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Abstract: In the last ten years, plasma waste treatment has gained increasing prominence as a technology in
response to growing challenges in waste disposal and the recognition of opportunities for generating valuable
by-products. The efficiency and outcomes of this process are intricately linked to the characteristics of the
plasma involved, such as plasma enthalpy and heat flux. We employed an experimental radio frequency
inductively coupled plasma (RE-ICP) torch operating at atmospheric pressure to generate plasma. Utilizing
optical emission spectroscopy (OES), we measured plasma parameters, specifically the effective electron
temperature (Teff) and plasma density (ne), while varying argon gas flow rates and RF powers. Our
investigations revealed that both flow rate and RF power exert significant control over plasma parameters, and
we observed an unusual phenomenon within this range of discharge pressures. Consequently, both the
plasma’s enthalpy and the heat flux it generates are influenced by variations in both flow rate and RF power.

Keywords: RF-ICP torch; Optical Emission Spectroscopy (OES); boltzmann plot; stark broadening;
anomalous skin effect

1. Introduction

Municipal solid waste (MSW) represents the waste generated daily by people, known for its
widespread occurrence and intricate composition. The significant increase in waste production can
be attributed to the processes of urbanization and industrialization. The practice of mass burn
incineration has traditionally been a prominent thermal method for managing MSW [1,2]. There are
more than 1400 operational incineration facilities globally, and many more are in the process of being
commissioned for waste-to-energy applications [3]. However, the overall energy efficiency of
contemporary incineration plants remains relatively low, typically falling within the range of 22% to
25%. This is primarily due to the necessity of maintaining lower steam temperatures, usually around
450°C, to safeguard equipment from corrosion induced by acidic gases like HCI [4]. Consequently,
the demand for excessive airflow constrains the achievable temperature within the incineration
process chamber, leading to the production of hazardous pollutants, including chlorinated dioxins
and furans. These contaminants contribute to air pollution and are linked to severe health concerns
such as cancer and developmental abnormalities [5]. Despite the incorporation of state-of-the-art
technologies for environmentally friendly waste disposal in modern incineration plants, the potential
for generating toxic gases remains a subject of debate [6]. The highest likelihood of dioxin formation
occurs within the temperature range of 350 to 400°C [7]. To address the negative environmental
impacts associated with incineration, alternative technologies like pyrolysis and gasification have
emerged as practical options. These methods have demonstrated their ability to reduce the generation
of dioxins and furans to acceptable levels [8]. Among these alternatives, gasification is considered
more efficient for large-scale waste disposal. However, it does produce unwanted byproducts, such
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as tar, in addition to desired outcomes like syngas, producer gas, and char [9]. The presence of tar in
the product gas can lead to various adverse effects, including diminished product quality, fouling of
pipelines, corrosion, and deactivation of catalysts [10]. In this context, thermal plasma technology
stands out as the singular thermal waste treatment process capable of effectively managing diverse
waste types, including hazardous materials, while converting waste into valuable products without
harming the environment [11]. It offers a range of advantages over conventional methods, which
encompass exceptional destruction efficiency (with volume reduction surpassing 99%), the removal
of harmful molecules, decreased CO: emissions, and the production of high-calorific value gas
[12,13]. By virtue of its high-temperature heat source and the presence of charged particles, plasma
fosters increased reactivity within the environment. This, in turn, promotes the decomposition of tar
and augments the rate at which tar is eliminated [14,15]. The adoption of thermal plasma technology
has been on the rise and is being implemented in countries such as the UK, USA, Canada, Belgium,
and India, where it serves as a waste-to-energy solution for electricity generation, with capacities
reaching up to 100 MW [16]. The realm of plasma-assisted waste processing technology is broadly
categorized into two methods: plasma pyrolysis and plasma gasification. In plasma gasification,
waste is subjected to a controlled quantity of oxygen, while plasma pyrolysis involves decomposing
waste in an oxygen-deprived environment [5,12,17]. In the context of thermal treatment, an air supply
of less than or equal to 5% relative to stoichiometric air can be considered to lead to pyrolysis
conditions for waste treatment [18]. Numerous studies, ranging from laboratory to pilot-scale, have
been conducted to explore the environmental and output implications of employing plasma pyrolysis
technology for waste management. A wide array of waste materials, including polyethylene,
polypropylene, rubber, tires, biomass, paper, refuse-derived fuel, and medical waste, have been
treated using different power sources, such as DC, AC, RF, and Microwave, with power supply
capacities ranging from 0.8 to 50 kW. In all instances, the primary composition of explosive products
comprises Hz and CO. The concentration of pollutants like CO2 varies from 2% to 15%, while solid
residues, taking the form of carbon black, slag, or ash, fall within the range of 6% to 40% [19,20].
Initially, it has reported that the eco-friendly treatment of medical waste using plasma pyrolysis
technology necessitates an energy consumption of approximately one kWh per kg [13]. Furthermore,
Plasma Gasification Melting technology has been employed to convert MSW at a rate of 300 kg/h into
syngas with energy content ranging from 6 to 7 MJ/Nm?. In this process, steam feed rates vary from
70 to 100 kg/h, and plasma power consumption ranges from 0.8 to 0.87 kWh/kg [21]. Stringent
environmental regulations have created opportunities for plasma pyrolysis technology to emerge as
a highly viable option for managing MSW and other solid wastes, ensuring minimal environmental
impacts.

