbing molecules (mainly
organic) in the same phase (mainly aqueous). Figure 18 shows the schematic diagram of liquid
chromatography. The separation of products depends on their affinity for the stationary and
mobile phases. This affinity is a function of the polarity of the products to be analyzed and of

the two phases.

HPLC Column
Pochng Maverisl
pre— —
s -~
Injector
AutoSampler
Sample Manager
— ) -
a2
L Computer Data Station
Solvent . ) ) — .
(Mobile Phase) Sample
Reservoir
Pump Detector
Solvent Manager
Solvent Delivery System

Waste
Figure 18. Schematic diagram of liquid chromatography (source: Comsol)

The stationary phase

The column is a polar stationary phase. The most widely used is based on silica gel, which is
acidic due to the presence of silanol (-OH) groups on its surface. This phase represents the
normal mode of analysis. In our study, we used the reverse mode, where the column of a normal
phase is grafted with 18-carbon alkyl chains at the silanol (-OH) groups, which can generate
spurious hydrophilic interactions. This makes the results non-reproducible. With the addition

of a methyl function to the silica surface, the silanol functions are no longer free but in (Si-O-
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CHpg) form. This phase is apolar and, therefore, requires a polar eluent (ACN, MeOH, H20). In
this case, the more apolar compounds will have a greater affinity with the column. Their reten-
tion time will, therefore, be longer, and they will emerge at the end of the chromatogram. So,
by switching from the normal phase to the reverse phase, the phase has changed from polar and
hydrophilic (without the grafts) to apolar and hydrophobic. HPLC is sensitive to product con-

centrations of 1 to 10 pg mL™.

Mobile phase:
It can be polar or apolar, depending on the type of column used. By convention, an apolar

column is used with a polar mobile phase, and vice versa. Some HPLCs are equipped with two
or three pumps, enabling eluent mixtures to be prepared, or elution gradients to be applied
during analysis. The aim here is to modify the more or less polar nature of the mobile phase
and play on the retention times of the various constituents.

In our study, the solvent is a mixture of acetonitrile 40%, water 60%. The liquid sample is

injected via a manual autosampler (sample volume = 20 pL).

Detector:

Once the molecules have been separated, they need to be identified. Identification is generally
carried out indirectly, using a UV-Vis detector or diode array. This type of detector emits a
light signal at a certain wavelength (typically between 190 and 350 nm for UV detectors). The
difference between a UV-Vis lamp detector and a diode array detector lies in the wavelength
range. A diode array will emit light at all wavelengths, and the detector will collect a signal
corresponding to each of these wavelengths "in real time". A UV lamp detector, on the other
hand, will only perform the analysis at a pre-defined wavelength. It is, therefore, necessary to
identify in advance the maximum wavelength of the molecule you wish to study. The main
advantage of this type of detector is that the intensity of the signal (i.e., the air of the peak) is
directly proportional to the concentration of the molecule in the solution. After proper calibra-
tion, it is possible to precisely determine the concentration of the compound in the solution.

It is important to point out that the signal and the limit of quantification are directly linked to
the molecule and its absorption coefficient at the wavelength under consideration (typically,
aromatics absorb around 254 nm). To obtain the most accurate signal possible, it is essential to
use eluents that do not absorb at the compound's wavelength.

In our laboratory, we have a YL9100, HPLC System YOUNGLIN HPLC instrument compris-
inga @ 4.6 x 150 mm, 5 um apolar stationary phase column and a UV/Vis/ PDA (photodiode
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array) 190-900 nm detector. The mobile phase flow rate is isocratic (1 mL min™). The system

is connected to a data acquisition and processing unit using YL-CLARITY.

4.3.2 Total organic carbon (TOC) analysis
Total organic carbon is a global parameter for estimating mineralization efficiency. In fact, this
measurement gives the quantity of carbon (milligrams of carbon per liter of solution) present
in organic form in an aqueous solution.
The theoretical TOC of a solution of a compound of the CxHyO; type is calculated according
to equation 11.4 [12, 30].

COT =x. MC [CxHYoz] (Eq8)

Where, Mc is the molar mass of carbon in g mol?, [CxH,O;] the concentration in mmol L and TOC is
given in mg of carbon per liter.

The principle of determining a sample's total organic carbon is based on the complete conver-
sion of the organic compound's carbon atoms into carbon dioxide (COz). The measurement of
total organic carbon is carried out in a combustion chamber at 680°C under a flow of pure
oxygen. The total combustion of organic and inorganic materials produces a quantity of carbon
dioxide, which is measured by IR spectroscopy at the furnace outlet.

During this work, TOC levels were measured using an analyzer equipped with a manual injec-
tor, using the total carbon (TC) method. The schema diagram of the TOC analysis method is
presented in Figure 19. The samples, acidified to 1% with chlorophyll acid, are first bubbled
with carbon dioxide-free nitrogen to eliminate any trace of CO..

Fifty pL are then automatically taken for analysis. The instrument performs each measurement
three times, and the result is the average of the two best (closest) values obtained. Analyses
were carried out by external calibration.

Calibrations were carried out using initial solutions of organic compounds or standard potas-
sium hydrogen phthalate solutions.
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Sample
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Figure 19. Schema diagram of TOC analysis [126]

Our liquid samples were analyzed by a multi N/C 2100S TOC meter from Analytikjena. The
instrument gives us direct TOC values for our samples in mg L. The degradation rate (DEG)

of a molecule is calculated by equation (9).

DEG(%) = ~2 2% x 100 (Eq.9)

Where,
TOC,: TOC measured at time t=0 (untreated sample);
TOC:: TOC measured at time t (sample treated for time t).
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Introduction

Non-thermal plasma reactors represent a versatile and energy-efficient technology with a wide
range of applications. Their capacity to generate reactive species at low temperatures opens up
possibilities for innovative solutions in environmental protection, material science, chemical
synthesis, and medicine. Non-thermal plasma technology is expected to play an increasingly
important role in addressing global challenges and driving technological progress.

The gliding arc discharge is one of the most powerful plasma technologies, enabling a consid-
erable flow of reactive species to be generated at a moderate temperature (around 50°C) and
under atmospheric pressure. It is easy to adapt to the treatment of various aqueous solutions
and can also be used to treat solid surfaces and gases. These characteristics make it safer, more
beneficial, and easier to operate. It is particularly interesting from a technical and industrial
point of view. It allows it to be proposed as a process or part of a process, whether for
wastewater treatment or chemical synthesis.

The integration of plasma reactors into industrial processes represents a significant advance-
ment in manufacturing and environmental technologies. Particularly, plasma gliding arc reac-
tors offer unique advantages due to their ability to generate continuous flow of reactive species
at low temperatures and with high energy efficiency. This capability makes them suitable for a
wide range of industrial applications, including pollution control, materials processing, and
chemical synthesis.

Despite the numerous advantages, the integration of plasma GAD reactors in industrial pro-
cesses faces several challenges. These include the requirement for robust and scalable reactor
designs, the optimization of process parameters for different applications, and the development
of cost-effective power supplies. To overcome these obstacles, industry and academic staff
must continue research and collaboration work to advance the technology and demonstrate its
economic viability in real-world applications.

In this chapter, we present in detail the chemical and safety assessments for the four glidarc
plasma configurations we have in mind in our STEVA laboratory. The chemical evaluation of
these configurations is conducted based on the measure of the conversion rate and by-product
selectivity for the chemical synthesis processes and both discoloration and demineralization
rates for water depollution applications. While the safety evaluation is performed based on the
proposed scenarios. The obtained results were explained based on the distinct physical-chem-
ical characteristics present by the four prototypes, such as mass transfer properties, medium

acidity, and plasma dose.
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1. Plasma GAD configurations

In the previous chapter, we presented different plasma GAD configurations available in our
laboratory, STEVA. These configurations are driven by air gas under atmospheric pressure and
are used for water treatment. They have an identical principle of plasma production. In general,
plasma Gliding arc reactors are classified as biphasic reactors, where reactive absorption is the
characteristic phenomenon in which the produced plasma species passes from the gas to the

liquid phases, where it reacts with the target molecules diluted in the agueous solution.

Here in figure 01, we present the 04 plasma GAD generations developed in STEVA laboratory.
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Figure 20. Plasma GAD configurations: (a) GAD-Batch [123], (b) GAD-Failing Film [90], (c) GAD-Spray
Tower [105], (d) GAD-Venturi
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1.1 Operating mode
The presented configurations were designed to optimize the specific requirements of different
applications for liquid treatments. GAD-Batch is the first version; it is a batch reactor accom-
panied by a stirring system to ensure a homogenized mixture. This prototype was developed
for the treatment of a limited liquid quantity, and it is suitable for the pharmaceutical industry
and a small chemical synthesis [123]. For industrial uses, more suitable configurations have
been developed, like GAD-Failing film, spray tower, and venturi [90, 105]. These reactors
involve the same functioning principle, which revolves around a continuous liquid flow treat-
ment in order to ensure a massive treated quantity and reach some industrial requirements.
However, they show a different performance in terms of conversion rate and mass transfer; this
disparity can be explained by the different chemical and physical properties presented by the

GAD prototypes and will be deeply discussed in the coming sections.

2. Plasma GAD properties

Plasma gliding arc discharge (GAD) used for liquid treatment presents unique physical and
chemical properties that make it a promising solution to the most difficult problems in envi-
ronmental remediation and water purification and a powerful reactive technology for chemical
synthesis [21, 22, 25, 127-129]. Its capacity to function effectively, safely, and sustainably
highlights its potential as a cutting-edge liquid treatment technology, providing a viable way

to improve water quality, safeguard public health, and produce eco-friendly chemicals.

2.1 Physical properties
The physical properties of GAD are defined by its ability to create and maintain an ambient
temperature and atmospheric pressure plasma state, which eliminates the need for high-pres-
sure rooms or vacuum systems. This not only makes the necessary equipment simpler, but it
also lowers operating costs and boosts security. This remains the same for all described con-
figurations, but they have unequal transferred quantities and reactivity. Therefore, in this study,
a mass transfer coefficient for the plasma GAD prototypes is determined, and a chemical reac-

tion mechanism is discussed in the following sections.

2.1.1 Mass transfer (Stripping, a, Kv)
The overall mass transfer coefficients KL and Kg are determined using the solute stripping

method [25], which consists of conducting simple phenol stripping experiments carried out
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under the same conditions as its plasma treatment. The experiments are followed by a modeling
and simulation study to fix K. and Kg coefficients.

The current study uses Whitman's model [130] to model the mass transfer phenomena and
explain the obtained experimental results. This model represents all biphasic systems by four
zones; it summarizes all the resistance to the transfer of matter in two stagnant films adjacent
to the gas-liquid interface; the latter represents a thermodynamic equilibrium expressed by
Henry's law. This model considers that material transfer from the liquid side occurs only by
molecular diffusion through a thin film between gas and liquid. The liquid and gas bulks are

considered a perfectly agitated zone.

a) GAD-Batch system
Assuming the gaseous and liquid phases perfectly homogenized at constant volume (figure.21),

it is possible to write the material balances in each of the two phases as below:

T C(Phe) s

D(phe) D(phe) D(pre)
«—] «— ]

(Dtransfert T

< C(Phe)e
3 0 oL
Figure 21. Phenol stripping for batch reactor
Liquid mass balance:
dchhe
(;iul * Vliquid = —DPyransfert (Eq.10)
Gas mass balance:
dche
T * Vgaz = —Otransfert — anz * Cg;l; (S) (Eq'll)
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_ Phe Phe
(Dtransfert - KL * S * (Cliquid — He * Cgaz)

Chauid
— lqui Phe
cI)transfert - KG * S * He - Cgaz

e _ Dliquid e _ Dgas
liquid — K » Cgas — K
L G

(Eq.12)

(Eq.13)

(Eq.14)

The obtained mathematical system is solved using Simulink-MATLAB software, the simula-

tion flowsheet is presented in figure 22.
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Figure 22. Simulation flowsheet of phenol stripping

[0

This resolution was carried out with the Simulink software using a ranjkuta-4 integration

method of equations (Eq.10 &11). It was able to plot the theoretical evolution of the concen-

tration of phenol in the liquid phase over time. Hence, the methodology consisted of varying

Kv (or Kg) until an elimination percentage identical to the experiment was obtained.

Figure 23 presents the final feting simulation plot of the evolution of phenol concentration. K¢

was fixed at 1.56x10° m s, where the theoretical plot perfectly matches the experimental

results of the phenol stripping experiment.
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Figure 23. Phenol stripping, predicted and experimental results for GAD-Batch reactor

b) GAD-Continuous systems
For the GAD reactors functioning in continuous mode like failing film, spray tower and Venturi
configurations, the model has been kept the same as the batch one with a slight difference on

the mathematical model by taking into account the continuous flow for the liquid region.
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film film
T Qliquid * Cz%iid(s)
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¢ ¢ — C(Phe) s %
P (phe);

(Dtransfert

Quiquia * Cliteia(e)
e 0 oL X

Figure 24. Phenol stripping for GAD continuous systems
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The mass balance in such as configuration led to the following equations:

Liquid mass balance:

dCfteid
" Viquid = ~Prranstert + Quiquid * (Chneia(e) — Chogia(s) (Eq.15)

Gas mass balance:

dcgas
dgt * Vgaz = —Dransfert — anz * ngze (s) (Eq.16)

Figure 25 presents the simulation flowsheet on Simulink software of the obtained mathematical
system of phenol stripping for continuous systems.

B
[

—lx J 1] .IE
e | =
=1

Figure 25. Simulation flowsheet of phenol stripping for continuous systems

After a fetching study of the mass transfer coefficient in liquid film, we obtained, as presented
in Figure 26, a good coherence between phenol stripping experimental results and the predicted
one obtained by the numerical resolution of the mathematical equations (Eg.15&16). This co-
herence was reached for K. of 8x107 m s, 6x10° and 9.5x10" m s of the spray tower,

Venturi, and failing film configurations, respectively.
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Figure 26. Phenol stripping, predicted and experimental results for GAD continuous

Table 5 summarizes phenol striping parameters and the simulation results for the four GAD
configurations. The analysis of liquid mass transfer and gas flow coefficients in four different
GAD (Gas-Assisted Deposition) configurations—Batch, Falling Film, Spray Tower, and Ven-
turi reveals different performance characteristics. Due to its large surface area and efficient
mixture, the Venturi reactor stands out for its high mass transfer coefficients for both liquid
and gas (40 m st and 0.0306 m s, respectively). With its large volume and surface area, the
Batch reactor exhibits strong mass transfer rates but a moderate elimination rate (3.1%). The
reactor Falling Film has the lowest elimination rate (2.1%) and moderate mass transfer coeffi-
cients due to its smaller volume and comparatively smaller surface. Despite having lower mass
transfer coefficients than the reactor Batch and Falling Film, the Spray Tower reactor achieves
a higher elimination rate (4.5%) due to an improved liquid-gas contact and higher transferred
flow. These results highlight the importance of selecting the proper reactor configuration based

on the particular requirements of the liquid treatment process.
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Table 5. K. and K¢ for all GAD configurations
GAD-Con- V S Q He Stripping Elimination

figuration (m?)  (m31) (US*) time (min) rate (%)

102 | 107
Batch 430 6.35 | / 7644 | 60 3.13 15.6 0.0119
Failing film | 180 3.23 | 9.7 7644 | 60 2.12 9.5 0.0073
Spray tower | 300 191 (9.7 7644 | 60 4.55 8 0.0061
Venturi 300 9.91 | 9.7 7644 | 60 12.68 40 0.0306

2.1.2 Discharge type

In plasma GAD reactors, three distinct discharge mechanisms are utilized to optimize liquid
solution treatment: direct discharge, post-discharge, and spatiotemporal post-discharge. In di-
rect one-involved batch and failing film reactors [33, 90, 123], the plasma plume is two to three
centimetres from the liquid's surface, allowing immediate and intense interaction between the
plasma-generated reactive species and the liquid interface area. This proximity ensures a mas-
sive reactive species and energy transfer, leading to an efficient reactivity and a high conversion
rate. Post-discharge involves a continuing reaction of transferred plasma species after the
plasma plume exposure has ended. This process benefits from the sustained activity of reactive
species in the liquid, enhancing treatment efficacy over time without plasma exposure [30].
Meanwhile, spray tower and venturi configurations are characterized by spatiotemporal post-
discharge methods that involve the transfer of plasma gas for more than 70 centimetres from a
plasma tank reactor to a liquid solution [122]. This extended distance allows for the controlled
transport and interaction of reactive species with no heating and UV light processes, which can
be beneficial for treating more significant volumes of liquid or achieving more uniform treat-
ment under a normal condition (TPN) and avoiding parasitic reactions caused by UV lights.
The three discharge types exhibit distinct populations of plasma species, leading to different
chemical mechanisms. In direct discharge, a high concentration of short-lived entities such as
electrons, reactive radicals, and UV photons since the plasma plume is too close to the liquid
interface, which in turn provides a powerful chemical reaction and can act as a photocatalytic
process known by plasma catalysis. Table 5 presents a plasma reaction mechanism proposed
by Djakaou and his colleagues [26].
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Table 6. Plasma direct discharge mechanism [26]

Plasma-chemical reactions Constant rates at 298 K
Distilled | *oH® _Her yson® (R 49) | Hey = 760
water *OHO+*0H® X2 51,0, (R50) | ko = 10" m® mol™ st
NO® + NOW « Kake N, 00 (R51) | ks =6.02 x 10 m® mol* s
k3 =4.4x10°m®mol?s?
N,09 e N, 00 (R52) | Hes =39
N,Of) «Ksks s NO3+"NO, (R53) | ks =7 %x10%s?

ks =4.5x 10° m® mol™* s
N,O0{ +H,0—* >NO;® +2H* +NO3 | (R 54) | ke = 10°s

NO;® +"OH® ks NOL® 4+ OH- (R55) | k7=10" m®* mols?
0E _*s o0 (R56) | Hes =0.3
NO,® + 0P —* ,NO;® 4O, (R57) | ko =5.8 x10° m®mol*s?
NO3+*OH —Ke 5 HOONO (R58) | kio=1.2 x 10" m®* mol?t s
HOONO + H,0—X1 > NO3 +H* (R59) | kii=1.1s?

