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Abstract: Over the past decade, plasma waste treatment has become a more prominent technology due to 

increasing problems with waste disposal and realizing opportunities to generate valuable co-products. Plasma 

waste treatment extensively uses atmospheric pressure (RF) inductive coupled plasma (ICP) torches. In situ 

Optical Emission Spectroscopy (OES) is used to evaluate the developed RF ICP torch for Municipal Solid Waste 

(MSW) treatment and ascertain the plasma parameters to understand the physical mechanism involved. The 

argon plasma jet's electron temperature and plasma density outside the torch chamber are calculated using the 

Boltzmann plot and Stark broadening at different gas flow rates, and RF power. The expected electron 

temperature and plasma density behaviour were observed at a low gas flow rate. The electron temperature 

decreases with the RF power from 8089 K to 6097 K as demand for increasing the plasma density. An energy 

loss mechanism was revealed while raising the gas flow rate, as the electron temperature increases with RF 

power from 5750 K to 6221 K, and the plasma density decreases. This behaviour is due to the anomalous skin 

effect. Detecting and avoiding this phenomenon is essential as it negatively affects torch energy efficiency and 

waste treatment.   

Keywords: RF ICP torch; Optical Emission Spectroscopy (OES); Boltzmann plot; Stark broadening; 

anomalous skin effect 

 

I. Introduction 

Municipal Solid Waste (MSW) is urban solid waste that results from human activities and 

contains food, paper, plastic, glass, and inorganic materials [1,2]. Solid wastes, including plastic, 

constitute a significant fraction of waste in the environment. The world generates 2.01 billion tons of 

MSW annually, which is expected to increase to 3.40 billion by 2050 [3]. About 40% of the waste is 

solid plastic waste. Recent statistics show that about 8 million tons of plastic waste produced 

worldwide end up in the ocean and pollute the sea, damaging the marine ecosystem [4]. Besides, the 

MSW plastic waste management is unsustainable and negatively impacts the Earths ecosystems; 

since 1950, only 10% of plastic solid waste has been recycled [5]. In addition, at least 33% is a 

conservative estimate and not managed in an environmentally friendly manner. Landfilling and 

incineration are still the most common global MSW management practice, and it adversely causes 

massive land consumption and methane release. Proper management and recycling of large amounts 

of plastic, paper, and solid waste are necessary to reduce its environmental burdens and minimize 

risks to human health [6,7].  

The utilization of MSW for conversion into energy and valuable recycled products currently 

faces various challenges, such as the heterogeneous nature of the waste, significant moisture content, 

and low calorific value, making it industrially undesirable [8–10]. Although an appreciable amount 

of research in the field has been carried out on converting MSW into energy, there is still a lack of 

comprehensive and efficient conversion methods found in literature. Conventional conversion 

technologies of waste-to-energy (WTE) include biological (such as fermentation, anaerobic digestion, 

etc.) and thermochemical processes (such as incineration, pyrolysis, hydrothermal oxidation, and 
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gasification) [11,12]. These technologies have several advantages, like biogas for energy production 

and considerable volume reduction [13]. Traditional incineration of plastics produces Greenhouse 

Gases (GGs) and other toxic chemicals like dioxins and polychlorinated biphenyls as components like 

nitrogen, hydrogen sulphide, and oxygen embedded in the wastes released into the atmosphere 

[14,15]. In addition, the heterogeneous nature of most solid wastes makes energy recovery, product 

yields, and quality control quite challenging [16].  

One of the proposed solutions to the above-described problems of traditional waste treatment 

methods is to use plasma-based thermal treatment methods for MSW, mainly plastic and paper 

waste. With the improvement in air emission control systems and strict environmental regulatory 

rules, more research on efficient thermal plasma-based MSW conversion to WTE is gaining more 

attention. The baseline method is to combust it in a controlled environment and take the gas out by 

filtration. The plasma-based thermal treatment process can be categorized into three procedures: (1) 

combustion in single or multistage in the presence of oxygen to create heat energy; (2) pyrolysis of 

the waste in the absence of oxygen to produce liquid synthetic fuels and char; and (3) gasification in 

the absence or with limited oxygen to produce synthetic gas. Plasma waste treatment widely uses 

atmospheric pressure RF ICP torches because they produce a plasma jet with temperatures as high 

as 8000 K, require no cooling system, and have no electrode corrosion. However, RF ICP torches have 

a lower efficiency than other torches and still require development and study [17]. Therefore, 

examining plasma properties, such as plasma density and electron temperature, is essential for 

developing and improving a plasma torch. OSE is a non-intrusive and powerful tool to investigate 

plasma properties and gives rich information about energy states. Plasma temperature (Te), species 

density, plasma composition, and ionization state can be calculated and determined from the OES 

measurements. Numerous studies using the OES method to examine the plasma jet's characteristics 

have recently been conducted [18–21]. 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.  