Thermal plasma refers to a high-temperature plasma operating at elevated pressures, typically
close to atmospheric levels. It is characterized by high power and current densities within the plasma,
resulting in significant enthalpy. This property allows thermal plasma to efficiently heat injected
materials and electrodes. As a result of its exceptional heat capacity, thermal plasma finds
widespread use in applications like arc welding, plasma arc cutting, waste disposal, and more. In
some cases, thermal plasma can be generated not only between electrodes but also through inductive
coupling, giving rise to what is known as inductively coupled thermal plasma (ICTP) [22]. Reed
originally developed the fundamental configuration of ICTP in the 1960s [23]. It involves the
establishment of plasma within a cylindrical dielectric tube encircled by an induction coil.
Radiofrequency (RF) current flowing through the coil generates electromagnetic fields, which, in
turn, accelerate electrons within the torch, thus creating plasma. When operating at high pressures,
typically near atmospheric levels, the plasma assumes a thermal state, with gas temperatures
reaching several thousand Kelvins, closely aligned with electron temperatures. One of the most
significant advantages of ICTP is its ability to generate a clean, high-temperature environment free
from contamination by electrode materials. Capitalizing on these benefits, ICTPs have found diverse
applications, including waste disposal [24], thermal barrier coating production [25-27], diamond film
deposition [28], fullerene synthesis [29,30], fine powder spheroidization [31-33], nanopowder
synthesis [34-37], nanotube production [38,39], catalyst synthesis [40], and astrophysical research
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[41]. Despite the successful utilization of ICTP torches in numerous material processes, certain
limitations have also emerged. These include challenges related to stable operation in the presence of
disturbances, counterflows within the circulating gas, reduced power efficiency, and difficulties in
controlling gas temperatures [42].

Therefore, examining plasma properties, such as plasma density and electron temperature, is
essential for developing and improving the RF-ICP torches. OES is a non-intrusive and powerful tool
to investigate plasma properties and gives rich information about energy states. The OES
measurements can calculate and determine plasma temperature (Te), species density, plasma
composition, and ionization state. Numerous studies using the OES method to examine the plasma
jet’s characteristics have recently been conducted [43—47]. Despite significant research and
advancements in this field, a more profound comprehension of a plasma jet’s characteristics is still
required. This is important for investigations into a newly developed plasma torch with a unique
configuration that aims to enhance and optimize performance. The consequences of plasma
processing will be significantly influenced by these characteristics, which are connected to the
underlying physical processes of the plasma sources.