Phenol | c,H,,00 s ,C H,,0@ (R 60) | Heis = 584640
C,H;,0@ +°0OH@ ke 5 products (R61) | ks = 5.1x10% m*® mols
C,H,; 0"+ OH® %5 products (R 62) | kis = 7.4x108 m® mol st

For indirect discharge, Fouad et al. have proposed a novel mechanism where long-lived species
like ozone (HONOO) are the main components of this discharge type, as presented in Table 03
[131]. These species can maintain chemical interactions for longer periods, allowing for slower
but more persistent oxidative processes. Chemical reactions depend on the oxidative potential

of long-lived species since there are no photolytic effects ensured by the absence of UV lights.

Table 7. Plasma indirect discharge mechanism [131]

Plasma-chemical reactions Constant rates at 298 K

g - 6
Dlstl[IIed HONOO® H_el) HONOO® (R 63) | Hep; =5.1x10
water -
HONOO® 3 NO;® + *OH® (R64) | ki=6x10°s"
Nogg) n NO;(g) Kekez Nzof,g) (R51) | k2 =6.02x 108 m®* mol st
ko =4.4x 10° m® mol ™ st
H —
Nzogg) ¢ C2 N NZOE;,D (R 52) He, = 36.67
k ,k_ . ° = 3 -1
NZOS) 3K-3 NOZ(D n NOZ(D (R53) | ks=7x%10°s
k-3 = 4.5 x10° m® mol* st
— 6 o-1
N,0® + H,0 ——>N0; © + 2H* (R54) | ke =10°s
+ NO; x
— 8 -1
NO.(l) NO—(I) (R65) | k=1310°s
— 9 3 -1 o1
AG25 AG25 + -OH(l) P1 (R 66) Kg =10" m° mol™*s
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In summary, direct discharge relies on fast, UV-driven reactions with short-lived species, while
post discharge and spatiotemporal post discharge focus on slower, sustained oxidative reactions

with long-lived species.

2.1.3 Plasma reaction-absorption competition

Plasma GAD reactors are biphasic systems characterized by reactive absorption, where the
mass transfer and the chemical reaction mechanism play a crucial role. The previously dis-
cussed results of mass transfer coefficients highlight the ability of the operated plasma GAD
configurations, such as Batch, Falling Film, Spray Tower, and Venturi, to facilitate the transfer
of reactive species into the liquid region. The type of discharge explains the nature and lifetime
of these reactive species, which in turn define the plasma reaction mechanism.

Mass transfer and chemical reaction phenomena have an important and distinct impact on such
reactors' performance. Therefore, understanding and optimizing the duality between these phe-
nomena is a pivotal study to enhance the treatment capabilities of each GAD configuration. In
this context, the double film model explains well the outlined competition by plotting the con-
centration profiles of the absorbed plasma reactive species and the treated molecules or by
calculating some dimensionless numbers like Hatta, Z, R, and Da [100, 130]. Figure 27 presents

the principle participating phenomena in plasma GAD reactive absorption.

Gas Interface Liquid
Gas bulk Stagnant Stagnant Liquid bulk
film film
Per)
(substrate) s
D ep) DEp) Dep)
—> — —>
8@ 0 SL X

Figure 27. Plasma GAD reactive absorption
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Plasma species react with treated substrate following this reaction:

K
EP® + 9 Substrate® — Products (R67)

Assuming the reaction is first order with respect to the treated substrate and plasma (EP) spe-

cies. The expressions of reaction rates r(Phenol) and r(EP) are then the following:

I(Substrate) = K- C(Substrate) ' C(EP) (Eq-17)

rep) = 9 - K- Cisubstrate) * C(ep) (Eq.18)

In the framework of the Whitman double film model, the mass balance in the liquid film (figure
27) was conducted in order to reflect the diffusion-chemical reactions competition of Plasma

bodies and the target substrate; these balances lead to the following differential equations [100]:

d?cEp)
Dep) . k- CEp) * C(Phenol) (Eq.19)
dZC(Phenol)
D(Phenol) dXZ =9 k- C(EP) . C(Phenol) (Eq20)
Boundary conditions,

Interface gas/liquid (x = 0)
Cep) = Cepy (Eq.21)
dC(Phenol) —0 (Eq.22)

dx
Boundary film/bulk (x = &.),
The boundary conditions are given by the material balances in the core of the liquid, consider-
ing the chemical reaction and the fluxes transferred from the film by diffusion towards the core
of the liquid in a batch configuration and circulating convective flux in continuous systems like

spray tower, failing film and venturi.
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For discontinuing systems:

Cepy = CEpys (Eq.23)
dC EP
—D@p) * S < c;x )> = VL IEp) (Eq.24)
x=8L
dc(phenol
_D(Phenol) S '<(d—;no) =VL " I'(Phenol) (Eq.25)
x=8L
For continuing systems:
Cep) = Cep)s (Eq.26)
dC EP
—Dp) - S~ ( (;x )> = VL' I'&p) (Eq.27)
x=68L
dc(phenol
~Deeheno * 3 <% = Q" Cno,)s + VL I(Phenol) (Eq.28)
x=686L

Putting equations (21), (22), (23), (24), (25) and (26) in dimensionless form makes it possible
to define the characteristic dimensionless numbers of this system. For this, the chosen variables

are:

C C C
X = X , EP = (EP) he — (Phenol) EPs = (EP)s

T ) Eq.29
8L CeEp) C(Phenol)g CEpy* (Eq.29)

PhD thesis Bilal Belmekki 79



CHAPTRE lIlIl. Classification of plasma GAD reactors

The mathematical model for discontinuing systems become as following:

d?EP 5
X2 = Ha“ EP Phe
d’PHE _ Ha? -
Xz z €
X=0
EP =1
dPhe _ 0
dx
X=1
Phe =1

(dEP) — _EP.-R
dX Jxo1 S

The mathematical model for continuing systems become as following:

d?EP )
X2 = Ha“ EP Phe
d?Phe 3 Ha? EP Ph
axz -z €
X=0
EP=1
dPhe —o
dx
X=1
Phe =1

(&%)~ e (R )
dX X=1_ : Da

With [100],
) e)s’ .
H,= —VkC(P’;()D(EP) * Hatta number
L

_ D(pneyCipheys

= Inour case, v=1
v-D(&p)C(ep)*
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R = K>'Cphe)s €L __ K2'C(phe)s
KL'G, KL'G,,

D,=K, ra-t=K; - a-%R: Damkohler number

Phenol was chosen as a target substrate in our study because of its moderate solubility, high
affinity, and reactivity with plasma species. In order to facilitate the calculations, A new Kinetic
model was proposed to describe plasma phenol interaction based on the phenol by-products
produced during phenol exposure to the plasma plume. The plasma phenol product was hydro-
quinone, resorcinol from hydroxyl radicals interaction with phenol molecules, and Nitrophenol
from phenol reaction; these radicals are the main reactive plasma species which are directly
produced in the plasma plum and have a short living time due to their high reactivity they react
between each other in liquid phases to produce HONOO which is responsible for the post-
discharge treatment. However, in the spatiotemporal post-discharge, the peroxynitrite is pro-
duced in the gas phases due to the long time spent during the transportation of the plasma gas
to the spray tower, which in turn reproduce the "OH and radicals after migration to the liquid
region, where the hydroxy| radicals produced from the HONOO present the main role of phenol
degradation. The variety of the plasma species led to a complex kinetic model according to the

presence of parallel and successive reactions simultaneously, as presented in Table 8.

Table 8. A simplified kinetic mechanism

Plasma-Phenol reactions Constant rates at 298 K Ref

DD *‘OH@ L *OH® Hei= 760 (R 49)
NO,"® e NO,"® He>=0.3 (R 68)
CeHg0® e CeH, 00 Hes= 70,644 (R 60)
CeHsO® + *OH® 2, products | Ks=10"m’ mol*s™ (R61)
CeHgO® + NO,*® X, products | Ke=10°m’ mol™s™ (R 62)

STPD | yoNo0o® —°, HONOO® Hes= 2.1 10 mol'm3Pas? | (R 63)
HONOO® 3 NO;® + *OH® Ko=1210"m3mol's? (R 64)
CcH,0® _Hes | C H, 00 Hes= 70644 (R 60)
CeHgOW + *OHW L Products Ks = 10" m* mol™ s (R61)
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Considering the mass transfer and the chemical reaction mechanism, the mathematical model

of each plasma GAD configuration becomes as follows:

a) Direct discharge systems

d? "OH
J— 2 ° 2 . .
—gxz = Ha( “onphe) "OH Phe + Hat <oy /noz) "OH NO; (Eq.35)
d?NO3 Haf *on/n03)
——= = Ha%yo: NOj Phe + —————2= *OH NO; (Eq.36)
dx2 (NO3/Phe) 2 Z ~OH/NO3) 2
2
d?HONOO Ha -on/No;
3 — = (FO/NO3) -y NO3 + HaZ%uoonoyHONOO Phe (Eq.37)
dX Z( ‘OH/HONOO) ( Phe )
d?PHE  Haf -oy pp Ha%yo:
= e "OH Phe + - NOj Phe
( *OH/Phe) (NO3/Phe) (Eq.38)
Ha?
+ —(HONOO/Phe) HONOO Phe
Z(HONOO/Phe)
Batch X=0 X=1
‘OH =1 Phe = 1 HONOO = 1
d ‘OH .
NO, =1 X ) = — OHy- (R( *oH/Phe) T R¢ ‘OH/No;)) (Eq.39)
=1
dPhe —o
X dNO3 .
HONOO = 0 < X ) = —NO3 5 - (Reog /phe) + Ronos / o) (Eq.40)
X=1
Fa.lllng X=0 X=1
film B— S—
"OH = 1 Phe =1 HONOO =1
d "OH = — "OH.-|R +R + ! Eq.41
NOj =1 ax )" s | R¢onyphey T R *onyno3) Da on (Eq.41)
dPhe
o 0 dNO, . 1
< dX >x—1 = —NOz s | Rnoz /phey + Riwog / “omy + m (Eq.42)
- 2
HONOO = 0

Direct discharge systems like batch and failing film have the same participants’ spices and the
exact chemical reaction mechanism but a different circulating system. There they have an iden-

tical mathematical model in the liquid film but different boundary expression.

PhD thesis Bilal Belmekki 82



CHAPTRE lIlIl. Classification of plasma GAD reactors

b) Spatiotemporal post discharge systems

Spatiotemporal post-discharge systems like Spray Tower and Venturi have the same partici-
pants' spices and mass transfer systems. There, they have an identical mathematical model in
both liquid film and bulk.

d2 *OH Hat
[ = Ha? ot/phe) ‘OH Phe — __—(HONOO) ++oNOO (Eq.43)
dX (HONOO)
d?NO; Hafono0)
__ HONOO (Eq.44)
< dx? Z(noy)
d?HONOO  Ha?
= _ - (HONOO) HONOO (Eq.45)
(HONOO)
d?PHE  Haf -ou/pn
\ = O o phe (Eq.46)
dX Z( *0H/Phe)
Spray X=0 %=1
&
NOj = 0
Venturi
dPhe
Systems X = 0 (dHONoo) 1 R n Eq.47
HONOO = 1 dX  Jx=; HONOO* \"(ONODTD_ 0000, (a7
With,

,KS'C(Phe)s'D( *OH) /Ks'C(Noi)*'D( *0H) /K(»'C(Phe)s'D(NoE)

Ha, - — , Ha, - oy = ) Ha : =
( "OH/Phe) Ki( o) ( *OH/NO%) KL o) (NO3/Phe) KL(no)
H K7'C(Phe)s'D(HOONO) H \/KQ'(HONOO)*'D(HOONO)
a = , a N =
(HONOO/Phe) KL(HONOO) (HONOO) KL(HONOO)
. _ D¢pne) " Cpne)s , __ Dehe) " Cpneys . _ Dephe) * Cephes
*OH/Ph = , NOS /Ph = » £(HONOO/Phe) —
(on/Pne) =y D( o) " C( -omy (O "y - D(no3) * Cioy)’ ( /P19 v - Dionoo) * Caronooy:
Doy Cnoy) _ DoN00)CHoONO)s _ P03 oy
7 e o= 7 . = Z( . ) —
( *OH/NO3) D) .OH)*, ("OH/HOONO) =~ p " e o B "0H/NO3) YD ( +om) €( +on)’
D( -om) Dvoy) * Conoos

1 Z(NO3) =

Z(HoONO) = =
( ) vV Donooy * Cnos)s

vV Donooy * C( *on)s
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KS ) C(Phe)s T &L _ Kl ) C(Phe)s

R( *oH/Phe) =

Ki(-om-a

K¢ * Ciphe)s * €L _ Ks * Ciphe)s

Ky omy - @’

RNoy/Phe) =

Kynoy) - a

Koy -’

Ko * Cinoonoys * €1 Ko ' Cionoo)s

RHonoo) =

Daonooy = Kionooy "2 T = Ky noonoy "2+ )

KiHonoo) - @

B KiHonoo) - @’

VR

Vr

Dy romy = Ky ony -a- T =Ky rony - '

Davosy = Kivoy) "a* t=Kymoyy - a- ER

\%

» R(OH/NOy) =

(NO3/ *OH) =

K3 Cnop)s "e K3 Cinoy)s

Ki(-om-a

Ky om-a'

K3 Ciromys &L Kz C(-om)s

Kinoy) - a

Kynogy @’

Table 9. Plasma GAD reactive absorption parameters

Parameters Reactor configuration
GAD-Batch GAD-FF GAD-ST  GAD-Venturi
C “on)’ 1.412 1.412 - - mol m?
Cnoy)* 5.13x 1072 | 5.13x 1072 - - mol m3
C( “om)s 1.86x 107! | 886x 1072 | 1x 107! 1.42x 107 | molm?
C(noy)s 1.1 x 1075 6x107° | 9.09%x107% | 9.09x107® | molm?
Ceoonoy)s | 428x 1075 | 1.26 x 1075 | 1.44x107* | 1.44x 10> | molm?
CHoono)* 5x 1073 5x 1073 mol m™3
C(Phe)s 1 1 1 1 mol m™
D( ‘on) 2%x107° m?s?
D(nos) 1.85 x 107° m?s?t
D 1oono) 2.6 x107° m?s?
D (phe) 1x107° m2s?
K, 1.56 x 107° | 9.5 x 1077 8x 1077 6Xx 1076 m?s?t
S 63.5x1072 | 1x107% | 1.91x107% | 991 x 1073 m?
Vi 1.8x107% | 1.8x107* | 2.5x107* 2.5%x107% m?
a 14.8 5.56 6.36 33 m
Q - 1.94x107* | 25x107* | 1.94x107* m3s?t
T - 1.078 30.9 30.9 st

A calculation study was performed on key dimensional numbers like Hatta (Ha), Z, R, Ei, and
damkoler (Da) obtained in the above mathematical models for each reactor prototype. Table
09 below summarizes the parameters used for the calculation study.

The dimensionless numbers explain the competition between the mass transfer and the chemi-

cal reaction processes in biphasic reactors. The Hatta number (Ha) measures the maximum
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reaction rate relative to the maximum quantity passing through the film by diffusion. This di-
mensionless number indicates where the chemical reaction takes place. When Ha2 << 1, the
rate of conversion in the film is negligible, and the reaction takes place in the volume of the
liquid, which is therefore decisive; on the other hand, if Ha >> 1, the reaction takes place en-
tirely in the film, and the interfacial area is predominant. In that case, the reaction regime is
fast for Hatta greater than three (Ha > 3) and instantaneous when Hatta is more than ten times
the accelerator factor more significant than (Ha > 10 Ei) [100]. The Z criterion contains the
ratios of diffusivities and concentrations; the R ratio compares the maximum flow of A that
could be consumed by the reaction within the liquid with the maximum flow of A that can be
physically absorbed. A small value of R corresponds to a slow reaction rate of A within the
reactor compared with the potential input by absorption. Ei is the instantaneous reaction accel-
eration factor. Da is the specific Damkdhler number of the reactor; it compares the character-
istic transfer time to the passage time t defined as the ratio of the reactor volume VR to the
liquid flow rate Q through it. A small value of Da means that the transfer of matter from A is
slower than the passage of liquid in the reactor. Table 10 summarizes the calculated dimen-

sionless numbers.

Table 10. Plasma GAD reactive absorption dimensionless numbers

Plasma-Phenol reactions

Ha

Batch- *OH/Phe | 9.07x10*| 3.54x10% 1.15 - -
réactor  ™No;/Phe | 2.76x10° |  1.05 2.05 i i
‘OH/NO; | 6.84x10*| 3.36x10? 1.34 - -
HONOO/Phe | 3.65x10'| 9.03x10° | 9.03x10° - -
*OH/HONOO - 3.92x10° 1.00 - -
Failing- *OH/Phe 1.49x10° | 3.54x10% 1.15 1.89x10° | 5.69x10°
Film NO,/Phe | 453x10% |  1.05 205 | 1.89x10° | 5.69%10°
*OH/NO; | 3.87x10? | 3.36x10! 1.34 1.39%10* | 5.69x10°
HONOO/Phe | 6.00x10* | 3.05x10* | 3.05x10* | 2.37x10? | 5.69%10®
*OH/HONOO | 1.49%x10° | 1.16x10° 1.00 2.01x108 -
Spray HONOO 1.37x10* | 1.54x10' | 1.64x10! | 3.40x10° | 1.57%x10°
L‘;V(‘:’gr ‘OH/Phe | 1.25x10°| 1.29x10% 1.01 1.58x10° | 1.57x10°
NO; - 7.69x10* | 7.79x10! - -
Venturi HONOO 1.83x10° | 2.18x10' | 2.28x10! | 3.03x10°% | 1.18x107?
*OH/Phe 1.67x10* | 1.29%1073 1.00 7.27x10°% | 1.18%107?
NO; - 3.52 452 - -
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The calculated results shown in Table 10 are significantly higher than ordinary. Hatta numbers
of each plasma reaction were found to be greater than 10 Ei for each configuration; this reflects
that the chemical reactions are super instantaneous and take place in the liquid film. However,
it is difficult to distinguish between the chemical reaction dualities in each configuration since
there is no specific abacus for such super instantaneous processes. Therefore, plotting the con-
centration profiles of the chemical species participating in this process is highly recom-
mended. The obtained mathematical system is of second-order ordinary differential equations
with a lack of data on the boundary conditions, referring to practically impossible concentration
measurements at liquid film boundaries. A boundary values problem method is used to solve
the proposed model using MATLAB bvp4c function, where the utilization of this software of
programming was necessary to perform such ODEs system with particular limit conditions as
it was demonstrated in equations (iii)

A simulation algorithm used to describe the absorption reaction competition in liquid film is
presented in Figure 28. The simulations were conducted to plot phenol and plasma species
concentration profiles in liquid film in order to characterize the plasma phenol reaction regime.

