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Abstract 15 

Atmospheric-pressure corona plasma is a promising advanced oxidation technology for treating textile effluents owing 16 

to its capacity to generate reactive oxygen and nitrogen species (RONS) at the plasma–liquid interface. This study 17 

comparatively evaluated the decolorization of Acid Black 194 (AB-194), an azo dye, and Auramine O (AO), a 18 

triarylmethane dye, using an atmospheric-pressure corona plasma system operated under recirculating-flow conditions 19 

and assisted by ferrous species prepared from ferrous sulfate heptahydrate in an acidic medium. A three-tungsten-tip-20 

to-stainless-steel-plate geometry treated 5 L of solution at 250 mL min⁻¹. 21 

Decolorization was monitored by UV–Vis spectrophotometry at 594 nm for AB-194 and 432 nm for AO, together with 22 

measurements of pH, electrical conductivity, and turbidity. Absorbance values recorded immediately after addition of 23 

the ferrous solution served as the baseline for plasma-induced decolorization. After 90 min, decolorization efficiencies 24 

of 98.66% for AB-194 and 97.74% for AO were achieved. The calculated times required to reach 50% decolorization 25 

were 14.27 min for AB-194 and 16.00 min for AO. 26 

The average power values were 139.42 W for AB-194 and 133.71 W for AO. The specific energy consumptions were 27 

41.83 and 40.11 kWh m⁻³, whereas the energy yields at 50% decolorization were 5.72 and 2.13 g kWh⁻¹, respectively. 28 

Keywords: Atmospheric-pressure plasma; corona discharge; plasma–liquid interaction; dye decolorization; ferrous 29 

species; recirculating-flow reactor. 30 

1. Introduction 31 

Textile effluents pose a major environmental challenge owing to the persistence of synthetic dyes-compounds 32 

characterized by high chemical stability, low biodegradability, and intense coloration. During dyeing and finishing, a 33 

fraction of the applied dyes does not fully bind to the fibers and may be discharged into wastewater together with salts 34 

and auxiliary compounds [1–3]. Once discharged, these compounds reduce light penetration, impair photosynthesis, and 35 

may exert ecotoxicological effects on aquatic biota. 36 

Azo dyes such as Acid Black 194 are characterized by an –N=N– chromophoric group linked to aromatic structures. 37 

This molecular architecture contributes to dye stability but also renders the dye resistant to conventional treatment. 38 

Under certain conditions, incomplete cleavage of the azo bond may produce aromatic intermediates of toxicological 39 

concern [3,4]. In contrast, triarylmethane dyes such as Auramine O contain conjugated aromatic systems that confer 40 

high color intensity and persistence in aqueous media. Comparing representatives of these two families allows 41 

assessment of whether the same system retains efficiency against structurally different contaminants. 42 

Conventional treatments, including coagulation–flocculation, adsorption, filtration, and biological processes, can reduce 43 

effluent color; however, they often have limitations related to sludge generation, adsorbent saturation, regeneration 44 
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costs, or low efficiency toward recalcitrant aromatic compounds [5–8]. Against this background, advanced oxidation 45 

processes (AOPs) have attracted considerable attention for their capacity to generate highly reactive oxidants, including 46 

hydroxyl radicals, ozone, hydrogen peroxide, and excited species [9–11]. 47 

Non-thermal atmospheric-pressure plasmas provide an attractive physicochemical route for water treatment because 48 

they generate reactive oxygen and nitrogen species (RONS) directly at the plasma–liquid interface. In corona discharges, 49 

the electric field is intensified around the electrodes, promoting localized gas ionization and the formation of a stable 50 

plasma at atmospheric pressure [12–15]. These species can transfer into the liquid phase and react with dissolved organic 51 

molecules, cleaving chromophoric bonds and promoting partial or advanced oxidation. 52 

The addition of ferrous species is motivated by the ability of Fe²⁺ to participate in redox cycles that convert plasma-53 

generated oxidants, particularly H₂O₂ formed through ·OH recombination, into additional hydroxyl radicals. In 54 

simplified form, Fe²⁺ reacts with H₂O₂ to produce Fe³⁺, ·OH, and OH⁻; Fe³⁺ may subsequently be reduced back to Fe²⁺ 55 

by reducing species or radical intermediates, thereby sustaining secondary oxidation pathways. In plasma–liquid 56 

systems, this assistance promotes the conversion of relatively persistent species into short-lived, high-potential oxidants, 57 

intensifying attack on chromophoric bonds and aromatic structures [9,10,13,16,17]. 58 