This research endeavors to conduct a comprehensive examination of the essential features and
optimal operational parameters of a newly developed RF-ICP torch, specifically designed for small-
scale municipal solid waste (MSW) pyrolysis, with the aim of enhancing and refining RF torch
devices. A previous study extensively investigated the composition and properties of the waste
material [48]. To gain insights into the fundamental characteristics of the plasma source, we
employed OES to capture and analyze argon plasma spectra outside the plasma chamber. We
determined electron number densities through the Stark broadening of Arl lines and calculated the
excitation temperatures of the plasma jet using the Boltzmann plot technique. Section II provides a
comprehensive explanation of the experimental setup for the RF-ICP plasma torch. The results of the
OES measurements performed on the RF-ICP plasma torch are documented in Section III, along with
an elaboration of the methodology for computing electron temperature, species densities, and plasma
temperature. These properties, along with the underlying physical phenomena of the plasma sources,
will significantly influence the outcomes of plasma processing.

2. Materials and Methods

The inductively coupled plasma (ICP) torch is composed of various elements. It incorporates a
copper plasma gas flow diffuser head fitted with two central copper tubes, each having a 6mm inner
diameter and an 8mm outer diameter for introducing the plasma-forming gas. Additionally, there
are two plasma igniter pins (high voltage feed) mounted on top of the diffuser head to ignite the
plasma. To maintain a separation between the plasma and the chamber wall, a high-flow sheath gas
inlet tube, made of copper, is connected to one side of the copper torch heads. The plasma chamber
itself is constructed with a central quartz tube measuring 18mm in outer diameter, 1.5mm in
thickness, and extending for a length of 90mm. It is encased by a sheath quartz tube with an outer
diameter of 25mm, a thickness of 2.5mm, and a length of 180mm. This outer quartz tube is
surrounded by an isolated water-cooled copper coil consisting of seven turns. The plasma chamber
and RF coil are housed within a Teflon shielding cylinder. The RF power is supplied to the coil
through an Advanced Energy generator (Model RFX3000), capable of delivering a maximum power
output of 1.1 kW and operating at a nominal frequency of 13.56 MHz.

OES data was gathered at different gas flow rates and RF powers using the Ocean Insight Flame-
S5-XR1-ES spectrometer, which offers a resolution of 1.7 nm through an optical fiber with a length of
1.5 m and an integration time of 1 ms. To assess the instrument’s spectral broadening, a diode-
pumped solid-state laser line (660 nm) was utilized, yielding a value of (AA1) = 0.66 nm. It's important
to note that, throughout the optical measurements, only argon gas was introduced through one of
the central tubes. A visual representation of the experimental configuration featuring the RF-ICP
plasma torch is depicted in Figure 1.
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Figure 1. Experimental setup of the Ar spectrum measurements.

3. Results

One of the key benefits of employing RF-ICP discharge in various applications is its capacity to
produce high-density plasma [49]. Within the RF-ICP discharge, it’s primarily the electrons that play
a pivotal role in driving the excitation and ionization processes occurring in the discharge. This is
because only electrons can swiftly navigate the rapidly changing electric field. In contrast, ions within
the RF discharge are less influential and do not significantly contribute to the RF plasma discharge
due to their limited mobility [50]. The high-frequency magnetic field in RE-ICP serves as the driving
force for accelerating electrons, elevating their energy levels significantly. Among these energized
electrons, those possessing energy exceeding 13 eV undergo collisions with ground state argon
atoms, thereby inducing a transition from their base state to an excited state. When these argon atoms
exist in either the excited state Ar* or higher excited state Ar**, their return to a metastable state or
resonance energy level results in the emission of light. This sequence of events is mathematically
represented by the following equations [43]:

e+ Ar - Ar* +e @)
Ar* - Ar + hv 2)
e+ Ar > Ar*™ +e ®)
Ar*™* > Ar + hv 4)