[Phelouik, X [0:1

¥

A proposed radical
mechanism

!

Mass transfer equation:

d? Phe B Ha?

= Ph
axz z €

Calculation of system dimentionless
Numbers: Ha and z

Prediction of regime
reaction from the abaks

'

Drawing Phe= {{t)
in liquid film

|

Validation
reaction regime

Figure 28. Simulation algorithm of plasma species concentration profiles in liquid film
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The plotted concentration profiles of the process reactive entities in liquid film are presented

in figure 29.
1 . 1
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Figure 29. Reagents concentration plot in liquid film

In conventional reactions, the liquid reagent is not consumed in the film. Hence, its concentra-
tion is constant and equal to that of the liquid; the gas profile is a straight line. The process as
a whole can be considered a physical absorption followed by a chemical reaction within the
liquid.

In this case, the reaction is fast enough for a significant part of the absorbed gas to react in the
diffusional film; the concentration profiles are no longer straight lines and are curved. The four
dimensionless numbers R, Da, Ha, and Z play a role; there is no simple solution. We can see
that the dissolved gas concentration in the liquid CAS depends on the hydrodynamics and the
liquid retention in the reactor. In this domain, the influence of the interfacial area on the con-

version rate begins to outweigh that of the liquid retention.
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2.2 Chemical properties
Atmospheric GAD configurations such as Batch, Falling Film, Spray Tower, and Venturi ex-
hibit different chemical properties in the treated liquid, including pH, conductivity, nitrite and
nitrate concentrations, and plasma (RONS). These variations arise due to differences in the
physical setup operational mechanisms and to the distinct populations of reactive species gen-
erated in each configuration.

221 pH
The acidity of the reactive medium plays a crucial role in term of homogenous catalysis espe-
cially for oxidative reactions. Therefore, a pH analysis is conducted in the four plasma GAD

prototypes. Figure 30 present the obtained results.

pH
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Figure 30. pH evolution in plasma GAD reactors

The acidity in such reactors varies due to the distinct gas-liquid interaction way for each con-
figuration and absorbed reactive species. The pH analysis shows that the outlined reactors offer
an acidic medium with uneven pH. The Batch one presents the highest acidity with a PH around
2 degrees due to direct and intense interaction with short-lived reactive species. Whereas GAD-
VNT presents an acidic medium with a pH of 4 degrees and around 3 degrees acidic medium
for both the spray tower and the failing film reactors. Which refers to the diffusion of long-

lived species and the gas-liquid transferred flow.
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Generally, the mass-transferred properties influence the acidity of the treated water. Therefore,
each GAD prototype offered different acidity levels. The batch reactor medium remains the

most acidic according to its effective plasma-liquid interaction.

2.2.2 Plasma dose
Plasma dose remains a crucial factor in evaluating plasma reactors; it measures the amount of
reactive species generated and their impact on the treated liquid. It can be effectively evaluated

through measurements of conductivity and total oxidative species (RONS).

2.2.2.1 Conductivity
The conductivity is directly related to the concentration of ions in aqueous solution. Therefore,
it can be a significant indirect method to evaluate the plasma dose in the treated solution, such
as the higher measured conductivity, the more absorbed plasma species. Figure 31 presents the

evolution of the conductivity in plasma GAD reactors.
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Figure 31. Conductivity evolution in plasma GAD reactors

Conductivity notices that GAD-ST and VNT present the same final conductivity after 60 min
exposure time. However, the GAD-ST shows a rapid conductivity increase compared to the
situation in facility ng film. This can be explained by an improved liquid-gas contact, which
facilitates the transfer flow. The GAD-VNT and Batch show higher conductivity due to their
high gas-liquid surface areas. The batch reactor presents the highest conductivity with a con-

siderable difference.

PhD thesis Bilal Belmekki 89



CHAPTRE lIlIl. Classification of plasma GAD reactors

2.2.2.2 Total oxidative species (RONS)
Total oxidative species measurement is more credible method for the evaluation of plasma dose
since plasma reactions are oxidative processes. Non thermal plasma generates reactive oxygen
and nitrogen species such as ozone (Os), hydrogen peroxide (H202), hydroxyl radicals ("OH),
azote dioxide ("NOz) and peroxynitrite (HONOO) directly assess the oxidative capacity of the

plasma.
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Figure 32. The evolution of total oxidative species in plasma GAD reactors

According to Figure 32, which represents the evolution of total oxidative species as a function
of time in the four configurations of plasma gliding arc discharge, the batch reactor presents
the highest quantity of the total oxidative species due to the intense mass transfer of highly
reactive species. The venturi, characterized by high-speed gas flow and intense turbulence,
promotes vigorous mixing and efficient mass transfer, resulting in high concentrations of oxi-
dative molecules relatively close to those presented by the batch reactor. The GAD-Failing
Film shows a moderate result, whereas the spray tower configuration shows less transferred
oxidative species quantity.

In summary, by evaluating both conductivity and total oxidative species analysis, we conclude
that the batch reactor has the highest plasma transferred dose flowed by venturi, failing film,
and spray tower reactors. This uneven dose is responsible for the plasma GAD efficiency re-
garding reactivity and conversion rate. Remarkably, the batch and venturi configurations

slightly differ in the measured RONS. In contrast, the batch reactor presents an enormously
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high conductivity due to more charged species but less reactive ones. Contrary to the previous
feature, the failing film shows an equal conductivity of the spray tower at 60 min of functioning
time but a higher total oxidative power; this later goes back to the difference in plasma trans-
ferred population, such as the filing film presents a more reactive entity called short-lived spe-

cies, while the spray tower presents more stable molecules known as long-lived species.

2.2.3 Nitrites and nitrates analysis
Atmospheric GAD plasma using air as the driven gas led to the formation of reactive nitrogen
species which in liquid region convert to nitrite and nitrate ions as more stable molecules. Fig-

ure 33 present the evolution of both nitrite and nitrates concentrations in plasma GAD reactors.
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Figure 33. Nitrite and nitrates evolution concentrations in plasma GAD reactors

The plotted results in Figure 33 show that the batch configuration presents a high and fast
increase in nitrite concentration of about 624 g L™ for the first 10 min and starts to decrease to
193 g Lt at 60 min treatment time; this is followed by a linear increase of nitrate concentration
which reached 157 g L in 60 min that can be explained by the continuous conversion of nitrites
on nitrates as a more stable molecule. The GAD-ST shows a moderate nitrite concentration but
an enormous higher nitrate concentration that reached 555.14 g L* even though it presents a
low concentration of total oxidative species; this is explained by the fact that the spatiotemporal
post-discharge presents more stable molecules than the direct discharge. The venturi and failing
film show slight quantities of nitrite and nitrate ions according to their specific mass transfer
and chemical conditions.

The unique chemical properties of each plasma GAD configuration for aqueous solution treat-
ment, such as Batch, Falling Film, Spray Tower, and Venturi, vary significantly according to

their unique interaction dynamics and reactive species.
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In summary, all of the outlined configurations offer an acidic medium with a relatively uneven
pH degree that refers to the uneven absorbed plasma species population and quantity. The
Batch and Venturi configurations typically produce the highest plasma dose, showing a high
conductivity and RONS concentration reflecting their high mass transfer coefficient and gas-
liquid interface area. Meanwhile, the spray tower and failing film configurations provide mod-
erate to significant plasma dose and acidity values. The lowest measured plasma dose for GAD-
ST, followed by the highest concentration of nitrate ions, explains the fact that spatiotemporal
post-discharge offers more stable molecules than direct discharge. For GAD-VNT, the efficient
mixing in a high-speed flow environment allows a substantial transfer of reactive species when
compared to the GAD-ST, where the spraying system allows only the molecules having the
strong Henry’s constant to be absorbed. It is important to notice that peroxynitrite has a higher
Henry constant than the short-lived spices; this later converts easily in water to nitrate ions [26,
131].

3. Plasma GAD performances

The physicochemical properties discussed in the previous section exhibit unique performances
for each plasma gliding arc reactor, such as conversion rates, selectivity, pollutant degradation,
and dye decolorization. The analysis of the outlined performances remains a significant tool

for the choice of the right configuration for the right process operation.

3.1 Depollution
In this part, an evaluation of depollution efficiency is conducted in order to select the appro-
priate configuration for a pollutant removal process. Phenol and Acid Green 25 (AG25) were
chosen as a typical pollutant due to their distinct properties; where phenol is uncolor and par-
tially dissolved in water, while AG25 is highly soluble and has a visible colored.

3.1.1 Decolorizarion
Green Acid 25 (AG25) is an anthraquinonic dye (Figure 34) called Toluennesulfonic acid, 6,
6'-(1, 4-Anthraquinonylenemino) disodium salt [132]. This class of dyes is characterized by a
C-0O binding and remains the second class of dyes used in the industry after azoic dyes. The
basic formula derived from anthracene shows that the chromophore is a quinone ring to which

hydroxyl or amine groups can be attached. It has a maximum wave length at 643 nm.
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SO:-Na

SONz

Figure 34. A semi-developed structure of the AG25

The discoloration process of AG25 (C= 80uM) using plasma GAD reactors involves breaking
down the coloring functional groups through interactions with reactive plasma species dis-
solved in the treated aqueous solution.

The general degradation mechanism of green acid 25 was proposed by Ferhat et al. (2021).
This mechanism is initiated by a discoloration process presented in Figure 35, where the hy-
droxyl radicals directly transferred from the plasma plum to the AG25 solution in direct dis-
charge or being produced from the decomposition of peroxynitrite in indirect discharge, attack
the unsaturated bonds in AG25 structure like C-N bound which connect the chromophore
groups to the main molecule (anthracene 9.10 dione). The cleavage of this bound incorporates
the detachment of the methyl benzene sulphonic acid molecule followed by the detachment of
SO3-, demethylation of the benzenic ring, and insertion of hydroxyl radicals responsible for
the color changing to a dark brown, then uncolored AG25 treated solution.

PhD thesis Bilal Belmekki 93



CHAPTRE lIlIl. Classification of plasma GAD reactors

=
O‘O LT s

HO

Figure 35. A semi-developed structure of the AG25
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Figure 36. A semi-developed structure of the AG25

Figure 36 shows different discoloration patterns of the AG25 in different configurations. The
GAD-VNT presents a faster discoloration process in the first 25 min, even if it does not have
the highest plasma amount, which is explained by a fast and efficient plasma species interaction
with the treated dye. This is ensured by the high-speed flow of plasma reactive species and the
high affinity to the AG25 coloring functional groups. After 25 min treatment time, it shows a
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discoloration steady state, and the Batch system remains the most intense decolorating process
by the presence of more short-lived species, while its rapidity compared to the venturi process
refers to the lower mass transfer properties and the presence of parasite reactions ensured by
electrons and UV lights. This is confirmed by discussing the AG25 discoloration patterns in
both spray tower and failing film configurations, which present lower plasma transferred flows.
The failing film system presents a slower decolorating process, but it becomes more effective
than the spray tower after 35 min plasma exposition time for the same reason of transferred

plasma population.

3.1.2 Mineralization

Most of waste water pollutants are a phenolic compound with different chemical structure as-
sociation. Therefore, phenol (C=1Mm) was chosen as the pollutant model in order to determine
the effectiveness of plasma GAD reactors to demineralize uncolor and non-biodegradable pol-
lutants, COT analyzer is used to determine the final demineralization rate.

Figure 37 presents the proposed demineralization mechanism inspired by Ferhat's announced
process for spatiotemporal discharge [105]. The demineralization mechanism of phenol in
plasma GAD reactors involves complex mechanisms driven by interactions with reactive
plasma species. This process ultimately converts organic phenol molecules into inorganic car-
bon (CO:) and water (H20). It starts with a simple oxidation of phenol interacting with hydroxyl
and nitrogen dioxide radicals. This action led to the formation of less toxic phenolic derivatives
that are easily demineralized. The continuous interaction of plasma reactive species on the
formed phenolic derivatives leads to the breakdown of the aromatic ring of phenol and the
forming of simple, intermediate compounds. Breaking down the aromatic ring of phenol and
forming intermediate compounds. These intermediates are further oxidized into organic carbon
(CO2) and water (H20).
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Figure 37. Phenol demineralization mechanism in STPD plasma treatment

Table 11 present the total organic carbon of the treated phenol solutions using different plasma
GAD reactors. The initial phenol concentration was 0.001 mol L%, and the treatment time was
consistently set at 60 minutes for all configurations. The initial TOC value for all configurations
was 60.80 mg L.

Table 11. Demineralization rate of phenol in plasma GAD reactors

GAD-Config- V Phenol con-| Treatment Initial Final | Deminiralization
uration (Cm3) | centration time (min) COT COT  rate (%)

(M)
Batch 430 0.001 60 60.80 | 33.38 45.10
Failing film 180 0.001 60 60.80 [ 51.54 15.23
Spray tower 300 0.001 60 60.80 | 53.84 11.45
Venturi 300 0.001 60 60.80 | 48.96 17.83
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The unique characteristics of each configuration, such as mass transfer, acidity, and oxidizing
power, determine the overall effectiveness of the phenol demineralization process. The batch
reactor demonstrates the highest effectiveness of phenol breaking down into inorganic mole-
cules with a demineralization rate of 45.10%, which refers to the direct and intense interaction
of plasma reactive species with phenol molecules. The Venturi configuration achieved a de-
mineralization rate of 17.83%, higher than those obtained by failing film and spray tower con-
figurations of 15.23% and 11.45%, respectively. The high-speed gas flow and turbulence in
the Venturi arrangement enhance reactive species mixing and mass transfer, which leads to the
effective breaking down of phenol molecules. The less intense interaction in failing film and
the low reactive species absorbed in spray tower configurations lead to less effective deminer-
alization processes with a final total organic carbon of 53.84 and 51.54 g L%, respectively.

In such reactor processes, the overall efficiency of the demineralization process is mainly de-
pendent on the strength of the interaction between the liquid and plasma species as well as
configuration-specific dynamics. These findings emphasize how crucial it is to choose the best
GAD design according to the particular objectives and expected effects of the treatment.

3.2 Chemical synthesis

Chemical synthesis using nonthermal plasma reactors is an advanced field, where plasma is an
innovative solution to some synthesis process limitations such as conversion rates, Eco-friend-
ship, and operational costs. The first instances of organic synthesis using plasma were carried
out by introducing organic compounds in the gas phase into the discharge [133-136]. Remain-
ing in the gas phase has limited the material involved in the conversions. Therefore, recent
works have used biphasic plasma reactors for liquid chemical synthesis to provide better oper-
ational conditions and process performances [46, 67, 68, 128].

The unique properties of the nonthermal plasma reactors allow them to facilitate some complex
synthesis processes without adding chemical products. The use of electricity and air gas as the
principal raw materials for plasma production and the process sureness ensured by the high
reactivity shown in these reactors could, therefore, be a step toward "green™ chemistry [67,
137-139]. The operational conditions of such reactors, like atmospheric pressure and ambient
temperature, reduce the need for costly installations or energy for heating, which in turn makes
it economically beneficial. Many applications combine plasma and catalysis processes due to
the UV lights generated from the plasma plum; this combination is known as the plasma catal-
ysis process. However, in some cases, plasma can act as a catalyst, where the generated plasma

species initiate some conventional processes [30, 91]. In addition, the high acidity offered by
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such reactors plays a role in the homogenized catalysis process of the oxidative reactions. These
advantages involve new reaction pathways and simplify conventional complex synthesis pro-
tocols.

In the study, phenol was chosen as an aqueous substrate model to evaluate the hydroxylation
process in different plasma GAD configurations. This reaction is also industrially important
for the manufacturing processes of synthetic catechol and pharmaceutical compounds. The

evaluation is based on phenol conversion rate and catechol production selectivity.

3.2.1 Conversion
The conversion rate is a critical parameter in evaluating the chemical reactor’s efficiency.
Thereby, the phenol conversion rate in different plasma GAD reactors is measured using high-

performance liquid chromatography analysis.
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Figure 38. The evolution of phenol conversion rate in different plasma GAD configurations

Figure 38 shows the kinetic evolution of the phenol conversion rate in Batch, Falling Film,
Spray Tower, and Venturi prototypes. The conversion rate varies significantly from one con-
figuration to another.

The Batch configuration (GAD-II) has the highest efficiency, with fast and complete phenol
conversion in the first ten minutes due to intensive contact with plasma reactive species. The
Falling Film configuration (GAD-FF) also achieves complete conversion, although it takes ap-
proximately 30 minutes, indicating a regular and prolonged engagement with reactive species.
The Spray Tower (GAD-ST) arrangement is the least effective, achieving a conversion rate of
20% after 60 minutes, most likely because of the dispersed droplets that reduce the intensity of

engagement and the participant's lower reactive species. In contrast, the Venturi configuration
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(GAD-V) presents a moderate efficiency, increasing on a regular basis to achieve a conversion
rate of 60% in 60 minutes, thanks to improved mixing and turbulence.