Although numerous studies have reported dye degradation by non-thermal plasma, many systems operate in batch mode 59 

or at small volumes, which limits scale-up. Recirculating-flow operation can improve hydraulic reproducibility, control 60 

residence time, and more closely approximate industrial application conditions [15,18,19]. In addition, chemical 61 

assistance with ferrous species may promote additional radical-generation pathways and enhance oxidation efficiency 62 

without requiring additional optical stages [9,10,18]. 63 

This study aimed to comparatively evaluate the degradation of Acid Black 194 and Auramine O by atmospheric-pressure 64 

corona plasma in a continuous recirculating-flow system assisted by a ferrous sulfate heptahydrate-based catalyst. 65 

Decolorization efficiency, apparent kinetics, pH, conductivity, turbidity, discharge emission spectra, and the energy 66 

indicators SEC and G₅₀ were analyzed to establish the influence of dye molecular structure on process performance. 67 

2. Materials and methods 68 

2.1 Reagents and solution preparation 69 

Aqueous solutions of Acid Black 194 (AB-194) and Auramine O (AO) were prepared using tap water supplied to the 70 
Faculty of Sciences of the Autonomous University of the State of Mexico at Cerrillo Piedras Blancas, Toluca, State of 71 
Mexico. The initial concentration was 0.1 mM for both dyes, which is comparable to concentrations used in non-thermal-72 
plasma degradation studies [17,19]. The absorption maxima were experimentally determined by UV–Vis 73 
spectrophotometry as 594 nm for AB-194 and 432 nm for AO [20,21]. 74 

A blank sample consisting exclusively of the same tap water used to prepare the dye solutions was analyzed as an 75 
experimental control. No dye, ferrous catalyst, sulfuric acid, or other reagent was added to this sample. Its pH, electrical 76 
conductivity, turbidity, and absorbance were measured to establish the baseline physicochemical and optical 77 
characteristics of the aqueous matrix. The corresponding values are presented in Table 1. 78 

Parameter Value (tap water) 

pH 8 

Electrical conductivity (µS cm⁻¹) 730 

Initial turbidity (NTU) 0.37 

Absorbance 0.00 

Table 1. Physicochemical and optical characteristics of the tap-water blank used as the experimental control. 79 

The absorbance values of the blank were used to verify that the water matrix did not produce substantial optical 80 
interference at the analytical wavelengths selected for AB-194 and AO. The blank measurements also provided a 81 
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reference for distinguishing changes associated with the dye, catalyst addition, and plasma treatment from the initial 82 
characteristics of the water. 83 

For the dye-containing solutions, pH, electrical conductivity, and turbidity were recorded before catalyst addition, 84 
immediately after catalyst addition, and after 90 min of plasma treatment. The corresponding values are summarized in 85 
Table 2. 86 

Parameter Dye Before catalyst 

addition 

After catalyst 

addition 

After 90 min 

pH AB-194 8.04 ± 0.16 6.38 ± 0.22 6.02 ± 0.32 

pH AO 8.40 ± 0.10 6.60 ± 0.00 5.75 ± 0.05 

Electrical conductivity 

(μS cm−1)) 

AB-194 732 ± 58 846 ± 16 796 ± 6 

Electrical conductivity 

(μS cm−1)) 

AO 675 ± 5 755 ± 10 780 ± 10 

Turbidity (NTU) AB-194 2.350 ± 0.900 36.640 ± 3.060 2.856 ± 0.590 

Turbidity (NTU) AO 2.565 ± 0.120 36.650 ± 3.050 2.425 ± 0.825 

Table 2. pH, electrical conductivity, and turbidity of the AB-194 and AO solutions before catalyst addition, after catalyst addition, 87 
and after 90 min of plasma treatment. 88 