OES analysis of the Ar RF-ICP discharge encompassed wavelengths ranging from 400-950 nm
and different ranges of power 440, 550, 660, 770, 880, 990, and 1100 W and argon gas flow rates 2 and
4 standard liters per minute (SLPM). In Figure 2a,b, the emission spectrum of the atmospheric
pressure Ar RF-ICP is depicted, observed under specific conditions involving an applied power of
440 watts and Ar gas flow rates of 2 and 4 SLPM, respectively. The spectral lines detected within the
wavelength range of 696.53 to 852.14 nm primarily originated from excited atomic species denoted
as Ar* (first excited state of Ar).

Within the Ar RF-ICP discharge, a total of eighteen atomic lines spanning from 696.53 to 852.14
nm were identified. Table I provides a compilation of the parameters associated with these atomic
lines, sourced from NIST. The intensity of the line could show a direct correlation with the quantity
of atoms in the excited state. Subsequent discussions delve into the patterns of intensity variation for
these lines under various plasma conditions.

Table 1. The wavelength, excitation energy (Ex), transition probability (Aix), and statistical weight
(gx) for the appeared lines in the region of 696-851 nm.

A (nm) Ex (eV) Aix (106 S1) gk
696 13.328 6.40 3
706 13.302 3.80 5
727 13.328 1.83 3
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5
738 13.302 8.50 5
750 13.479 45 1
751 13.273 40 1
763 13.172 24 5
771 13.153 5.20 3
772 13.328 11.7 3
794 13.283 18.6 3
800 13.172 49 5
801 13.095 9.30 5
810 13.153 25 3
811 13.076 33 7
826 13.328 153 3
840 13.302 22.3 5
842 13.095 21.5 5
851 13.283 13.9 3
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Figure 2. (a) Argon emission spectra at flow rate 2 SLPM and 440 RF power. (b) Argon emission
spectra at flow rate 4 SLPM and 440 RF power.

Ar* lines were examined under varying applied RF power levels of 440, 550, 660, 770, 880, 990,
and 1100 W, with corresponding gas flow rates of 2 and 4 SLPM in Figure 3 a,b. At 2 SLPM gas flow
rate (refer to Figure 3a), it is evident that the intensities of all Ar* lines exhibit a consistent increase
with escalating RF power. This behavior can be attributed to the heightened efficiency of the plasma
in generating Ar* atoms as the RF power is increased, resulting in intensified line emissions.
Conversely, when considering a gas flow rate of 4 SLPM (as shown in Figure 3b), the intensities
initially decrease with increasing RF power up to 770 W and subsequently stabilize. In this scenario,
the creation of excited atoms diminishes initially and reaches a point of equilibrium as RF power
increases. To gain deeper insights into these phenomena, plasma electron temperature and plasma
density calculations were conducted and will be elaborated upon in the subsequent discussion.
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Figure 3. (a) shows the Ar* lines intensity variation with the RF power at 2 SLPM. (b) shows the Ar*
lines intensity variation with the RF power at 4 SLPM.
3.1. Excitation Temperature

Boltzmann plot was used to determine the effective electron temperature (Tetr) (eV) for the
plasma produced from RF-ICP torch using the following equation:

LA, Ex
Aigk kpTos5

+C )

Where Ak, Ak, Ex, and gk are wavelength (nm), transition probability (5), excitation energy (eV), and
statistical weight of the upper state, respectively, ks is the Boltzmann constant, and C is a constant.

By plotting the left-hand side of Equation (5) [ln(;’“'—lgk")] on the vertical axis and Ex on the horizontal
kidk

axis, the Teif can be derived from the inverse of the slope of the linear fitted line. The Boltzmann plot
is an efficient method for determining Test in atmospheric plasma torches; since it does not require a
standard source for calibration, and the accuracy increases with the energy range of the emitted lines
used in the calculations [51-53]. All lines in Table 1 are well isolated and unabsorbed and were chosen
to implement the Boltzmann plot. Boltzmann plot for flow rates of 2 and 4 SLPM and RF power 440
W displayed in Figure 4a,b, respectively. The error in determination of electron temperature is
around 20% and it is generated from the uncertainty in the determination of transition probability
(Ax) of the Ar* lines and experimental uncertainty [51].