In summary, the Batch and Falling Film configurations are the most effective for a quick and
complete conversion of phenol, while the Venturi configuration provides an even performance
with a moderate level of effectiveness. Despite being less effective, the Spray Tower structure
may nevertheless be useful in applications that call for more substantial volumes or gentler

circumstances.

3.2.2 Phenol by-Product selectivity
The plasma reactive species are themselves competitive and react together with phenol sub-
strate in a parallel reaction mechanism, which make it very important to determine the produc-

tion selectivity in order to evaluate the chemical performances of such as reactors.

Table 12. Phenol by-products selectivity

GAD-confi- Oxydation phenol by-Product selectivity
guration

Nitration phenol by-
Product selectivity

Catechol | Hydroquinone | Resorcin | p-Benzoquinone | 2-nitrophe- | 4-nitrophe-
nol nol
Batch 51.84% 15.59% 8.71% 18.81% 2.98% 1.97%
Falling Film 65.21% 9.32% 6.82% 11.78% 2.61% 2.26%
Spray Tower 81.60% 9.82% 0.00% 0.00% 5.23% 3.35%
Venturi 97.60% 0.61% 0.03% 1.21% 0.11% 0.44%

Table 12 illustrates the selectivity production of phenol derivatives in different plasma GAD
configurations. In the batch reactor, catechol emerged as the predominant byproduct, followed
by hydroquinone, with a selectivity of 51.84% and 15.59%, respectively. The direct discharge
presented by this configuration ensured high concentrations of hydroxyl radicals, favoring the
formation of these dihydroxybenzenes. The formation of nitrophenols was comparatively
lower in this configuration. The venturi reactor showed a high selectivity towards catechol
production. The intense mixing of plasma reactive with phenol molecules in the absence of
electrons and UV lights provides a consistent and controllable production of catechol with a
minimal concentration of nitrophenols. Catechol was the major byproduct, accounting for ap-
proximately 97.60% of the total byproducts. However, the plasma Falling Film reactor demon-
strated a balanced selectivity towards hydroquinone, resorcinol, and catechol. Catechol ac-
counted for 65.21% of the byproducts, with hydroquinone and resorcinol following at 9.32%
and 6.82%. Different reaction routes were limited by the absorption process of the participant

plasma reagents. The spray tower reactor demonstrated a distinct selectivity profile. Catechol
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is always the major byproduct. However, higher concentrations of nitrophenols were measured
compared to the other configurations. Catechol represents 81.60% of the byproducts, while 2-
nitrophenol makes up 5.23%. The droplet system controlled the absorption process of plasma
reactive species, providing lower mass transfer resistances to nitrogen reactive species, proved
by higher concentrations of nitrite and nitrates. This favor explains the formation of more ni-
trophenols.

In conclusion, the venturi configuration is the most effective for achieving high selectivity to-
wards catechol synthesis, making it preferable to be proposed for chemical production pro-
cesses. The failing film and the Batch configurations provide a balanced approach, while the
Spray Tower configuration may be suitable for processes where nitrophenols are of equal im-
portance to hydroxylating byproducts. Understanding these selectivity profiles helps optimize

the use of Plasma GAD reactors for specific chemical industrial applications.

3.3 Security

With the aim of integrating plasma reactors into industrial processes, safety analysis is one of
the most important aspects to be studied. Therefore, the Hazard Operability Method (HAZOP)
and safety integrity level (SIL) are used respectively to identify and assess the risks present in
the studied configurations. These studies are rigorous procedures where the HAZOP study is
designed to determine how a process can deviate from its design intent [140], while the SIL
study assesses the potential for malfunction of individual pieces of new or existing equipment
and the indirect effects on the installation as a whole. Both HAZOP and SIL are teamwork
studies conducted in meeting sessions and directed by the chairman. The team has to be multi-
disciplinary, and the members must have sufficient experience and knowledge of the process.
The conduction of these methods consists of using guidelines (such as not, more, less, etc.) in
conjunction with process parameters (such as temperature, debit, pressure, etc.) to identify de-
viations (such as a higher temperature or lower debit) from the intended course of the process
or normal operation. Keyword + Parameter = Deviation [141], and 04th classification levels of
the risk potential from the safer class to the risky one nominated from SIL1 to SIL4, respec-
tively [142]. The procedure is applied in a particular node as a component of the system that is
defined by a nominal intention of the operational parameters. Once the deviations have been
determined, the professional team looks into all potential causes and their effects and comes
out with a final classification of the identified risks and a recommendation list [143].

In this section, HAZOP and SIL studies are conducted using Hazop+ 7.0 software to assess the

risks involved in the four plasma glider topologies. Since they are complementary studies,
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Hazop+ 7.0 software provides a directly combined study called HAZOP-SIL to a fast and re-
stricted study. This later converts directly the gravity and the probability of the identified risk
to a safety classification level.

Table 123 presents the HAZOP-SIL study worksheet resuming the identified deviations, risk
levels, and the agreed recommendations. The studied plasma GAD reactors work at atmos-
pheric pressure; however, since they are powered by a continuous air gas flow, the probability
of high-pressure Deviation increases with respect to the feeding gas flow, especially for the
closed systems like the batch one and to a lesser extent the spray tower and Venturi systems in
case of plasma gas pipeline obstruction of which were classified as SIL4, SIL1 and SIL2 re-
spectively, while this Deviation have no possibility in totally open systems like the Failing film
configuration. The higher pressure in the batch configuration promotes a reactor crack to a fatal
explosion in the worst cases. Therefore, it is highly recommended that an automatic valve be
installed to maintain constant pressure. This Deviation can be caused by a faulty gas flow valve
and result in a high pressure and gas leak, which in turn can cause reactor explosion and occu-
pational disease for the operator for a long exposure time.

The feeding gas passes through two electrodes connected by a 9000 volt and 30 mA electric
arc; these electrical conditions are highly dangerous and can cause serious injury to death in
case of touching uncovered electric wire as both human and operating risk, this Deviation has
is classified as SIL4 in both batch and failing film reactors, while it is of a 2nd level (SIL2) for
venturi and spray tower ones as the operating part of the reactor is far enough from the electrical
part.

The contact between the air and the electric arc creates a plasma plum containing highly reac-
tive, dangerous, and toxic free radicals. Since plasma reactions are of an exothermic behaviour,
plasma GAD reactors are usually assisted by a cooling system to control the operating temper-
ature; however, a faulty cooling system scenario promotes a high-temperature deviation that
lowers the reactor performances by increasing striping phenomena and promotes reverse reac-
tions, as well as inducing installation cracks and corrosion, this scenario has an acceptable
safety level (SIL2) for the all configurations except the failing film which present a third safety
integrity level (SIL3) according the absence of the cooling system.

Several studies have identified UV lights generated from plasma plum and proposed an inter-
active process known as plasma catalysis to provide a higher chemical performance of the
plasma GAD reactors. However, from a safety point of view, these UV lights are harmful to

the operator's health and cause occupational disease, as well as the inhalation of plasma gas
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caused by the gas leak. The safety integrity level of these deviations differs from unacceptable
(SIL3 & SIL4) for the batch and the failing film to an acceptable level (SIL2) for spray tower
and venturi configurations, according to the fairness of the plasma source even though the
HAZOP-SIL team recommends installing the plasma source in a closed dark room.

According to the user's experience, reverse flow deviation can take place only in the Venturi
configuration even if it has an acceptable safety level and a low-cost ranking; it is caused by
low pressure in the plasma tank and results in faulty operating conditions and lower perfor-
mances. Furthermore, the use of highly volatile and dangerous compounds at a certain addi-
tional condition (contact with an electric arc, concentration, pressure, temperature) for chemi-
cal synthesis can lead to a fatal explosion, especially for direct treatment systems like the batch
and the failing film configurations. There for it is preferable to use indirect systems like Venturi
and ST as they present a sufficient distance between the electric arc and the treated solution. In
conclusion, the venturi configuration is the most effective for achieving high selectivity to-
wards catechol synthesis, making it preferable to be proposed for chemical production pro-
cesses. The failing film and the Batch configurations provide a balanced approach, while the
Spray Tower configuration may be suitable for processes where nitrophenols are of equal im-
portance to hydroxylating by-products. Understanding these selectivity profiles helps optimize

the use of Plasma GAD reactors for specific chemical industrial applications.
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Table 13. HAZOP-SIL evaluation table

Hazop Description: Identification and classification of hazard risk in plasma
GAD reactors.

Hazop Location:  Abdelhamid Ibn Badis University Comments:

Session: GAD reactors Node: 1. GAD-11/FF/ST/VNT Deviation: 4. All
Chairman: Bilal BELMEKKI PhD student at STEVA laboratory Secretary:
GAD- config- | Deviations | Likelihood |SIL | Severity | Causes Conseguences Cost Actions
uration Level Ranking Completion date: Sunday 7 juillet 2024, Priority: Medium
Responsible person: STEVA laboratory - PhD student Bilal
BELMEKKI
Batch Higher Tem- Occasional SIL 2 High 1. Faulty cooling system | 1. Increasing streeping phenomena High 3. Install a high temperature alarm
perature of the target substrate.
2. Revers system for an exotermic
reaction
Higher Pressure Frequent Critical 1. A closed operating re- | 1. Explosion of GAD reactor 2. Install an automatic valve to maintain a constant pressure

actor
2. Gas leak

2. High inlet gas flow

Gas Leak Probable SIL 3 High 1. High pressur in GAD 1. Occupational disease High 4. Install an alarm assisted with shutdown system
reactor
2. Low perf

2. High inlet gas flow oW performances

3. The presence of cracks

in reactor and pipe lines

UV Lights Frequent High 1. Normal reactor operat-1. Occupational disease 6. Install the GAD reactor in a closed room
ing conditions
High Voltage Frequent Critical 1. Normal reactor oper- [1. Serious injury to death 7. Set a safe operating protocol
ating conditions
Failing Film Higher Tem- Probable SIL 3 Moderate |1. Absence of coolingl. Increasing the stripping process Medium 3. Install a cooling system
perature system .

2. Reverse process in case of exother-
mic reaction
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Gas Leak Frequent High 1. Open system (Nor- [1. Occupational disease . Install an alarm assisted with shutdown system
mal reactor operat-
ing conditions)
UV Lights Frequent High 1. Normal reactor operat- [1. Occupational disease . Install the GAD in a closed room
ing conditions
High Voltage Frequent Critical 1. Normal reactor oper- [1. Serious injury to death . Set a safe operating protocol
ating conditions
Spray Tower Higher Tem- Occasional SIL 2 High 1. Faulty cooling system [1. Reactor glass crack High . Install a high temperature alarm
perature
Higher Pres- Remote SIL1 High 1. Gaz outlet obstruction (1. Explosion of GAD reactor Medium . Install an automatic valve to maintain a constant pressure
clira
Gas Leak Occasional SIL 2 High 1. High pressure in GAD (1. Occupational disease High . Install an alarm assisted with shutdown system
reactor
2. Hole in gas pipe line
Reverse Flow Remote SIL1 Moderate | 1. Low pressure in 1. Faulty operating conditions Low
GAD reactor
Low performances
2. Gas leak
UV Lights Probable SIL 3 Moderate | 1. Normal reactor operat- 1. Occupational disease Medium . Install the GAD in a closed room
ing conditions
High Voltage Remote SIL 2 Critical 1. Normal reactor oper- [1. Serious injury to death High . Set a safe operating protocol
ating conditions
Venturi Higher Tem- Occasional SIL 2 High 1. Faulty cooling system [1. Reactor glass crack High . Install a high temperature alarm
perature
Higher Pres- Occasional SIL 2 High 1. Gaz outlet obstruction (1. Explosion of GAD reactor High . Install an automatic valve to maintain a constant pressure
Gas Leak Occasional SIL 2 High 1. High pressure in GAD [1. Occupational disease High . Install an alarm assisted with shutdown system
reactor
Reverse Flow Occasional SIL 2 Moderate | 3. Low pressure in 2. Faulty operating conditions Low

GAD reactor
4. Gas leak

3. Low performances
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UV Lights Probable SIL 3 Moderate | 1. Normal reactor operat- [1. Occupational disease Medium 6. Install the GAD in a closed room
ing conditions
High Voltage Remote SIL 2 Critical 1. Normal reactor oper- [1. Serious injury to death High 7. Set a safe operating protocol

ating conditions
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In conclusion, the findings of this HAZOP-SIL study emphasize the importance of rigorous
safety assessments in plasma GAD reactors according to the risks identified in each configura-
tion. In this study, it was found that the spatiotemporal post-discharge configurations like spray
tower and Venturi systems present a safer operability condition with an average of SIL1.83 and
SIL 2,17, respectively, according to the open flowrate and the isolating distance between the
plasma source and the operable part of the reactor. The GAD-Batch shows a lower safety con-
dition with an average of SIL3.4, referring to the closed system. At the same time, the failing
film remains the most dangerous system with an unacceptable safety level of an average of
SIL3.75 with respect to uncontrolled plasma gas, uncovered electrodes, no cooling system,
and too close a plasma source to the operating side. The HAZOP-SIL team proposed several
recommendations, including installing an automatic valve, alarm, and shutdown system for
high pressure and gas leaks; installing the plasma tank in a closed room to eliminate the expo-
sition to the plasma UV-lights and setting an operating protocol to avoid the high voltage elec-
trical choc. The recommendations derived from this analysis are vital to minimize the identified
operability hazards.
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Conclusion

The classification of the batch, Failing Film, Spray Tower, and Venturi configurations high-
lights the versatility and adaptability of the oxidative processes in various applications. Each
configuration presents unique advantages and challenges, influencing factors such as reaction
kinetics, mass transfer, efficiency, environmental compatibility, and operational safety.

The Batch and Venturi configurations are especially noteworthy for producing the highest
plasma dosages, which reflects their effective mixing system and indicates their high conduc-
tivity and concentration in reactive oxygen and azote species (RONS). This is mostly due to
their favorable mass transfer coefficients and substantial gas-liquid interfacial zones. These
characteristics make them especially useful for processes that call for quick conversions, such
as pollutant degradation and catechol synthesis.

In contrast, the Spray Tower and Falling Film configurations yield moderate to significant lev-
els of plasma dose and acidity, indicating their potential effectiveness in different scenarios.
Notably, the GAD-Spray Tower configuration presents the lowest measured plasma dose, ac-
companied by the highest concentration of nitrate ions. This discrepancy is attributed to the
more stable molecules formed via spatiotemporal post-discharge processes and the spraying
mechanism that enables the absorption primarily of molecules with higher Henry's constants.
This characteristic allows for effective treatment of larger volumes, albeit with reduced effi-
ciency compared to the Batch and Venturi systems. The Falling Film configuration presents
moderate efficiency and offers unique advantages in specific scenarios where controlled reac-
tions are necessary.

On the other hand, the Spray Tower and Venturi configurations remain the safer prototypes,
earning SIL1.83 and SIL2.17 ratings, respectively, because of their efficient flow control and
separation between plasma sources and operational components. Meanwhile, the GAD-Batch
and Falling Film configurations have a worse safety profile because of uncontrolled plasma
gas and the proximity of the electrical part and plasma source to operational areas.

Ultimately, by analyzing the interplay between the efficiency and safety of each configuration,
the Venturi configuration emerges as the best reactor option. Its design facilitates high plasma
generation and effective mass transfer, resulting in outstanding conversion rate performance.

Additionally, the Venturi systems operate in safer conditions, achieving a SIL2.17 safety rat-
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ing. This balance of high efficiency and robust safety measures positions the Venturi configu-
ration as a preferred choice for industrial applications. This ensures that operators can achieve

optimal performance while minimizing risks associated with electrochemical reactions.

Safety Efficiency
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| GAD-Batch

GAD-Spray Tower

GAD-Venturi Compromise zone _  GAD-Venturi

GAD-Batch

GAD-Falling Film

GAD-Falling Film GAD-Spray Tower

Figure 39. Plasma GAD reactor classification based on performance and safety levels
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Introduction

This chapter is a manuscript titled —" A novel approach of Catechol production assisted by
plasma process: Lab-Scale experiment and modeling, Commercial-Scale Design and Economic
Evaluation”, recently published in the Journal of Chemical Engineering. No changes have been
made to the original content, except for the layout, word editing, and presentation of more
precise information.

This chapter presents the experimental results of phenol conversion into catechol and its me-
someric obtained by GAD-VNT and GAD-ST separately. Based on these results, a comparison
study based on conversion rate and selectivity was carried out to propose the best configuration
for an industrial-scale extrapolation for massive catechol production.

The experimental study was followed by a modelling work of the mass transfer and Kinetic
models of the GAD-VNT process. The aim is first to validate the proposed mechanisms for the
conversion of phenol with a view to subsequent optimization of the process. Based on the ex-
perimental results, the model will then calculate phenol by-product constant rates using COM-
SOL software.

Thus, based on the previously conducted experimental and modelling results, we have chosen
to use HYSY'S software to design and present an industrial scale for catechol production. The
simulation of this process was carried out in three complementary actions:

Firstly, the physicochemical properties of plasma species were estimated. This action was con-
ducted using the HYSYS estimating function available for newly added components. The es-
timating results were used to predict the behavior of these species in the process simulation
study and defined the plasma's reactivity under different process conditions.

The second step consisted of designing the proposed process in the HYSYS flowsheet window
and defining the streams and equipment parameters. Then, a parametric study was conducted
to study the dual influence of inlet flow rates and feeding phenol concentration on the process
selectivity.