An innovative RF ICP plasma torch that creates a highly stable and long-lasting atmospheric 

argon plasma jet has been developed to treat MSW in this research. By capturing and examining the 

argon plasma spectra outside the plasma chamber, the OES approach is used to investigate the 

fundamental properties of the plasma source. The electron number densities are calculated from the 

Stark broadening of ArI lines, whilst the Boltzmann plot technique is used to calculate the excitation 

temperatures of the plasma jet. 

II. Experimental setup 

The RF ICP plasma torch consists of a gas flow distributor head for 3 different gas flow lines: 

carrier gas, central gas, and sheath gas. There are two quartz tubes for introducing the gases to the 

torch. Both tubes starting with the torch head and the inner tube, have a height of 9.5 cm, and the 

outer tube has a height of 18 cm. The carrier gas is introduced to the torch through an injector at the 

center of the torch head into the inner tube, which can be used for direct waste insertion through the 

torch itself. The central gas is the forming plasma gas (argon) and is also introduced into the inner 

tube. Sheath gas is introduced near the inner wall of the outer tube. Sheath gas is used to help 

stabilize, and most importantly, it protects the inner tube as a cooling medium. The outer quartz tube 

is a 2.5 mm thick, 18 cm long plasma confinement tube surrounded by a 7-turn, water-cooled copper 

coil. RF power was supplied to the coil by an advanced energy generator (Model RFX3000), having a 

maximum power output of 1.1 kW and a nominal operating frequency of 13.56 MHz. To ignite plasma 

inside the quartz tube, dc electrical spark is used at the start of the RF coil inside the tube. Pure argon 

gas was used as plasma gas in the experiments. The Optical emission spectra were collected using 

Ocean Insight Flame-S-ER1-SE spectrometer through an optical fiber at a wavelength region of 450-
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950 nm with an integration time of the emission was 1 msec. A representation of the experimental 

setup with the RF ICP plasma torch is presented in Figure 1. 

 

Figure 1. Experimental setup of the Ar spectrum measurements. 

III. Result and discussion 

Ar discharge emissions were measured at various gas flow rates (2 and 4 L/min) and RF power 

(440, 550, 660, 770, 880, and 990 W). Figure 2 (a, b) shows the emissions of the Ar discharge recorded 

at atmospheric pressure in the wavelength range 400–950 nm, flow rates of 2 and 4 L/min, and RF 

power of 440 W, respectively. 
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Figure 2. (a, b) Argon emission spectra at flow rates 2 L/min and 4 L/min at RF discharge power 440 

W, respectively. 

All the Ar lines detected in the emissions belong to (ArI) and are concentrated in the 696–851 nm 

wavelength range. Table 1 shows the wavelengths, excitation energy for the upper excited level (Ek), 

transition probability (Aik), and statistical weight (gk) for the upper excited level taken from NIST for 

every line that appeared. Due to their higher mobility relative to ions and ability to follow the electric 

field, electrons in RF plasma discharge oversee the ionization and excitation processes [22,23]. Figure 

3 (a, b) displays the variation of the intensity of ArI lines with the RF power at gas flow rates of 2 and 

4 L/min, respectively. We observe from Figure 3a that the intensity of all ArI lines increases with the 

power, while at 4 L/min (see Figure 3b), the intensity of the lines decreases with the power. 

Table 1. The wavelength, excitation energy, transition probability, and statistical weight for the 

appeared lines in the range of 696-851 nm. 