= 2 L/min, 440 W = 4 L/min, 440 W
33 -(a) —— Linear fit 33 -(b) — Linear fit
Slope =1.435 Slope = 2.018

w
=
T

L:‘ (Ikl!u A 81
Ln OB /Ay 20

21 21

13.0 13.1 13.2 13.3 134 13.5 13.0 13.1 13.2 13.3 134 13.5
E, (eV) Ey (eV)
Figure 4. (a) shows Boltzmann plot for emission lines at flow rate 2 SLPM and 440 W RF power. (b)
shows Boltzmann plot for emission lines at flow rate 4 SLPM and 440 W RF power.

The relationship between electron temperature, RF power, and gas flow rate is a widely
recognized phenomenon. Typically, electron temperature decreases as RF power increases due to the
amplified influence of the two-stage ionization process and electron-electron interactions, which are
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more pronounced at higher plasma densities [54-57]. Simultaneously, electron temperature decreases
as gas flow rate increases; the heightened gas flow rate results in a greater number of gas atoms,
leading to increased electron-atom collision probability, thereby increasing plasma density, and
reducing electron temperature [58]. Figure 5 illustrates this behavior. At a gas flow rate of 2 SLPM,
the electron temperature exhibits the expected trend, decreasing with increasing RF power. However,
at 4 SLPM, the behavior of electron temperature is contrary to the norm. Initially, it is lower than the
value observed at 2 SLPM, but as RF power increases.

9900 —=— 2 SLPM
9350 |- —e— 4 SLPM

8800 -

8250 |-
7700 |-

< 150

5

= 6600 |
6050 |- ?
5500 |-
4950 |-
4400 |

1 1 1 1 1 1 1
440 550 660 770 880 990 1100

RF power (W)

Figure 5. Electron temperature variation with RF power at 2 and 4 SLPM Ar gas flow rates.

The inverse behavior of the electron temperature at 4 SLPM is due to the anomalous skin effect
[56]. Only a few electrons significantly contribute to the current density in the anomalous skin effect.
These are “glancing” electrons, which spend a significant portion of the field period inside the skin
layer after being reflected at modest angles from the plasma barrier. The remaining electrons leave
the epidermal layer too quickly to contribute much to the current [59].

The RF-ICP torch is operated in a non-propagating regime. The driving RF field only displays a
skin effect by penetrating the plasma within a skin layer (0) near the antenna [49]. The surface of the
plasma is where the induced electric current and radio frequency field are concentrated. Due to
electrons’” higher mobility than ions, only electrons are responsible for energy transfer and ionization.
The electrons gain energy from the electric field in the skin layer and transfer this energy to the gas
atoms to generate more charges and increase the energy conversion rate of the material. Reducing
the charge density reduces the efficiency of the torch during the treating process. The charges can be
lost by diffusing the energetic electrons to the reactor walls or creating only excited atoms. One
solution developed to reduce electron loss through the chamber wall is to provide an axially high
flow of Ar gas to form a cooled barrier gas that separates the plasma from the walls. Vortex flow has
the same effect as axially high flow [22]. At 4 SLPM, another energy loss mechanism was detected
due to the anomalous skin effect. Most of the electrons with sufficient energy did not contribute to
the ionization of the atoms to increase the current density. Therefore, the charge density decreases,
as does the energy efficiency of the torch. Anomalous skin is an uncontrollable phenomenon that we
can only detect and try to avoid.