The third action was to determine the financial feasibility of the developed process. This later
consisted of calculating the total capital, operating costs, and product sales using Aspen Process
Economic Analyzer (APEA) software. The financial feasibility was determined by comparing
the calculated costs and revenues. This study aims to propose a suitable process flowrate scale

and phenol concentration that presents promising beneficial revenues.
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Before embarking on the design and realization of this project, it is necessary to review the
state of the art in terms of utilities, the limits of existing processes and the volume of the cate-
chol market. This preliminary study provides a superficial overview of the technical and eco-

nomic feasibility of the novel process.
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1. State of the art of catechol production processes

1.1 Physicochemical properties

Catechol, also known as pyrocatechol or 1,2-dihydroxybenzene, is an organic compound made
up of two hydroxyl groups attached to a benzene ring, making it a member of the phenolic
family. This compound is of major interest to me because of its distinctive physicochemical
properties. At room temperature, it appears as white to yellowish crystals, either crystalline or
powder. Its solubility in polar solvents such as water, ethanol and ether make it a hydrophilic
compound [144]. However, its reactivity with atmospheric oxygen can lead to the formation of
brown pigments called melanins, a common phenomenon observed in fresh cut fruits known
as enzymatic browning [145].

Furthermore, Mr Md Sohel Rana and her colleagues have identified a rapid oxidative browning
of combustion and biomass burning substituted catechol pollutants at the air—water interface
enabled by nitrate radicals [146]. This ability to form quinones by oxidation is often exploited
in various applications. In addition, its oxidative potential of about 0.18 V ensures a specific
chemical reactivity with oxidising agents, acids, bases, metals and reducing agents, making it
a versatile and valuable compound in many fields, including organic chemistry for the synthesis
of pharmaceutical and agrochemical compounds, as well as in the polymer, adhesive and dye
industries. Its potential to form complexes with various transition metals also offers catalysis
and coordination chemistry opportunities. The physicochemical properties of catechol make it
a compound of great scientific and industrial importance, although its sensitivity to oxidation
requires appropriate handling and storage to retain its desired properties.

1.2 Applications
Catechol is an organic compound of major interest in many industrial and scientific fields. Its
intrinsic characteristics, including its solubility in various polar solvents such as water and eth-
anol, its distinctive melting and boiling points, its chemical reactivity and its ability to form
complexes, make it a versatile element in organic chemistry, pharmacology, polymer industry,

materials engineering, cosmetics industry, catalysis and many other fields.
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1.2.1 Pharmacology and biomedical

Catechol has crucial participation in drug conception and medicinal chemistry, where it found
that 78 of 8659 drugs of the Comprehensive Medicinal Chemistry (CMC) database and more
than 19 agents between oral and injectable were approved by the U.S. Food and Drug Admin-
istration (FDA) database are Catholics, the identified catecholic drugs present different phar-
macological effects such as antioxidant activity, bronchodilator, adrenergic, antiparkinsonian
and antihypertensive [147]. The oxidative potential of catechol (about 0.18 V) makes it a great
antioxidant agent that is attributed to the fact that the semiquinone radical derived from H-atom
donation of catechol can be stabilized by an intramolecular hydrogen bond and the electron-
donating properties of the ortho-OH [146-148]. Maria Koufaki and her colleagues have syn-
thesized substituted chromans by catechol derivatives and studied their ability to protect cul-
tured cells from H20> caused DNA damage [149]. Moreover, Hee Soon Shin and his coauthors
found that the catechol group was responsible for the anti-inflammatory effect of Chlorogenic
and caffeic acids by scavenging reactive oxygen species (ROS) [150]. Advanced neuro re-
searchers found that catholic moieties can be an effective therapeutical agent for one of the
most crucial social problems caused by senile diseases known as Alzheimer's Disease, where
it found that a specific catholic derivative class invented by Pr. Fukazawa et al. serves to inhibit
the progressive disease and promote the production and secretion of nerve growth factor that
enable the degenerated nerves of central nervous system to recover their functions [151].

Another specific catholic class named catecholamines plays a crucial role in different physio-
logical metabolism activities. Catecholamines like dopamine, epinephrine, and norepinephrine
are neurotransmitters naturally produced in the adrenal medulla to control cardiological activ-
ities; they also regulate airway reactivity, blood pressure and other metabolic functions [152].
Catecholamines are highly described as either injected or drunk medicines to solve cardiolog-
ical problems. However, the excess of catecholamines amount leads to the dysregulation of the
outlined activities [153]. Elevated catecholamine levels after Traumatic brain injury (TBI) lead
to peripheral vasoconstriction that results in arterial hypertension, an increase in cerebral blood
flow and raised intracranial pressure. [154] It also increases oxygen demand by the heart and
brain, causing cardiovascular dysfunction and possibly further brain damage. Recent research
found that excess catecholamines have the same outcomes as COVID-19, which might be key
mediators in COVID-19 [155]. Catecholamine drugs are usually produced via an extraction or
chemical reaction processes; a recent work by Lin Dong and his mates developed three ways

for the production of dopamine with different row materials such as vanillin, softwood lignin
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and catechol that was converted into dopamine by a chemical process based on enzymatic re-
action [148].

Catechol compounds have further biomedical applications, such as diabetic wound treatment,
where catechol-functionalized hyaluronic acid (HA-CA) shows a promising result and is nom-
inated to be the novel therapeutic strategy [156]. Furthermore, functionalizing drug molecules
with catechol moieties allows for targeted delivery and control release; they have also shown
an anti-microbial effect where the double hydroxyl function allows them to disrupt bacterial
biofilms and inhibit viral attachment. Wei Zhang et al. |. Have developed an interesting review

of the biomedical applications of a functionalized hydrogel by catechol groups [157].

1.2.2 Technical applications
Rather than biomedical and pharmacological uses, catechol derivatives and catechol function-
alized polymers remain very useful for other fields, such as environment, surface adhesion, and
energy storage. Many recent works have found that functionalized polymers with catechol moi-
eties serve as a versatile solution for environmental problems and water treatment, such as

metal chelation, organic contaminant removal, water filtration and liquid separation.

Water remediation

Polydopamine is one of the most common catechol-functionalized polymers. Specially nano-
particles of polydopamine, which are characterized by their high-level active sites, are used as
a typical adsorbent; Farhadi et al. have used polydopamine nanoparticles for coper absorbance
as a water purification process, where it reached in 4.5 hours an absorbance capacity of 34.4
mg g%, this low absorbance capacity is reported to the low surface area of the outlined materi-
als. Thus, a combination synthesis process of nanoparticle polydopamine with a large surface
area absorbent material is highly required; therefore, Gao’s Groupe have synthesized a poly-
dopamine-modified graphene hydrogel with a surface area of 310.6 m? g%, the resultant hydro-
gel has increased the absorbance capacity about 1.4 times for Cd (I1) and 3 times for Pb (1)
comparing to pristine graphene hydrogel, it was measured to be 145.48 and 336.2 mg g re-
spectively. [158]. Moreover, a fascinating work was developed by Mr P. Karthik and his col-
leagues and resulted in the synthesis of a catechol-TiO> carbonaceous polymer that is stimu-
lated to be visible-light active with a band gap of 1.9 eV. The synthesized hybrid material
enhanced the photocatalytic activity compared to pure TiO2 for Cr (V1) reduction and solar
light-driven Hz production 5 to 10 times, respectively. [159]. Catechol-functionalized polymers

can also serve for water/oil separation based on their surface hydrophobicity. Accordingly,
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metal-catechol polymer films were prepared using Fe and Cu metals to study their water puri-
fication ability. The prepared polymers showed high textile dye removal, especially at lower
concentrations. The metal-catechol polymers have presented a good water-oil separation,
where it found that Fe-catechol polymer coated cotton is the best water/oil separation mem-
brane with a separation ratio of more than 99%; the membrane has conserved the same ratio
even for 50-cycle treatment.[160].

Coating
Catechol functionalization of solid material has become one of the most researched interest

works; this action can be conducted either by direct graphing of catechol moieties on their
surfaces or by applying a specific coating characterized by catechol functions; this functional-
ization directly affects the material properties, which can be very useful to ensure some re-
quired activities like anti-corrosion, adhesion, anti-fouling and much more others. For instance,
applying metal-catechol coating on cotton has modified its hydrophilicity and wettability where
water drops showed non-adhesion to the surface, the coated cotton is superhydrophobic with a
contact angle of more than 160° instead of 0° for the pure cotton [160], further researchers have
developed new copolymer coatings based on catechol and comonomers like PEG(meth)acry-
lates, long-alkyl chain (meth)acrylates and fluoroalkyl (meth)acrylates in order to control the
hydrophilicity-hydrophobicity of the synthesized coatings where their contact angles go from
40° to 172° based on different substrates and coating conditions such as PH and composition
[161].

Once more, catechol's anti-oxidant feature, due to its oxidative potential, has motivated scien-
tists to develop a novel coating bearing catechol moieties to ensure the anti-corrosion function
of the coated surface. Naito and his co-authors have taken advantage of the versatile and robust
banding of catechol and free-layer polymers to form a firm and transparent coating in the pres-
ence of hydrophobic alkyls; the formed coating has shown an excellent anti-corrosion feature
on copper, aluminium, iron, and Magnesium in different corrosive mediums such as acidic
solution and salt-water mediums [162]. These metals have unique physicochemical character-
istics. For instance, Magnesium is widely used in the electronic and automobile industries be-
cause of its lightweight and potent properties. However, it has a very low oxidative potential
(E°=-2.73 V), which makes it susceptible to fast and harmful corrosion. In this context, sol-gel
has shown good Magnesium corrosion resistance, but only for a limited protection period of

3days in saline solution; therefore, the Jiao li group have developed a novel sol-gel coating
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based on catechol/lysine copolymer, which in turn has extended the protection period of Mag-
nesium alloys to 18 days in NaCl solution (C= 0.1M).[163]. Furthermore, catechol molecules
have strong binding forces to a wide range of surfaces, which in turn offers strong adhesion
properties; the cheng-yuan Feng group have taken this advantage for the metallization of the
Polyphenylene Sulfide (PPS) surface with thin copper layers. The strategy consists of fixing
the catechol/polyamine functional group on the polyphenylene sulfide that ensures a strong
copper layer adhesion to the factionalized PPS; the deposed copper layers exhibit good corro-
sion resistance in acid, alkali and salt-corrosive mediums. [164]. Moreover, in order to prepare
a bilayer piezoelectric composite, Vincent Bouad et al. have developed a novel approach to the
use of a macromolecular coupling agent, where the method rivals the functionalization of poly
methyl methacrylate (PMMA) by catechol moieties which offer a large interfacial surface and
strong adhesion properties. This macromolecular coupling agent was first deposed on the pie-
zoelectric ceramic surface. Then, the modified surface was coated by the piezoelectric copoly-

mer P(VDF-co-TrFE) to form the desired bilayer piezoelectric composite.[165].

Energy
Due to its electrochemical properties, the functionalization of surface materials with catechol

moieties can enhance their energy level and ensure photocatalytic activity and energy storage.
For photocatalytic activity, it was found that catechol functions improve the visible light ab-
sorption and broaden the bandgap of the functionalized semiconductors. Accordingly, Sadman
Sakib and his mates used catechol molecules as photo-absorption amplificants to enhance the
photocatalytic activity of metal oxides. The study was started by the adsorption of catechol-
type ligands on the metal oxide surface by forming complexes with metal atoms through adja-
cent phenolic —OH groups; the adsorbed catechol function has raised the visible light absorp-
tion yield, which ensures a safe, economical and effective photocatalysis, photoelectrochemical
biosensing, and solar cell applications. [166]. Subsequently, P. Karthik et al. shifted the TiO>
bandgap to the visible light region by the formation of catechol-TiO carbonaceous polymer,
where it found that 1.0 wt% of this later tailored the bandgap of the TiO> from 3.1 to 1.9 eV.
The resultant material has shown 10 times solar light-driven H> generation yield toward sus-
tainable energy production compared with pure TiO». [167]. More importantly, electrochemi-
cal energy storage (EES) systems are one of the modern solutions to solve the potential energy
crisis. However, current EES storage systems could hardly satisfy the booming development

of a safe, green and sustainable society. In this regard, researchers have conducted thousands
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of studies that found that catechol polymers remain the most suitable solution for designing
safe, low-cost, and sustainable next-generation EES devices. Catechol in the acidic medium
can be easily converted to ortho-quinone by a tow-electron oxidation process; the produced
form presents a strong aromaticity that increases redox potential and improves the reaction
reversibility, appearing as strong energy density and long cycle life, respectively. Indeed, this
catechol/ ortho-quinone redox reversibility has been extensively used in aqueous-based
pseudo-capacitors and proton batteries. Moreover, as discussed in the previous section, cate-
chol has shown a high metal chelating; this interesting catechol property has been used in metal
ion batteries. This is highly desired in the design of catechol-based universal electrodes com-
patible with battery chemistries, including mono and multivalent cell configurations. [168] In
addition, bioinspired redox-active (macro)molecules bearing catechol function like polydopa-
mine that offer a high carbon yield, robust wetting and adhesion capabilities, as well as a re-
versible redox activity to store electrons/metal cations constitute a promising class for the de-
sign of a safe, economical and sustainable electrochemical energy storage devices (the next-
generation energy storage devices) [ 169-171]. Furthermore, Choi et al. have modified the lith-
ium-ion batterie separator with polydopamine moieties; this modification has increased the hy-
drophilicity of the separator with a contact angle of 39° instead of 108°, which in turn increased
the uptake amount of the electrolyte by 30% that improved the batterie performances [172-
174].

1.3 Production processes

1.3.1 Natural accurence and recuperating process

As discussed in the previous section, catechol shows a wide range of significance both in nat-
ural systems and industrial processes. In nature, plants are the most prominent occurrence of
catechol [175-178], which serves as a precursor in the biosynthesis of plant hormones, partic-
ularly auxins. These hormones play pivotal roles in regulating plant growth and development,
influencing cell elongation, root formation, and fruit development. Catechol also participates
in plant defense mechanisms, acting as a signaling molecule in response to environmental
stresses and pathogen attacks. For instance, a fresh cut remains harmful damage to the fruit
defense system; at that time, the contained catechol on the cut surface reacts with the oxygen
present in the air, forming a brown pigment on the cut surface as a signaling response to the
harmful attack [145].
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Indeed, catechol can be recovered from various plant sources using isolation methods, where
liquid extraction remains the most useful technology. Link and Walker have reached out an
analytically pure catechol production from a pigmented onion using an acetone extraction pro-
cess; the process consists of using acetone as an organic solvent where catechol is highly dis-
solved, and the residue is washed by water in order to separate the water-soluble from the
water-insoluble substances [178]. Catechol can also be synthesized from other natural biocom-
ponents like lignin [179, 180]

1.3.2 Lab synthesis

The catechol produced from these processes has been found to meet market requirements.
Therefore, researchers have developed a wide chemical synthesis route for this later. Le Yanga
used mineral hydrochloric acid catalysis to convert guaiacol to catechol in high-temperature
water; a conversion rate of 99% was achieved in specific pH, temperature and pressure condi-
tions [181]. Subsequently, D. P. Ivanov proposed another catechol and hydroquinone produc-
tion method by oxidizing phenol with nitrous oxide oxidant [182]. Both the dihydroxylation of
benzene and a simple hydroxylation of phenol can produce catechol compounds [183, 184].
However, these synthesis routes present a lack of greens and environment compatibility, which
encouraged K. Pamin and his mates to develop a green hydroxylation of phenol into catechol
by using glycerol as a solvent medium with the presence of hetero-poly compounds, tung-
stophosphate ions have shown the best Catechol yielding rate [185].

Furthermore, advanced oxidation processes (AOPs) like photocatalysis, Fenton and non-ther-
mal plasma have shown interesting results in converting phenolic compounds as water depol-
lution processes. Azizi et al. have used the Fenton-Enzymatic process as a phenol chemical
removal process; the process achieved a global conversion rate of 54%, where hydroquinone,
benzoquinone and catechol were found as the major organic intermediates with maximal con-
centrations of 26.4, 8.54 and 36.63 mg L™ respectively [186]. Besides, Huixian Shi et al. have
used a photocatalytic process for the conversion of phenol to catechol and hydroquinone com-
pounds with a conversion rate of up to 87.8% with a yield of 37.0% and 27.4% for CAT and
HQ, respectively [187].

1.3.3 Industrial production
Catechol can be produced from natural biocomponents like glucose [188] and lignin, the most
abundant biomass components and a major waste by-product from the pulp and paper plant,
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wood and food industries. In such processes, lignin is converted into catechol by a direct hy-
drothermal cracking process with a low conversion rate. Therefore, catalytic cracking was per-
formed to improve the production yield [189].

Traditionally, catechol is mainly produced in the industry by the alkaline hydrolysis of dichlo-
robenzene, 2,4-sulphonic-5-phenol or o-chlorophenol [190], or by oxidation of petroleum com-
pounds like phenol, benzene and cyclohexene [191-193]. Indeed, James and Willingford have
developed an interesting catechol manufacturing process [191], using KA-Qil as the main row
material. FigueO1 presents the block flow diagram of the outlined process, where it is clear that
the process is mainly composed of 4 stages; hydrotreatment, dehydration, oxidation and dehy-

drogenation.
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Figure 40. Conventional catechol production diagram [191]

According to the process, The KA oil, a mixture of 60-80% cyclohexanol with 40-20% cyclo-
hexanone, is first distilled to separate the cyclohexanone from the cyclohexanol. Then, the sep-
arated cyclohexanone passed by a catalytic hydrogenation process using a divided catalytic bed
of copper chromite at about 150 to 350°C and about 1500 psia H2. The resulting product is
subsequently distilled to form additional cyclohexanol and some residues; the formed cyclo-
hexanol is added to the original. Hence, the cyclohexanol is dehydrated to cyclohexane on a
fixed bed catalytic hydration process in the vapor phase at temperatures of about 3000, em-

ploying gamma alumina catalysts; this dehydration represents the second stage. Whereas the
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third stage oxidation of cyclohexene to form 1,2-epoxy-3-hydroxycyclohexane (HEC), this ox-
idation is achieved by making cyclohexene in contact with air or oxygen in the presence of an
ion-exchanged bimetallic catalyst like cobalt or copper

and vanadium-exchanged x-Zeolite. These reactions are generally carried out in the liquid
phase at temperatures ranging from about 25 to 150°-200°C for periods of about 1 to 10-20
hours with a conversion rate of about 30%. The unconverted cyclohexane is separated from the
material product by a distillation process and then recycled to the oxidizer unit, as shown in
the flow diagram. The 1,2-epoxy-3-hydroxycyclohexane is the dominant oxidation product
material with a 50-60% ratio. Whereas 35-40% of the material products represent the volatile
by-products like cyclohexene oxide, 2-cyclohexene-1-ol and 2-cyclohexene-1-one and only
5% for residue that comprise heavy materials such as dimers and polymers of oxidized olefin.
A distillation unit separates the product mixture; the volatile oxidation materials are recycled
to the hydrotreater after being converted to cyclohexanol by a hydrogenation process.