Species Wavelength (nm) Ek (eV) Aik (106 S-1) gk 

ArI 696 13.328 6.40 3 

ArI 706 13.302 3.80 5 

ArI 727 13.328 1.83 3 
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ArI 738 13.302 8.50 5 

ArI 750 13.479 45 1 

ArI 751 13.273 40 1 

ArI 763 13.172 24 5 

ArI 771 13.153 5.20 3 

ArI 772 13.328 11.7 3 

ArI 794 13.283 18.6 3 

ArI 800 13.172 49 5 

ArI 801 13.095 9.30 5 

ArI 810 13.153 25 3 

ArI 811 13.076 33 7 

ArI 826 13.328 15.3 3 

ArI 840 13.302 22.3 5 

ArI 842 13.095 21.5 5 

ArI 851 13.283 13.9 3 
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Figure 3. (a, b): ArI lines intensity variation with the RF power at flow rates of 2 and 4 L/min, 

respectively. 

A. Excitation temperature 

Boltzmann plot was used to determine the effective electron temperature (Teff) for the plasma 

produced from our RF torch using the following equation: ln( 𝐼௞௜𝜆௞௜𝐴௞௜𝑔௞) = − 𝐸௞𝑘஻𝑇 + 𝐶  (1) 

Where λki, Aki, Ek, and gk are wavelength, transition probability, excitation energy, and statistical 

weight of the upper state, respectively, kB is the Boltzmann constant, and C is a constant. By plotting 

the left-hand side of Eq. 1 [ln(ூೖ೔ఒೖ೔஺ೖ೔௚ೖ)] on the vertical axis and Ek on the horizontal axis, the Teff can be 

derived from the inverse of the slope of the linear fitted line. The Boltzmann plot is an efficient 

method for determining Teff 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 [19,24,25]. All lines in Table 1 are well isolated and unabsorbed and were chosen to 

implement the Boltzmann plot, and all spectral parameters are in Eq. 1 per line taken from NIST. 

Figure 4 (a, b) shows the Boltzmann plot at flow rates of 2 and 4 L/min and power 440 W; respectively, 

the error is generated from the uncertainty in the determination of transition probability (Aki) of the 

ArI lines [25]. Figure 5 (a, b) represents the variation of the electron temperature Teff calculated from 

the Boltzmann plot with the power at flow rates of 2 and 4 L/min, respectively. The electron 

temperature decreases with the RF power at a gas flow rate of 2 L/min (see Fig. 5a) due to the two-

step ionization, which requires a lower electron temperature while increasing the electron density to 

produce the necessary ionization rate [26,27]. By comparison, at a flow rate of 4 L/min (see Fig. 5b), 

the electron temperature increases with the discharge power. The inverse behaviour of the electron 

temperature at 4 L/min is due to the anomalous skin effect [27]. 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 
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angles from the plasma barrier. The remaining electrons leave the epidermal layer too quickly to 

contribute much to the current [28].  
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Figure 4. (a, b): Boltzmann plot for emission lines at flow rates 2 L/min and 4 L/min at RF power 440 

W, respectively. 
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Figure 5. (a, b): Electron temperature variation with RF power at flow rates 2 and 4 L/min, 

respectively. 

The RF ICP torch is operated in the nonpropagating regime. The driving RF field only displays 

a skin effect by penetrating the plasma within a skin layer width (δ) near the antenna [29]. The surface 

of the plasma is where the induced electric current and radio frequency field are concentrated. Due 

to the higher mobility of electrons compared to 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 [30]. At 4 L/min, 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 only can detect and try to avoid.  

B. Electron density  

Plasma density (ne) is an essential parameter for measuring the energy transfer efficiency in the 

torch and determining the ionization equilibrium state. Methods of calculating electron density can 

be divided into electrical diagnostics and optical diagnostics. Computing the electron density by the 

Langmuir probe (single, double, and triple probes), which represents the electric diagnostic, is 

inaccurate in atmospheric pressure, where the plasma is under high collision conditions [31]. The 

Stark broadening method is one of the widely used optical diagnostics methods to calculate electron 

density [19,31,32]. It is more affordable, informal, and inexpensive than Thomson scattering or laser 

heterodyne interferometry techniques, and its accuracy is high in the range of plasma density of 1016 

cm-1 [31]. The broadening of the spectra line (FWHM) ( ∆𝜆௘௫௣)  is a convolution of the Lorentzian 

profile (Stark, Van der Waals, and Resonance broadening) and Gaussian profile (Doppler and 

instrumental boarding): 
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∆𝜆௘௫௣ = 0.5∆𝜆௅ + ඥ(0.5∆𝜆௅)ଶ + (∆𝜆ீ)ଶ (2) 

In our experiment conditions (pressure and Te ~10000 K), both Resonance broadening and Van 

Deer Wales broadening are negligible [25,31]. The Gaussian profile is represented by the following 

equation: ∆𝜆ீ = ට∆𝜆ூଶ + ∆𝜆஽ଶ  (3) 

Where ∆𝜆ூ is the instrumental broadening and ∆𝜆஽ is Doppler broadening 

Doppler broadening is given by: ∆𝜆஽ = 7.156 × 10ି଻λ௢( 𝑇௚𝑀஺)ଵଶ (4) 

Where λo, 𝑇௚, and 𝑀஺ are the wavelength, the gas temperature, and the mass of the emitter, 

respectively. 