3.2. Electron Density

The measurement of plasma density (ne) is a crucial parameter for assessing energy transfer
efficiency in the torch and for determining the state of ionization equilibrium. There are two main
approaches to calculate electron density: electrical diagnostics and optical diagnostics. The use of
Langmuir probes (single, double, and triple probes) for electron density calculation, which falls under
electrical diagnostics, is less accurate at atmospheric pressure where the plasma experiences high
collision conditions [60]. On the other hand, the Stark broadening method, a widely employed optical
diagnostics technique for electron density calculation [44,60-62], offers a more cost-effective and
accessible alternative compared to methods like Thomson scattering or laser heterodyne
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interferometry. Its accuracy is notably high within the range of plasma density around 1016 cm-3
[60].

The broadening of the spectra line (FWHM) (A4,,;,) (nm) is a convolution of the Lorentzian
profile (Stark, Van der Waals, and Resonance broadening) and Gaussian profile (Doppler and
instrumental boarding):

Adgyp = 0.504; +/(0.504,)2 + (AAg)? (6)

In our experiment conditions (pressure and Te =10000 K), both Resonance broadening and Van
Der Waals broadening are negligible [45,55]. The following equation represents the Gaussian profile:

Adg = fAAf +A2% )

Where A4, (nm) is the instrumental broadening and AAp (nm) is Doppler broadening. Doppler
broadening is given by:

_ ROWaLES,
Adp =7.156 X 1077 ,(; )2 (8)
A

Where Ao, Ty, and M, are the wavelength (nm), the gas temperature (K), and the mass of the emitter
(Kg), respectively. By using a Voigt function for deconvolution, we can calculate the Stark broadening

(AZg) (nm) from Equation (6), and the electron density can be calculated using the empirical formula
[60]:

InN, = 46.516 +0.992 In A%, — 0.612 In T, 9)

Where N, AAg, and Tz are the plasma density (cm -3), Stark broadening (nm), and electron
temperature (eV).

This research utilized a distinct, non-absorptive Ar* line at 738.3 nm to estimate the plasma
density. By fitting the experimental data with the Voigt function using Origin software, as can be
seen in Figure 6a—f, the FWHM ( A4,,,) (nm) of this line is obtained.

Doppler broadening A4p=0.008 nm was calculated from Equation (8) at T, = 10,000 K, and the
instrumental broadening A4,=0.66 nm was measured by using a diode-pumped solid-state laser line
(660 nm). Table 2 shows A4,,,, and A4y, at different RF power and flow rates extracted from the fitting
and calculated from Equation (6).

Table 2. contains measured Al,,, of the Ar*line 738.3 nm and the calculated AZ.

2 SLPM 4 SLPM
Power  Adgyy AAg Power Al.y, AAg
(W) (nm)  (nm) (W) (nm)  (nm)
440 1.431 1.126 440 1.440 1.138
550 1.406 1.096 550 1.358 1.037
660 1.415 1.108 660 1.461 1.162
770 1.402 1.091 770 1.372 1.055
880 1.377 1.061 880 1.363 1.044
990 1.436 1.133 990 1.419 1.113
1100 1.445 1.143 1100 1.346 1.023

doi:10.20944/preprints202312.0839.v1
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Figure 6. (a, ¢, ) Ar* (738.3 nm) line fitted with Voigt function at flow rate 2 SLPM and 440, 770, 1100
RF powers, respectively. (b, d, f) Ar* (738.3 nm) line fitted with Voigt function at flow rate 4 SLPM

and 440, 770, 1100 RF powers, respectively.

Using Equation (9), we determined the plasma density and graphically represented the
relationship between electron density, power, and gas flow rate. The limit of error in plasma density
computations was 15% stand for measurements uncertainty [1,52]. Figure 7 illustrates the correlation

between plasma density and RF power for gas flow

rates of 2 and 4 SLPM. Typically, an increase in

RF power and gas flow rate results in higher plasma density [54-57]. However, Figure 7 demonstrates
an unexpected pattern. At 4 SLPM, plasma density decreases as RF power increases. This aligns well

with the electron temperature findings.
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Figure 7. shows the variation of the plasma density (ne) with RF power at two different Ar flow rates
2 and 4 SLPM.