The fourth stage consists of converting the HEC separated from the distillation unit to catechol
by a dehydrogenation process in the presence of Group VIII transition metal like palladium,
platinum, or ruthenium fixed on an inert support such as alumina as a dehydrogenation catalyst;
the catalyst should be present in amounts of from about 1 to 10 weight per cent based on the
weight of the starting material. The reaction can be carried out in either the liquid or vapour
phase; for the liquid ones, it is desirably carried out at temperatures of from about 175° to
350°C using high boiling alkyl or aralkyl hydrocarbon solvents such as phenyl dodecane or
dodecane.

The dehydrogenation products are then separated by a distillation unit, where catechol is re-
covered. The hydrogen generated is recycled to the hydrogenation unit, as shown in the accom-
panying diagram.

This method requires the installation and subsequent removal of the guide group in advance,
which results in low atom economy and high synthesis costs. Therefore, a recent invention was
patented to solve the outlined problem by providing a novel synthesis method of catechol com-
pounds with simple conditions, low waste emissions, simple reaction equipment, and easy in-
dustrial production [192]. The invention consists of combining a cyclohexanone compound
with sulfone or sulfoxide, which are mixed and reacted under a catalytic action; the catalyst is
selected from any one of the iodine elements, bromine element, N-iodosuccinimide, N-bromo-
succinimide, hydrogen iodide and hydrogen bromide, while it is preferably to be elemental

iodine.
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The molar ratio of the sulfone or sulfoxide and the cyclohexanone compounds is 1000:1 to 1:1,
and the cyclohexanone compound to the catalyst is 1000:1 to 1:1. The solvent is preferably to
be methanol, ethanol or acetonitrile with a dosage of 0.02 to 2 mol L™, and the reaction tem-

perature is fixed to be 60°C. The synthesis route is as follows:

0 o OH
R AL S\ -OH

N 4 S QU R 69

R R27NR3 R (R69)

() () (1)

R?, R? and R® are selected from hydrogen, alkyl group, alkoxy group, aryl group, substituted
aryl group, aldehyde group, ester group, carboxyl group and amide group.

One of the most used processes for catechol production was the oxidation of phenol in the
presence of iron compound as a catalyst [193]; the process was carried out on an industrial
scale by adding hydrogen peroxide solution to a phenol solution with a mole ratio of phenol to
hydrogen peroxide fixed preferably within the range of 1:0.05 to 1. The catalyst used should
be below 1 mole per cent based on the phenol feed and preferably within the range of 0.0001
to 1 mole per cent, although carrying out the reaction within the range of 40 to 100° C is pref-
erable. The oxidation of phenol to catechol was found to be accompanied by the production of
hydroquinone. Therefore, any modification of the phenol/hydrogen peroxide molar ratio or
catalyst amount will significantly affect the process selectivity. That is, the larger the ratio of
hydrogen peroxide is, the more the conversion rate will increase, while it will be lower for a
larger phenol ratio. Subsequently, if the conversion of phenol is too high, dihydroxybenzene
will be further oxidized to produce higher oxides, and thereby the selectivity of the reaction

will be reduced.

1.3.4 A novel catechol production process
The biggest limitation of these traditional synthesis methods is that they have low selectivity
and generate a variety of products, which causes certain difficulties in the separation and puri-
fication of the target product; these processes also present further disadvantageous like the
number of stages including numerous operations units accompanied by a high production cost
and a lower environment compatibility. Therefore, a novel process for catechol production is
proposed to overcome the conventional process limitations and ensure a high-level production;

the process consists of using non-thermal plasma technology as a source of hydroxyl radicals
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to react with phenol molecules without any catalyst material. The process comprises 05 oper-

ation units defining 03 operating stages, as follows:

Plasma produc-

Phenolic so-
ion prepa-

The first stage consists of preparing the reagent materials, where phenol ether in a solid or

Figure 41. Principle operations in the proposed process

liquid form is mixed with ambient water using an agitated tank to ensure the homogeneity of
the prepared solution. In contrast, plasma reagents are prepared in the gliding arc discharge
reactor; this reactor consists of applying 9000 eV on a gas flow passing between two diverging
electrodes. Argon, nitrogen, and oxygen can be used as inlet gas flow; however, from an in-
dustrial point of view, it is preferable to use air as the feeding gas according to its abundance,
low cost and operability, even if it may affect the process selectivity for the desired product
due to the varied produced plasma species.

The produced reagents are then driven to a biphasic reactor to ensure the desired reaction; this
later comprises an absorption system and plug flow reactor. The venturi contactor was chosen
as the absorption system for the conducting study according to the high offering interface area.
However, other systems like pulverization, film, or bubble contactors can also be used. The
mixture is then passed by a plug reactor where phenol is converted to catechol with a slight
quantity of nitrophenol hydroquinone and resorcinol byproducts. This step represents the sec-
ond stage. The last stage remains the purification of the produced catechol. That is conducted
by a separating unit, preferably a distillation one, where the unreacted phenol and the byproduct
are separated based on their volatility.

It is important to mention that the proposed process works in normal conditions such as tem-
perature and pressure, which makes it easy and advantageous to carry out on an industrial scale.
The use of air as feed gas and phenol as the primary reactive present an economic significance
by ensuring a low row material cost as well as a green process feature, while the use of water

as a medium solvent offers a safer operating level.
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2. Experiments

This section focuses on determining the plasma phenol by-product and choosing the right
plasma GAD configuration based on the hydroxylation rate, conversion rate and reactor selec-
tivity to the desired by-product (catechol). For the Gliding arc discharge, there are three oper-
ating modes such as direct, post-discharge (PD) and spatiotemporal post-discharge (STPD)
treatment; these modes present a different performance based on the produced plasma reagents
and the operating conditions. The STPD was chosen for the study according to its continuity,

easy implementation on industrial scale and safer operating condition.

2.1. GAD reactor

The STPD was chosen for the study due to its continuity, easy implementation on an industrial
scale, and safer operating conditions. However, the conventional configuration (GAD-ST) pre-
sents an important limitation regarding hydroxylating power and conversion rate. Therefore, a
new GAD configuration named GAD-Venturi (V) is proposed to offer better mass transfer and
chemical reactivity performance. A comparative study was conducted with the conventional
indirect treatment reactor (GAD-ST).

Figure 42 presents the GAD-Venturi (V) configuration; this later involves the same principle
of plasma gas production as GAD-ST but a different gas-liquid contact system. For the con-
ventional one, the liquid solution is sprayed on counter-current with the plasma gas; this system
presents a low liquid gas interfacial area while the Venturi system presents a larger one that
allows a better plasma transferred masses, the fluids (liquid and plasma) circulate in co-current
for 100 cm into a spiral hose in order to increase the residence time that ensure better perfor-
mance as well. Both GAD-ST and Venturi characteristics and parameters are detailed in Chap-

ter 11 and kept the same in this section..
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Figure 42. Schema of GAD-V reactor

2.1 Discharge characterization

Optical emission spectrophotometry (OES) was used to determine the various excited species
present in the plasma phase during the discharge. The optical fibre was placed at the centre of
the discharge, and the analysis was carried out at the 190 to 900 nm wavelength range.

Figure 43 presents the Optical emission spectrum of the atmospheric plasma plum; four distinct
zones were identified. The first one extends from 230 to 305 nm and corresponds to the bands
associated with NO-type nitrogen species. The second zone extends from 305 to 325 nm and
is mainly the zone of *OH emission bands. The third extends from 325 to 340 nm and corre-
sponds to nitrogen species. Finally, the last zone, around 760 nm, corresponds to the oxygen
bands.

The analysis has shown a high intensity of hydroxyl radicals "OH that reflects their abundance
compared to nitrogen and oxygen radicals. This abundance gives the possibility to classify

plasma Gliding arc discharge as a promising source for hydroxylation applications.
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Figure 43. Optical emission spectrophotometry (OES) of the plasma GAD discharge

2.2 Plasma reactor performances
300 mL of Phenol solution (10" mol L) was treated using GAD-V and ST reactors separately
for different treatment times. Different analytical methods were employed to determine the
outlined configurations' performances.
First, the total organic carbon (TOC) was measured using a multi-N/C 2100S TOC analyzer
from Analytik- Jena. This study was carried out in order to compare the hydroxylating power
of the outlined reactors on phenol substrate; the analysis was followed by a calculation study

using the following equation:

coT =Y a; M) ¢ (Eq.48)
2
COT = Z Cio a; M(C) (1 = X;) (Eq.49)
i=1

C;o = initial concentration of spiceis "i" (mol/l)
C; = temporal concentration of spiceis "i" (mol/l)

nen

X; = temporal conversion rate of spiceis "i

a; = number of organic carbon in spiceis "i

M(C) = molecular wight of carbon (g/mol)

Table 14 presents the measured and calculated COT of the initial and final phenol-treated so-
lution. After 45 min plasma exposure time, the COT of phenol solution decreased from 60.8 to
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55.21 mg L* for the GAD-ST, while it reached 52,87 mg L1 for the GAD-V. For the non-
treated (pure) sample, it is observed that the calculated COT matches ideally the measured one
with values of 60 and 60.8 mg L, respectively; this overlapping result validates the proposed
equation (IV-2). According to the study on the GAD-ST by Ferhat et al., the hydroxylation
process was the first conversion step [131]. The hydroxylation process remains the first min-
eralization step, according to the organic compound definition, which can be explained by con-
verting one organic carbon from a benzene ring to a mineral one by replacing a carbon-hydro-
gen bond with a carbon-oxygen one. The hydroxylation rate was found to be 46% using for-
mula 03, while 48% was measured as conversion rate in the next section; this compromise
confirms that the reaction is of hydroxylation type. However, the slight difference can be ex-
plained by the presence the apparition of second-generation phenol by-products.

Table 14. Initial and final total organic carbon (COT) measured and calculated

Non-Treated Treated
Measured Calculated GAD-V GAD-ST
CT (mgL? 60.96 - 52.96 55.38
Cl (ug LY 154.3 - 233.5 172
COT (mg LY 60.80 60 52.96 55.21
X; 0% 46% 55

Secondly, Young Lin high-performance liquid chromatography (HPLC) was used to determine
the phenol conversion pathway and quantify the produced by-products. The analysis experi-
ment was conducted using a C18 chromatography column under 1 mL min-1 of ultrapure water
and acetonitrile mixture as mobile phases with 0.6 and 0.4 volume fractions, respectively.
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Figure 44. HPLC chromatograms of phenolic byproducts

Figure 44 presents the final by-product HPLC chromatograms. Accordingly, hydroquinone,
resorcin, catechol, two and 4-nitrophenol were identified, which can explain that atmospheric
plasma treatment of phenol can undergo both hydroxylation and nitration processes with une-

qual byproduct fractions. That is resumed as following:

OH

OH © NO;
OH OH OH OH 'E
OH &
sale! Cr
Z “OH U\\I‘I

Figure 45. Shema of phenol conversion mechanism

The hydroxylation process is conducted by electrophilic attack of hydroxyl radicals on the phe-
nol aromatic ring in the ortho meta and para positions relative to the OH group of the phenol
to give hydroxyl compounds: catechol, resorcinol and hydroquinone. Meanwhile, nitrogen di-
oxide radicals formed in solution react rapidly with phenol molecules in the ortho and para

positions relative to the phenol OH group, forming 2- and 4-nitrophenol.
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Catechol was the most dominant byproduct, with uneven production quantity for the GAD-V
and spray tower configuration. Such as, 46% of the phenol amount was converted after 45 min
of plasma GAD-V treatment time instead of 8% using GAD-ST, and the consumed quantities
were converted to 0.47 10x107 and 0.065 10x10° mol L™* catechol compound, respectively.
Table 15 presents phenolic byproducts mole fractions; the results show that the new configu-
ration, in addition to sureness in terms of conversion rate, also presents a high catechol produc-
tion selectivity, where it was found to be 97.6% and 81.6% for the spray tower configuration.

Table 15. Phenol by-product selectivity in spray tower and venturi plasma configurations

Oxidation by-products Nitration by-products

GAD-configura- ) ) p-Benzoqui- ) )
Catechol | Hydroquinone | Resorcin 2-nitrophenol | 4-nitrophenol
tion none
GAD-ST 81.60% 9.82% 0% 0.% 5.23% 335%
GAD-V 97.60% 0.61% 0.0.32% 1.23% 0.11% 0.44%

Generally, in reactive absorption processes the duality between mass transfer and the chemical
reaction phenomena determine the reactor performances and can be resumed in the following

properties:

(1) interfacial properties, expressed by interfacial residence time and area;
(ii) solubility, expressed by Henry's law constant;

(ii) affinity, expressed by the rate constant.

Plasma biphasic reactors are characterized by their instantaneous chemical reaction processes,
which delegate their mass transfer to the limiting step where plasma species have to pass all
mass transfer conditions that differ from one reactor configuration to another,

According to the penetration model that will be detailed in the next section, the exposer time

of liquid core elements at the interface level is calculated by the following equation [194]:

(OIIONG
%(Cu - Cw) (Eq.50)

t N =
exp (i) T ®;

Ci(?: concentration of species "i"at the interface "I" within the liquid
region (mol.l™1)
Ci(f)): initial concentration of species "i" within the liquid (mol.[™1)

@;: The average material flow of species "i" fromthe gas to the liquid region (mol L.
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Table 16. Modelling and calculated plasma GAD reactor parameters

Parameters
P(kW) 0,3
t(min) 45
V(L) 03
Dyonoo (m?s™1) 2.9x10°
@(molm32s71) 28.935
a (m™1) 5.56 33
[Phe]i (mol m~3) 1 1
[Phe]f (mol m~3) 0,9125 0,5416
[HONOO]g (mol m~3) 0,005 0,44
texp(S) 2.57x10° 19.9

Table 16 resumes the calculated residence times in both reactor configurations. It was found
that plasma gas species spend 7.74x10° times on the interface region using GAD-V when com-
pared to GAD-ST at the same operation conditions; this explains the fact that the conventional
configuration presents a higher amount of the long-lived species such as nitrite, nitrate and
other, these reagents are classified as the last plasma spices generation and characterized by a
low reactivity, which explains the low conversion rate presented by this configuration. How-
ever, the new one has shown a smaller amount of long-lived spices but a better conversion rate;
this can be explained by the presence of a higher amount of short-lived species that are char-
acterized by their high reactivity and instability; these spices have an extremely exciting level

which makes it difficult to be measured by a chemical method.

3. Modelling and simulating study

In the previous section, we presented the experimental results of plasma-phenol treatment, re-
actor performances and the identification of phenol derivatives after being converted by the
plasma GAD-V process. In light of the results obtained, a mass transfer model coupling

A novel kinetic mechanism has been proposed, depending on the physical and chemical char-
acteristics of the used reactor configuration.

To fully understand the subject and analyse the transfer, kinetic mechanisms, and the prediction
of the production constant rates of the identified by-products, digital modelling using COM-
SOL multi-physics software was a necessary tool to meet these objectives. Secondly, the novel
plasma catechol production process developed in section 01 is interesting to model to better

understand the different aspects and parameters that play a key role in the efficiency of the
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proposed process. HYSYS simulator software was used to simulate the proposed process of
calculating the industrial catechol production scale. This study was followed by an economic

simulation in order to predict the beneficial revenues of the proposed process.

3.1 Phenol byproduct constant rate prediction
Plasma Glow discharge is classified as a reactive absorption process where plasma reactive
species are produced in the gas region and transferred to the liquid ones. In spatiotemporal
post-discharge, STPD, the produced radical species react with each other in gas phases to pro-
duce a long-lived species like HONOO, N204, and H202, which in and after their transfer to
the treated solution can dissociate to a more reactive species, allowing the conversion of the
targeted molecules. This mechanism was developed by Ferhat and his colleagues for the deg-
radation of AG25 dye [131] and will be used in the conducting study to predict the constant

rate of phenol by-product production. Table 17 summarizes the outlined kinetic mechanism.

Table 17. kinetic reaction model

Plasma-chemical reactions Constant rates at 298 K
water .
HOONO® 5 No;® + *OH® (R64) | ki=6x10%s"
fepk— — 6 3 Tl
NOz(g) + NOZ(g) ¢ 2 2 5N204(g) (R 51) k2 602X 10 m mOI S
ko =4.4x 106 m3 molt s
NZO(g) N, 0(1) (R 52) He, = 36.67
—_ 3 -1
N204(l) ¢ N NOZ‘(I) + N02°(l) (R 53) ks =7 x10°s

k-3 = 4.5 x10° m® mol ! s!
(R54) | ks=10°sT

k -
N0 + H,0 —>N0; ¥ + 2H*

+No;©
NO (D) NO_(I) (R 65) k7 =1.3 108 S-l
— 7 m3 -1e-1
Phenol | py ol + “OH® P1 (R61) [ Kg=10"m*mol™=s

v _k — 106 m3 mol?L ot
Phenol + N0, — P2 (R61) [ Ks=10°m’mol™s

Accordingly, plasma reactions have extremely high constant rates compared to Henry's con-
stant; this comparison classified plasma chemical reactions as an instantaneous process, mak-
ing the mass transfer phenomena the limiting step determining such reactors' performance.
These reactors are characterized by their gas-liquid interface areas that control the transferred

plasma species; the proposed configuration "GAD-V" for spatiotemporal post-discharge based
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on the Venturi system creates a fluidic mixture with 10 times the surface area when compared
to the spray tower configuration. Spatiotemporal post-discharge allows only long-lived species
to participate in the phenolic conversion process. However, it presents a bit of complexity in
terms of modelling their transfer phenomena; penetration models have usually been used to
modulate complex systems regarding their simplicity and curability with plasma biphasic re-
actors; figure 46 represent the plasma penetration model; this model presents a liquid and gas
regions separated by an interface that represents a thermodynamic equilibrium, presented as

following:

e Gas-phase: perfectly homogenized phase where diffusion and convection defined the mass

transfer phenomena as following:

©)) 9
ac; 9%

aC(g)
—D; X —— L
ot PToox?

bugx g, (Ea 1)

With : wu; : fluid velocity in the domain (m.s™1), D; : fluid velocity in the domain (m.s™1), Ci(g ) concentration

Hi”

of species "i" in gas region (mol.m™3), Cl.(l): concentration of species "i" in liquid region (mol.m~3), R;: pro-

duction or consummation reaction rate of species "i" (molm=3.s71).