By using a Voigt function for deconvolution, we can calculate the Stark broadening from Eq. 2, 

and the electron density can be calculated using the empirical formula [31]: ln 𝑁௘ = 46.516 + 0.992 ln ∆𝜆௦ − 0.612 ln 𝑇௘ (5) 

In this investigation, one isolated ArI line (738.3 nm) with precisely determined values of the 

broadening parameter is employed. By fitting the experimental data with the Voigt function using 

Origin software, as can be seen in Figure 6 (a-f), the FWHM ( ∆𝜆௘௫௣) of this line is obtained. Doppler 

broadening  ∆𝜆஽ = 0.008nm was calculated from Eq. 4 at  𝑇௚ ~10,000 K, and the Instrumental 

broadening  ∆𝜆ூ= 0.66 nm was measured by using a diode-pumped solid-state laser line (660 nm). 

From Eq. 5, we calculated the plasma density. Table 2 shows ∆𝜆௘௫௣, ∆𝜆ௌ, and plasma density (ne) at 

different RF power and flow rates.  
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Figure 6. (a, c, e) Ar I (738.3 nm) line fitted with Voigt function at flow rate 2 L/min, respectively, (b, 

d, f) Ar I (738.3 nm) line fitted with Voigt function at flow rate 4 L/min, respectively. 
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Table 2.  ∆𝜆௘௫௣ of the Ar line 738.3 nm, ∆𝜆ௌ, and plasma density (ne). 

2 L/min 4 L/min 

Power (W) 
 ∆𝛌𝐞𝐱𝐩 

(nm) 
 ∆𝛌𝐬 (nm) 

ne 

(1020 cm -1) 
Power (W) ∆𝛌𝐞𝐱𝐩 (nm)  ∆𝛌𝐬 (nm) 

ne 

(1020 cm-1) 

440 1.431 1.126 2.231 440 1.440 1.138 2.778 

550 1.406 1.096 2.211 550 1.358 1.037 2.421 

660 1.415 1.108 2.295 660 1.461 1.162 2.661 

770 1.402 1.091 2.335 770 1.372 1.055 2.432 

880 1.377 1.061 2.338 880 1.363 1.044 2.423 

990 1.436 1.133 2.571 990 1.419 1.113 2.508 

1100 1.445 1.143 2.693 1100 1.346 1.023 2.384 

Figure 7 shows the variation of the plasma density with the RF power. We observed that at a gas 

flow rate of 2 L/min, the plasma density increases with power, while at a gas flow rate of 4 L/min, the 

variation in plasma density is inverse, as the plasma density decreases with the RF power. These 

results confirm the results obtained from the electron temperature measurements, where at a gas flow 

rate of 4 L/min, most of the electrons with the effective temperature did not contribute to the 

discharge; because of this, the plasma density decreased with the power.  
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Figure 7. Variation of the plasma density (ne) with RF power at two different Ar flow rates 2 and 4 

L/min. 

IV. Conclusion 

This work aimed to optically characterize a developed atmospheric RF ICP torch to treat MSW 

to understand the physical phenomena inside the plasma discharge and evaluate the performance of 

the torch. The electron temperature calculations using the Boltzmann plot for almost all the appeared 

argon lines in the emission confirm the formation of an energy loss mechanism that occurs in low-

pressure RF ICP discharge, the anomalous skin effect. The anomalous skin effect causes a decrease in 

the current density due to the non-contribution of most of the energetic electrons in the discharge, 

which causes a decrease in the torch efficiency. The density calculations using the Stark broadening 

agree with the electron temperature measurements and allow us to strongly recommend the Ar line 

(738.3 nm) as a line with convenient Stark broadening parameters needed in plasma spectroscopy.     
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