The relationship between current density (J) and electron density (n,) in a plasma can be
described by the conductivity (o) of the plasma. Specifically, Ohm’s law for a plasma relates current
density to electron density and electrical conductivity as follows [63]:

J=0E (10)

Where ] is the current density (4/m?), o is the electrical conductivity of the plasma (S/m), and E is
the electric field strength (V/m).

The electrical conductivity (o) of a plasma depends on several factors, including electron density
n,, electron mobility (i,), and charge of an electron (e). The relationship can be expressed as:

0=MNg U € (11)

Where ne is the electron density (m™?), u, is the electron mobility (m?/V-s), and e is the
elementary charge of an electron (~1.60217663x10-19 C).

From Equations (10) and (11), that current density is directly proportional to electron density.
Therefore, as the electron density in a plasma increases, assuming other factors remain constant, the
current density also increases.

In atmospheric plasma, a condition known as Local Thermodynamic Equilibrium (LTE) prevails,
where the electron temperature, gas temperature, and ion temperature closely align with one another.
The enthalpy of the plasma jet is dependent on the electron temperature, and it rises as the electron
temperature increases [64]. Conversely, the energy transferred from the electrical source to the waste
is contingent upon the plasma density [65]. Utilizing plasma technology for treatment of MSW serves
a dual purpose: it aims to reduce the waste’s volume for environmental reasons and yields valuable
products like syngas for energy production and useful by-products such as carbon black and carbon
nanospheres [66]. The efficiency of this process is closely linked to the properties of the plasma itself.
Factors like the conversion rate, the heating value of the generated gas, and the characteristics and
types of by-products produced are all dependent on the properties of the plasma. It was observed
that the conversion rate increases as the plasma current rises, as higher-density plasma enhances heat
transfer and energy exchange with the waste material, ultimately reducing its volume [66].
Additionally, a high plasma current results in the production of carbon black and a significant
quantity of nano-sized spherical particles, which are comparable to commercial-grade materials [66].
However, it should be noted that an increase in plasma current leads to a decrease in the calorific
value of the generated gas [65]. Greater plasma enthalpy yields higher proportions of H2 and CO,
while decreasing the presence of heavy hydrocarbons and enhancing slag formation [66,67].
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5. Conclusions

We have developed an atmospheric RE-ICP torch for the small-scale pyrolysis of mixed waste
materials, primarily consisting of paper and polypropylene. Our earlier research extensively
characterized the waste material, pinpointing its maximum degradation temperature (ranging from
369.55 to 447.88 °C) and thermal stability (between 381.60 and 393.82 °C). The main objective of this
study was to identify the optimal operational conditions that yield a stable plasma with properties
conducive to maximizing profits and efficiency in the pyrolysis process. Given the challenges
associated with studying high-temperature plasma, Optical Emission Spectroscopy (OES) was
employed to investigate plasma parameters under varying RF power and gas flow rates of 2 and 4
SLPM. Our findings revealed that electron temperature decreased with RF power at a 2 SLPM gas
flow rate but increased with RF power at the 4 SLPM rate. Stark broadening calculations
substantiated an increase in plasma density with higher RF power, ranging from 2.231x 1020 to 2.693x
1020 cm-3.

The enthalpy of the plasma jet depends on the plasma temperature, whereas the heat flux
generated by the plasma is linked to the plasma density. Consequently, adjustments in the RF power
and flow rate of the plasma have a profound impact on these properties, and these alterations will be
mirrored in the material processing. Variations in flow rate and RF power will lead to changes in the
conversion rate, calorific value of the produced gas, process duration, by-product characteristics, and
formation.

In our forthcoming research, we will integrate the torch into a small-scale pyrolysis system and
empirically investigate the influence of RF power, flow rate, plasma temperature, and plasma density
on the outcomes of the process. Additionally, we aim to develop a waste treatment strategy based on
plasma that is specifically tailored for this type of waste.
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