The created turbulence sent plasma species to the gas/liquid interface
o Interface: at the interface a thermodynamic equilibrium is described by Henry’s low:
c® =c® xH, (Eq.52)

Liquid core elements are sent by convection to the interface, where they remain there for an
identical interface exposition period “t,,,,”, during which they absorb plasma species from gas
phases through a unidirectional molecular diffusion mechanism, the transfer is described by
Fick's second law:

0G(Lx) _ | 0PG(hx)

m ; o3 (Eq.53)

e Liquid-phase: Charged liquid core elements are returned to be perfectly homogenized with
the core phase’s achieved by flow discontinuity, where diffusion and convection defined

the mass transfer phenomena.
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Ones again, the equation (3) is used for liquid region regarding the compatible mass transfer

"i"

phenomena to the gas one, with Cl-(l) instead of Cl-(g ) such as: Ci(l): concentration of species

in liquid region (mol m™)

Thermodynamic equilibrium
(He)

r.--hi
=1
N0, S !‘
F..

HooNa®s: I r
I

M0, —1
i
|

Hoong®  —

HOONDS) MO

u ) Wi
1\’#\‘-—-_____-—-""-)

Long lived species

Plazma phase Liquid phaze
Figure 46. Mass transfer penetration model in plasma GAD-V reactor

At the first stage, a time dependent simulation of both proposed mass transfer and kinetic mod-
els using chemical reaction and diluted species transport modules in COMSOL Multiphysics
5.5 version was conducted to predict phenol concentration's evolution during plasma exposi-
tion process. The predicted results were fitted to the experimental one in order to validate the

outlined models.

PhD thesis Bilal Belmekki 133



CHAPTRE IV. Catechol production process using plasma reactor

A Experimental data
Pridected data

0,9

0,8

0,7

Phenol (mol/l)

0,6

0,5

0,4
0 10 20 30 40 50

Time (min)

Figure 47. Evolution of phenol concentration during Plasma GAD-V treatment

Figure 46 presents the evolution of phenol concentration for both experimental and predicted
data. The plotted results showed a high compromise, which confirms plasma species inlet con-
centrations and validates the proposed mass transfer and kinetic reaction models for the new
GAD reactor. The inlet reagent flow rates were calculated to be 7.47x10” and 5x10® mol s™!

for NO2" and HONOO, respectively.

After the identification of plasma phenolic byproducts in the previous section, the parallel re-

action system for such byproducts is presented as follows:

K
Phenol + *0H® — Cathecol (R70)
K
Phenol + ‘OH® —> Hydroquinone (R71)
K
Phenol + *OH® —5 Resorcine (R72)
on K
Phenol + NOZ(D — 2Nitrophenol (R73)
on K
Phenol + NOZ(D — 4Nitrophenol (R74)

Once again, the proposed model was simulated using COMSOL 5.5 software. The calculated
concentrations were fitted to the measured ones in order to fix the byproduct's constant rates;

the procedures algorithm is presented in Figure 48.
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@ [HO ONO]gug_q B tE\p 3

y

Scenario of a Kinetic mechanism for phenol
degradation:R p,, = kyo .[Phe]. [HO'| + ky,, . [phe]. [NO;

Mass transfer: % +-V.DVe; +u. Vg = R

Prediction of phenol concentrations

r

| Phecq — Phegy,| < &

£=10"2

l‘l’ch‘

ko = ki1 + ko + k3

knoy = ke + kys ¢
r
|PYicar = [Pligy|
£=10"2
Mo
Yes

Validation byproduct constant rates

i:f11 ’ k12 ’ IF""]3 ' I.'.',-15 ’ klﬁ

Figure 48. Simulation algorithm

Figure 48 presents the final fitted results showing a great match to the experimental ones for
hydroxylation constant rates of about 9.81x10%, 6.13x10* and 3.43x10° m* mol™ s™! for cate-
chol, hydroquinone and resorcin, respectively. In contrast, the nitration ones are about 2x10°

and 8x10° m* mol! s”! for 2-nitrophenol and 4-nitrophenol, respectively. It is clear that catechol
p p
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has the highest production constant rate, which reflects the high affinity of the studied process
to convert phenol to catechol and is shown by its production selectivity factor when compared
to the other byproducts as discussed in the previous section. 2 and 4-nitrophenols have present
a constant rate bit higher than hydroquinone and resorcin but a less production quantity than
the subsequent ones, this can be explained by the minor quantity of nitrogen reactive species
comparing to hydroxyl radicals. It is important to notice that plasma chemical reactions are
superfast reactions, which can be preliminarily checked from their high reactivity presented by
a constant rate of around 10° m® mol™ s™'. In this context, the calculated Hatta number was
2.11x10° for the phenol hydroxylation reaction and 6.67x10* for the nitration one. These Hatta
values are extremely higher than those of the literature abacuses, which temporarily makes the
distinction between regimes such as reaction impossible. A special abacus for such reactions is

highly required and serves for the right process dimensioning.
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Figure 49. Evolution of phenol byproducts concentrations: measured and calculated

3.2 Process Simulation
This subsection focused on conceptualising and designing the novel catechol production pro-
cess that combines several chemical and physical activities such as feed preparation, absorp-
tion, reaction and product purification. The simulation was conducted using Aspen HYSYS

software (version 11) based on the experimentally fixed process parameters, such as mass
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transfer and kinetic mechanisms, and the determined byproduct constant rates. HYSYS is one
of the most used process simulators because of its interactable and simple interface. It provides
numerous functionalities that address the process engineering challenges in several industries.
The study was carried out in order to determine the physicochemical properties of plasma spe-
cies, fixe an industrial parametric scale for the proposed process and estimate its economic

revenues.

3.2.1 Thermodynamic model
In our simulation using HYSY'S software, the NRTL (Non-Random Two Liquids [195]) model
was used to simulate the conversion of phenol solution to catechol and estimate the physico-
chemical properties of the hypothetical components. The NRTL (Non-Random Two Liquids)
model is a thermodynamic model that describes liquid-liquid equilibrium (LLE) in mixtures of
two components. It is based on the concept of non-randomness in molecular interactions within
the liquid phase. The NRTL model is particularly useful for systems where the components

have different sizes and shapes, leading to non-ideal mixing behavior.

3.2.2 Component List

Table 02 presents all chemical components used in this simulation with all detailed properties
that allow the thermodynamic model to predict their behavior in the simulation environment.
Phenol, water, hydroquinone and N2O4 were directly added from the HYSYS pure component
list. However, oxygen and nitrogen radicals and phenol byproducts are unlisted. The latter have
been added as hypothetical components, and their physicochemical properties, such as the crit-
ical parameters properties, have been estimated based on the molecular weight, temperature
boiling point, and density that have been directly added from the literature. Meanwhile, plasma
chemical species like *OH, NO2" and HONOO were fully estimated based on experimental data
of catechol and phenol byproduct mass fraction after simulation of the production process using
COMSOL predicted constant rates and other parameters. The estimation study used a HYSYS
function called “Estimate unknown”.

Phenol byproducts are classified as isomers with the same molecular weight. However, the
position of the added hydroxyl function may show different properties like normal boiling
point, absorbance wavelength, liquid density and critical parameters; this difference allows the
separation of phenol by the product under specific conditions and special operation unit, like a
component splitter which separates the mixture based on different standard boiling point as

used in our simulation study. The simulation of the catechol production process fixed plasma
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radicals properties, where it shows that *OH, NO" and HONOO have a normal boiling point
of 30,35,35 C, respectively and liquid densities of 925, 995 and 615.75 kg m™, respectively,
too, the prediction study have shown different critical parameters of the outlined chemical spe-
cies.

Table 18 summarized all predicted data.

Table 18. Physico-chemical properties of the participation compound

Reagents (name Normal Masse Liquid Tc[°C] Pc[KPa] Vc[m?Kmole?]
& formula) Boiling | molaire (g  density

point [°C]
‘OH 17 923 233,87 7545,23 0,1953 b

NO; 35 46 995 244,69 8428,57 0,1879 b

HONOO 35 63 615.75 190,98 3285,29 0,314 b
N204 29,07 92,01 1463,43 158.00 10132 8,25 a

Phenol 181,7 94,11 1070 421.1 6121 0.2290 a
(Acide phénique)
(Acide carbo-
lique) CsHsO
1,2-Dihydroxy- 245 110,11 1340 525.05 3561.81 0.2196 b
benzene
(Catechol)
CeHsO:

1,3-Dihydroxy- 277 110,11 1280 556.41 3436.12 0.4134 b
benzéne

(Resorcin)
CeHeO2

1,4-dihydroxy- 286,5 110,11 1358 548,85 7450,00 0,3000 a
benzéne

(Hydroquinone)
CeHeO2

1,4-Benzoqui- 180 108.10 1320 448.03 4504.41 0.2923 b

none CeH+O2

(p-Benzoqui-
none)

2-Nitrophénol 216 139.10 1495 493.70 3732.93 0.1771 b
CeHsNO3

4-Nitrophénol 279 139.10 1480 565.15 3112.63 0.4074 b
CsHsNO3

a.From data b.Calculated.
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3.2.3 Process description

Figure 4 represents the process flow diagram of the novel catechol production process. Our
proposed process focused on using plasma GAD technology as a source of highly reactive
species. This process provides a simple, green, and efficient catechol production method by
directly hydroxylating the phenol substrate. This action can be resumed in three simple steps:
feed preparation, reactive absorption, and product purification.

The process was first simulated on a laboratory scale range concerning the conducted experi-
ment parameters to fix the process simulating parameters and conditions; then, an industrial
scale range was proposed by studying the influence of both phenol solution and plasma gas

flowrates on the catechol production masses.

—
resorcin
N hydroquinon
5
2
Remaining cathecol
Phenol —— ™ lasma
Phenolic Sas
Water MIX-100  solution ‘ 2-Nitrophenol
— PFR-100 4-Nitrophenol
Plasma ) —— .
Gas Mix PRODUCTS
T-100 =
energy X-100

Excess
water

Figure 50. PFD of catechol production process using plasma reactor

3.2.3.1 Feeds preparation
Air, water, phenol and high-voltage electricity are the main raw materials for our proposed
process. These impute present a low cost, Eco friendship and safe operability, which allow the
novel process to be easily implemented on an industrial production scale. In our simulation
study, plasma gas was directly added as an impute stream comprising the plasma spices defined
in the component list as hypotheticals after estimating their physicochemical properties. Figure

1 presents the feed preparation section.
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Figure 51. PFD of catechol production process using plasma reactor

Table 19. Input and outlet stream parameters for the feeds preparation section

Parameters Inlet Outlet
Phenol Water Plasma-air gas | Phenol  solu-
tion
Vapour Phase Frac- | 0.000 0.000 0.000 0.000
tion
% Temperature [C°] 20.00 20.00 50.00 20.00
g Pressure [atm] 1.000 1.000 1.000 1.000
Volume flowrate | 9,451x107 | 9,999x10" | 0.700 1.000x1072
[mSh—l] 3
Composition  (Mass | CsHsOH: H20: Air: 0.9082 CeHsOH:
fraction) 1.000 1.000 HONOO: 0.9999
0.0618
N204: 0.0301 | H.0: 0.0001
z Pipe diameter [m] 0.010
=
2

Table 19 resumes all information parameters of the inlet and outlet streams of the outlined
section. The plasma gas stream was fixed at 50 C°, 1 atm and 0.7 m® h' flowrate with a com-
position of 0.9082, 0.0618 and 0.0301 mass fractions of air, HONOO and N20s, respectively;
the composition was fixed concerning their concentrations in the previous COMSOL simula-
tion study, phenol and water feeds were mixed to generate a phenol solution stream at 20 C°, 1
atm and 0.01 m® h'* flowrate with 00.01% of phenol mass fraction that refers to a concentration
of 1 mM.
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3.2.3.2 Reactive absorption
Because of the plasma GAD nature, an absorption column was coupled with a plug reactor to
simulate the reactive absorption conducted by the GAD-VNT for the proposed process. At first,
the phenol solution passes in the counter current with the plasma gas flow in an absorption
column of 10 stages and normal pressure and temperature conditions. Table 20 presents the

highlighted streams and operation unit parameters.

Table 20. Input and outlet stream parameters for the Reactive absorption section

Parameters Inlet Intermediate Outlet
Phenol Plasma- Mixture Remaining | Products |Energy01
solution air gas gas

Vapour 0.000 0.000 0.000 1.000 0.000

Phase Frac-

tion

Tempera- 20.00 50.00 27.31 38.45 30.00

ture [C°]

Pressure 1.000 1.000 1.000 1.000 1.000

[atm]
Volume |1.000x10° 0.700 [2.962x10°| 0.7070 | 3.120x103
flowrate 2
@ | [mh]
§ Composi- | C6H50H Air: Air: Air: Air: 0.0003
3 |tion (Mass | :0.9999 0.9082 0.0002 0.9398
fraction)
H20: H20: H20:
0.9301 0.0215 0.7760
HONOO: | HONOO: | HONOO *OH:
0.0618 0.0544 :0.0290 0.0428
N2Og4: N20g4: N2Ogs: HNOa3:
0.0301 0.0152 0.0097 0.0233
CeHsOH: HNO::
0.0001 0.1573
Catechol:
0.0003
Heat flow 434.5
rate [KJ h]
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> Pipe diameter [m] 0.010
o
3
=
o
@D
=

Number of stages 10
= Volume (md) 3,927x10°
2 | Mixture Temperature 27.73
S (°C) 101.3
S} Mixture Pressure

(kPa)

The absorber volume was calculated to be 3,927x10° m? in lab scale simulation and 0.8836 m®
in industrial one. The lean gas is released into the atmosphere under normal pressure and tem-
perature conditions. The mixture effluent exits the absorption column with a plasma species
mass fraction of about 0.0618 of HONOO and 0.0301 of N2Os with a total flow rate of 2.743
kg h. The latter enters the plug reactor of 03 10 m3, where the reaction conditions are en-
sured. Figure 52 presents the reactive absorption system. Firstly, the long-lived species disso-
ciate to hydroxyl and nitrogen dioxide radicals, which react with phenol molecules to produce
catechol and other byproducts, as discussed in the previous sections. This reaction system pre-
sents an exothermic behavior responsible for a thermic energy release of about 399.2 kg h™.
The product stream effluent presents a catechol mass fraction of 0.0003 with 100% selectivity
concerning catechol. However, the product stream contains undesirable species like nitrite and
nitrate and may have an important other byproduct quantity for a large production scale. There-

fore, a purification system is highly recommended.

5
—_ Rem_aining
Phenolic Plasma
solution gas
— PFR-100
Plasma-air L L
gas Mixture % PRODUCTS
T-100
Energy1

Figure 52. PFD of catechol production process using plasma reactor
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3.2.3.3 Product purification
Figure 1 presents the purification system. Here, a component splitter was used to ensure the
purification of the produced catechol. This unit separates phenol byproducts, water and other
desirable components based on their normal boiling temperature. An energy of 6.457x107 kg
h"t was consumed for the outlined activity. The system provides a pure catechol flow of

8.583x10° kg h. Table 1 shows the resulting component flowrates.

Table 21. Input and outlet stream parameters for the feeds preparation section

Feeds preparation section

Parameters Inlet Outlet
Products Catechol | Remaining Energy02
water
Vapour Phase Fraction | 0.000 0.000 0.000
Temperature [C°] 30.00 30.00 30.00
Pressure [atm] 1.000 1.000 1.000
w | Volume flowrate 3.120%x10° 8.541e- 3.120%x10°
é [m3h] 007
3 | Composition  (Mass | Air: 0.0003 Catechol: | Air: 0.0003
fraction) H20: 0.7760 1.000 -
‘OH: 0.0428 H20: 0.6839
NO3-:0.0233
NO2-:0.1573 *OH: 0.0407
Cate- NO%:0.0387
chol:0.0003 NO?:0.2368
Heat flow rate [kJ h] 479.8
o | Pipe diameter [m] 0.010
w O
S 3
= 3
-+ O
@ S
= @
=,
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Figure 53. PFD of catechol production process using plasma reactor

4. Economic evaluation

4.1 Process economic study

An economic study was conducted using Aspen Process Economic Analyzer (APEA) software
to determine the financial feasibility of the proposed process. Total capital cost, Total operating
cost and total product sales were estimated concerning the process flow rates and component
concentrations.

Table 19 shows the main economic assumptions used in this study. It is a production plant
located in North America. The site is on the Gulf Coast in Texas, USA, for economic reasons
such as market access, utility rates and corporate income tax. The project is scheduled to begin
in 2025, with a construction period of 2.5 years and a commissioning and start-up (C&SU)
period of one year. Once construction is 100% complete, operations can begin. The plant is
expected to reach 50% of its capacity at start-up and, in subsequent years, will reach full ca-
pacity. It is estimated that the project will have a lifespan of 20 years, which is in line with
other similar processes and technologies. An annual discount rate of 8.0% has been applied to
consider the time value of money. In addition, the US Bureau of Labor Statistics in 2018 es-
tablished an inflation rate of 1.9% for the project's life [196]. To account for plant overhauls
and unscheduled shutdowns, an operating rate of 91% (7,992 operating hours per year) is as-

sumed.
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Table 22. Project economic assumptions

Component Price Reference

Water 17.44 USD m [198]
Phenol 1.1 USD kg™ [197]
Catechol 2.8 USD kgt [197]
Hydroquinone 7.7USD kgt [197]
Resorcin 7.9 USD kgt [197]
2-Nitrophenol 453.1 USD kgt [197]
4-Nitrophenol 460.1 USD kg [197]

The sizing of the equipment, its cost and the estimated price of the components ensure the
credibility of this study. Reference prices for the indexed API of phenol and its derivatives
were obtained from the PharmaCompass organization [197]. The catechol product was 2.5
times more expensive than the phenol reagent, a significant preliminary economic indicator. In
addition, the water solvent was estimated at USD 17.44 per 1 m® by the Canadian Water Safety

Agency [198]. All prices and references are summarized in Table 23.

Table 23. Materials raw and products prices

Parameters Values

Referenced Year of Project Initiation 2025

Project Life 25 years

Project Location Texas, US

Inflation rate 1.9%

Annual discount rate 8.0%

Construction period 2.5 years

Start-up (C&SU) period 1 Year

Operating hours per year 7992 hours (91% on-stream factor)

Since plasma gas does not have a precise price, an estimate was made based on the input gas
equipment and the energy consumed, resulting in 0.1738 USD h. It should be noted that this
competition price is based on free air used as fuel. The different methods of calculating the

price are set out in Table 24.
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Table 24. Plasma gas price estimating procedure

Item cost ‘ life time ‘ Reference  Cost (USD h')
, Alr com- 3775 25 [199] 0,0172
Equip- pressor
ment Plasma
GAD 5000 5 [200] 0,114
Air gas
- - FREE
(0,7m*h")
Inlets Eloctricit
ectricity B
0,142 USD kWh 196 0,0426
(0,3 kW h') ’ [196] ’
Plasnfa i 0.1738
gas price

The Aspen HYSY'S mapping action window was used to automatically map the process equip-
ment, except the mixer and component separator, which were mapped as a top open agitator
and multi-diameter tower from the list of operating units in the HYSYS map preview. HYSYS'
smoother sizing option automatically sizes the operating units according to the process flow
scale.

In addition to the lab scale flow rate, nine flow rate stages were selected based on the highest
masses of catechol produced, with a selectivity more significant than 95%. Table 25 shows the
results calculated with the corresponding flow rates. Equipment and installation costs, which
increase with the size of the equipment, are calculated by this simulation using the APEA soft-
ware. Usage and operating costs are high, reaching USD 2,861,260 year™ for the highest pro-
cess throughputs considered. Furthermore, the results demonstrate a linear increase in total raw
material costs as a function of process throughputs. These improvements even result in a high
overall investment cost, demonstrating increased product sales. By comparing product sales to
raw materials, utilities and operating costs for flow rates of 2 and 1 m® h* of plasma gas and
phenol solution, the calculations show that the process is starting to generate a beneficial in-
come. However, this information suggests a negative income if the total cost of capital is con-
sidered for the first year and can be balanced after 27 months of product sales. From the first
year, a net profit is generated for higher flow rates, increasing from 5819269.9 to 167065826.9
USD year™ for flow rates of 3 to 10 m3 h.
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Table 25. Catechol production economical cost and revenues summary

Plasma gas flow rate 0.7 2 3 4 5 6 7 8 9 10

(m*h™)

Phenol solution flow 0.01 1 2 3 4 4 5 6 7 8

rate (m® h?)

Catechol produced 0.0009 115.22 226.959 348.194 460.045 554.847 576.481 692.761 790 843.173

mass flow rate (kg h)

Selectivity (%) 100 98.63 96.62 98.56 97.35 95.37 97.84 97.92 95.14 96.05

Total capital cost 4712470 4772800 4891420 4907200 4988220 4988220 5047900 5047900 5108790 5110070

(USD)

Total operating cost 1644440 1798740 1950570 2102640 2253580 2253580 2407420 2556700 2711980 2861260

(USD year™)

Total raw materials 1652.06 138222 276995 415218 553991 553991 692213 830435 969208 1107430

cost (USD year?)

Total product sales 145155 2998090 12990600 | 13963900 47407800 15321700 23310600 37726400 153443000 1.76E+08

(USD year?)

Total utilities cost 50824.7 52345.1 52345.1 53612.1 53612.1 53612.1 54879.1 54879.1 57413.1 57413.1

(USD year™)

Desired rate of return | 20 20 20 20 20 20 20 20 20 20

(Percent year?)

P.O.Period (year) 0 0 4.8542 4.77406 3.33843 4.65891 3.96877 3.52721 2.96847 2.85559

Equipment cost (USD) | 72600 101200 112600 119400 125700 125700 143100 143100 157500 157900

Total installed cost 461900 493000 533400 541500 564000 564000 595300 595300 618300 618900

(USD)

Process revenues -6264231.76 | -3764017.1 | 5819269.9 | 6485229.9 | 39558396.9 | 7472296.9 | 15108187.9 | 29236485.9 | 144595608.9 | 167065826.9

(USD year?)

Sales/cost ratio 0.0228 0.4468 1.8248 1.8806 6.0812 1.9653 2.8610 4.4725 17.4565 19.4081
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Conclusion

Catechol production via a plasma hydroxylation of phenol solution can be a sustainable path-
way to meet future global catechol market demands. In order to overcome the technical and
economic challenges of the outlined process, this study investigated the use of plasma gliding
arc discharge as a powerful hydroxylation technology. The primary objective was reached by
the conceptualizing of a novel configuration called GAD-VNT. This later showed better per-
formances in phenol conversion rate and catechol production selectivity of 48% and 97%, re-
spectively, at 45 min of plasma exposure time. The second objective was to estimate the phys-
icochemical properties of plasma spices and simulate the plasma chemical processes for the
first time using HYSYS software. These properties help predict behaviors in different simula-
tion conditions. The third objective was to extrapolate the proposed process to an industrial
scale. Therefore, a process parametric study was conducted to fix a feasible value based on
catechol selectivity and production masses. This parametric optimization was followed by a
project economic feasibility, where it found that the process presents a promising revenue from
the first year for a process flowrate upper than 3 and 2 m® h'! of plasma gas and phenol solution,
respectively and can reach a maximum annual income of 167 million USD year™. The proposed
process presents further advantages like eco-friendship and high safety levels by using water
as process solvent instead of organic compounds, which are obviously employed in conven-
tional productions. This study can be used as a model for large industrial companies wishing

to integrate plasma reactors into their current processes.
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General conclusion

This thesis focused on the control of oxidative processes in plasma reactors. For this purpose,
a bibliographic study was carried out to determine and understand the different processes in
non-thermal plasma, from its creation to its interaction with the target molecules, whether in
gas or liquid. Plasma treatment of liquids includes a very important phenomenon which
strongly influences the effectiveness of these processes, namely the absorption of plasma spe-
cies into the liquid being treated. As these technologies have shown high performance in water
depollution, they also present selective limitations for chemical synthesis processes. Therefore,
different methods and means of controlling oxidative processes in these reactors have been
widely discussed.

A new glidarc apple GAD-V configuration has been developed in this thesis. The innovation
in this new configuration involves using the venturi system as the absorption system for the
plasma gas produced in a GAD reservoir. Like the GAD-ST configuration, the new configura-
tion features a spatiotemporal post-discharge treatment mode. However, the venturi system
instead of the spray column and the 1 m long spiral tube increased the latter's performance.
The properties of the four Glidarc plasma configurations were evaluated. The first study deter-
mined the overall transfer coefficient by a Simulink simulation of the phenol concentration
profile in a stripping experiment. Thus, experiments were carried out to monitor the acidity,
conductivity, concentrations of nitrite and nitrate ions and the evolution of total oxidants during
treatment. The results showed the influence of the discharge type and the absorption system on
the properties of each configuration. In a second step, the efficiency in these reactors was ex-
amined by measuring the decolorization, conversion and selectivity rates. The four reactors
presented different degrees of efficiency. Therefore, a more in-depth study was developed on
the reaction-mass transfer competition based on the double film theory to find the right config-
uration for the right application. The plotting of the concentration profiles of the reactants
within the liquid film explained the different properties and performances presented by the four
configurations well. Subsequently, a classification of the studied configurations was carried
out concerning phenol conversion rate, catechol selectivity and safety aspect (HAZOP-SIL
study), where the new GAD-V reactor showed the best formula of efficiency-safety couple
evaluation.

In light of the results obtained in Chapter I11, a new industrial process was developed aiming

at the massive production of catechol from phenol and using the GAD-V plasma reactor. The
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HYSYS simulation allowed us to conduct a traffic flow optimization study to evaluate conver-
sion rate, selectivity, and economic aspects. The calculations indicate that the process presents
a beneficial income from the first year for a flow rate of 2 and 1 m® h'* of plasma gas and phenol
solution, respectively. Moreover, it can recover the total capital cost for 27 months of product
sales. For upper flow rates, a net profit is achieved from the first year and increases from 5.82
to 167 million USD year™ for the flow rates scale from 3 to 10 m® h'™.,

The general objective of this research thesis is to place the plasma reactor in a homogeneous
classification with other conventional reactors and also to guide applications, decontamination

or synthesis according to chemical control and/or a given type of reactor.
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Annexes 1.1 The determination of total oxidants by the KI method [201]
The potassium iodide-starch (KI-Starch) test, is a detecting method of the oxidizing agents. It
is often applied to measure total oxidative species (TOS) in plasma. The test relates to the
oxidation of iodide (I") to iodine (I2), which forms a blue complex with starch. The intensity of
the color is proportional to the amount of oxidizing species present in the sample.

The principle of the analysis of total oxidants by the KI-Amidon method is based on two main

stages, such as:

The oxidation of iodide ions (1) into iodine (12):

In an acidic medium and in the presence of anions iodide, plasma oxidants have an oxidation-
reduction potential greater than that of the 12/1- redox couple (E°= 0.621 V), are capable of

oxidizing the iodide anion I- into iodine (12), to give water (H20).

The reaction between the iodine and the starch:

Starch is a carbohydrate found in plants. It consists of two different types of polysaccharides
that are made up of glucose units which are connected in two different ways.

When iodine (usually in the form of potassium iodide solution, KI) comes into contact with
amylose, it inserts itself into the amylose spiral, causing a color change, often a deep blue hue.

This indicates the presence of oxidants.
Example : Hydrogen pyroxide oxidizer
Redox couple involved:

- H202/H20, E°=1.77V.
- l2/1I"E°=0.53V.

Note: this reaction is slow, but can be accelerated by the addition of a catalyst, ammonium or
sodium molyb-date.

Equations:
H,0, + 2H* + 2e~ & 2 H,0 (R 75)
I, + 2e” & 2I° (R 76)
Bilan : H,0, + 2H" + 217 - 2H,0 + 1, (R77)
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Reduction of I by starch:
I, + starch — lodine — Starch (Darc bleu complex) (R78)

Procedure:
Preparation of KI-Starch solution:

- Weigh 240 g of ioded potassium and 120 g of starch, both were purchased from sigma
Al-drich.

- Dissolve the starch powder in 20 mL of warmed ultrapure water and stir with a mag-
netic stirrer until the solution is homogenized.

- After heating the prepared solution to 40 C°, add the weighted KI powder and shake

until being homogeneous again.

Total oxidant analysis:

- After plasma treatment of ultrapure water, collect 1.5 mL of treated water and intro-
duce into a 3 mL UV-Visible analysis cell.

- Add a drop of 0.1 N chloridric or sulfuric acid to accelerate the reaction.

- Make a 10-fold dilution for short treatment times and a 20-fold dilution for long treat-
ment times.

- Measure the absorbance of the diluted samples at a wavelength of 680 nm.
Note: Only the ultrapure water was added to KI-Starch solution as control sample.

NB: The KI method is suitable for all oxidizing agents. We have therefore assimilated

the results obtained by this method to total oxidants.

PhD thesis Bilal Belmekki 160



Annexe 11.2 Nitrite determination [202].
Sulfanilic acid in hydrochloric medium, in the presence of ammonium ions and phenol (ZAM-
BELLI reagent), forms a yellow complex with nitrite ions, the intensity of which is proportional

to the nitrite concentration.

Procedure

The yellow-colored complex absorbs at wavelength 435 nm, so the intensity, which is propor-
tional to nitrite concentration, can be evaluated spectrophotometrically. A standard solution of
0.0023% Nitrite is used as the starting point. g L™.

Reagents
e Pure ammonia.
o ZAMBELLI reagents:
e Hydrochloric acid (d=1.19) 260 mL;
e Sulfanilic acid 5 g;
e Crystallized phenol 7.5 g;
e  Ammonium chloride 135 g;
e Distilled water 625 mL.

Place the HCI acid in a 1-liter flask, add distilled water and dissolve the sulfanilic acid and
phenol, heating gently in a water bath. After complete dissolution, add ammonium chloride
and stir until dissolved. After cooling, make up with distilled water.

e NO2- stock standard solution 0.23 g L!
e Sodium nitrite 0.345 g L™

e Distilled water 1000 mL

e Daughter solution 0.0023 g L

Into 6 vials introduce the different standard daughter solutions.
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Table 26. Nitrite calibration curve

Standard daughter solution 0 1 5 10 15 20
(mL)
Distilled water (mL) 50 49 45 40 35 30
Zambelli reagent 2 2 2 2 2 2
10 minutes
Pure ammonia (mL) 2 2 2 2 2 2
Procedure

Take 50 mL of the sample to be analyzed, add 2 mL of ZAMBELLI reagent and allow to stand

for 10 minutes, then introduce 2 ml of pure ammonia. The calibration curve obtained is shown

in figure 53.
Table 27. Absorbance at 435 nm as a function of nitrite concentration
ABS435nm 0 0,097 0,413 0,907 1,247 1,621
[NO27] 0 0,046 0,230 0,460 0,690 0,920
1 -
0,9 - y =2,2081x *
0,8 - R2=0,9936
S 07 -
S
= 06 -
o
= 05 -
5 04 -
§ 0,3 -
0,2 -
0,1 -
0 '4 T T T T T T T T 1
0 0,05 0,1 0,15 0,2 0,25 0,3 0,35 0,4 0,45

ABS

Figure 54. Nitrite ions calibration curve
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Annexe 11.3 Nitrate determination-Sodium salicylate method [202]

In the presence of sodium salicylate, nitrates react to give sodium paranitrosalicylate, which is

suitable for colorimetric determination.

Reagents

0.5% salicylate solution, repeated every 24 hours;
Sulfuric acid (d=1.84);

Sodium hydroxide, sodium tartrate and potassium tartrate solution;

e Sodium hydroxide 400 g;

e Sodium potassium tartrate 60 g;

e Distilled water 1000 mL;

e Dissolve salts and allow to cool

e Standard stock solution 0.1 g L™ ;

e Potassium nitrate 0.722 g;

e Distilled water 1000 q s;

e Daughter standard solution 0.005 g L.

Into 5 flasks, introduce the different daughter standard solutions,

Table 28. Nitrate calibration curve

N° Indicator 1 2 3 4
Standard daughter solution 0 1 ) 5 10
(mL)

Distilled water 10 9 8 5 0
Sodium salicylates 1 1 1 1 1

Evaporate to dryness in a water bath heated to 75-80°C, moisten the dry material with 2 mL
sulfuric acid, leave to stand for 10 min, then add 15 mL distilled water and 15 mL sodium hy-
droxide solution and sodium potassium tartrate, which develops a yellow coloration. Read at
415 nm.
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Procedure

Introduce 10 mL of the sample to be analyzed, add 1 mL of sodium salicylate, then continue
with the same assay as for the calibration curve. Prepare a control with 10 mL distilled water.
For a 10 mL sample, the calibration curve directly gives the ex-pressed nitrate nitrogen content

in (mg. L), to obtain the nitrate concentration, multiplied by 4.43.

The calibration curve obtained is shown in figure.54

Table 29. Absorbance at 415 nm as a function of nitrate concentration

ABSusnm | 0 0,173 0,291 0,697 1,359
[NOz] 0 05 1 2,5 5

5 - y =3,6391x
R2=0,9982

Concentration (mg/l)
w

0 0,2 0,4 0,6 0,8 1 1,2 1,4 1,6
Abs

Figure 55. Nitrate ions calibration curve
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Annexe 11.4 Analysis of phenol and its by-products
Chromatograms of the various phenol samples analyzed during processing show numerous

peaks of reaction intermediates, the by-products of phenol oxidation.

The chromatographic detection conditions (mobile phase composition, retention time, wave-

length, etc.) for the various references studied are shown in Table 30.

Table 30. Chromatographic analysis parameters for reference products

Compound \V/[o]o]] Welg I Flowrate ~ Wavelength  Retention
- Aqueous | Organic (mL min?) (nm) time
phase phase (min)
(%) (%)
Phenol 60 40 1 270 6.34
Hydroquinone 60 40 1 254 3.37
Catechol 60 40 1 254 4.20
Resorcinol 60 40 1 270 3.70
2-Nitrophénol 60 40 1 247 12.0
4-Dinitrophénol 60 40 1 247 9.34
p-Benzoquinone 60 40 1 254 4.87

Intermediates are identified by comparing the retention times of the reference products. When
the chromatogram characteristics of the intermediate match those of the reference product, a
third sample containing a mixture of phenol and reference product is analyzed by HPLC. When
the area of the chromatogram peak corresponds to the retention time of the intermediate stud-
ied, we can consider that the intermediate and the reference are identical. Concentrations are
calculated from calibration curves obtained under the same conditions as the samples taken.

The calibration curves obtained are presented in figure.55.
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Figure 56. Phenol and its by-products calibration curves.
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