The ferrous catalyst stock solution was prepared by dissolving 6.95 g of FeSO₄·7H₂O (278.01 g mol⁻¹) in 500 mL of 89 
distilled water, followed by the addition of 2.7 mL of H₂SO₄. The resulting stock solution contained approximately 0.050 90 
mol L⁻¹ Fe²⁺. The catalyst was dosed at a ratio of 5 mL of stock solution per 250 mL of dye solution. Therefore, for the 91 
5.0 L volume used in each treatment, a total of 100 mL of the ferrous stock solution was added. Considering the resulting 92 
total liquid volume of approximately 5.10 L, this dosage produced a final Fe²⁺ concentration of approximately 0.98 93 
mmol L⁻¹. This dose was selected as a moderate intensification condition intended to promote ferrous-mediated radical 94 
pathways without the external addition of H₂O₂. Accordingly, the system is described as ferrous-species-assisted plasma 95 
rather than as a conventional Fenton process [9,17]. 96 

2.2 Continuous-flow experimental system 97 

The experimental system operated under continuous recirculation with a working volume of 5 L. The solution was 98 

pumped from the reservoir to the active reactor region and returned to the reservoir after contacting the discharge at the 99 

air–liquid interface (Fig. 1). Recirculation was provided by a Jingnuo JK-180 submersible pump (3 W, nominal 100 

maximum flow rate of 200 L h⁻¹, and maximum delivery head of 50–55 cm). 101 

 102 

Fig. 1 Schematic of the catalyst-assisted corona plasma experimental system operated under recirculating-flow conditions. 103 
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The flow rate was determined volumetrically by collecting the discharge over timed intervals. Triplicate measurements 104 

confirmed a flow rate of 250 mL min⁻¹, which was applied consistently across all experiments. The discharge was 105 

powered by a Spellman SA4 direct-current power supply. The circuit included a 1100 Ω, 200 W maximum-dissipation 106 

limiting resistor for current protection and stabilization. 107 

Voltage and current were recorded using two 6½-digit Siglent SDM3065X digital bench multimeters; one measured 108 

voltage and the other measured current directly. Absorbance was measured with a Thermo Scientific GENESYS 20 109 

spectrophotometer (325–1100 nm; photometric resolution, 0.001 Abs; wavelength accuracy, ±2 nm). Optical emission 110 

was recorded with an Ocean Optics FLAME-T-UV-VIS spectrometer equipped with a 600 lines mm⁻¹ grating and 111 

operated using OceanView software. 112 

pH and electrical conductivity were determined with a Hanna Instruments HI9811-51 multiparameter meter, with 113 
resolutions of 0.01 pH units and 10 µS cm⁻¹, respectively. Turbidity was measured using a Hach 2100Q turbidimeter 114 
with a resolution of 0.01 NTU. The specific procedures for plasma generation, electrical characterization, OES, and 115 
physicochemical analysis are described in Sections 2.3–2.11. 116 

The general operating conditions are summarized in Table 3. Samples were collected every 15 min during the 90 min 117 
treatment. 118 

Parameter Experimental condition 

Volume per run 5 L 

Flow rate 250 mL min⁻¹ 
Operating mode Continuous recirculating flow 

Discharge geometry Three-tip-to-plate configuration 

Electrode (anode) Tungsten 

Electrode (cathode) Stainless-steel plate 

Treatment time 0-90 min 

Sampling interval 15 min 
Table 3. Main experimental conditions of the catalyst-assisted corona plasma system. 119 

2.3 Corona plasma discharge  120 

The discharge was generated in air at atmospheric pressure using a direct-current-powered configuration consisting of 121 
three tungsten tips facing a stainless-steel plate. The high curvature of the tips locally intensified the electric field and 122 
promoted impact ionization in the air–liquid region, enabling operation in the corona regime [17,19,22–25]. 123 

2.4 Electrical characterization and discharge power 124 

Electrical characterization was performed by simultaneously measuring the applied voltage and discharge current with 125 
the two Siglent SDM3065X multimeters. The 1100 Ω, 200 W resistor was included in the circuit as a limiting element; 126 
the current used in the calculations was read directly from the multimeter and was therefore not estimated from the 127 
voltage drop across the resistor. 128 

Because voltage and current remained nearly constant during the stable operating stage, electrical power was calculated 129 
for each pair of readings as: 130 

P = V I                                                                    (1) 131 

where P is the electrical power (W), V is the applied voltage (V), and I is the discharge current (A). The average power 132 

used in the energy analysis was the arithmetic mean of the values calculated with Eq. (1) during the stable period of 133 

each treatment. 134 
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The temporal evolution of V, I, and P was used to verify discharge stability and rule out abrupt current increases 135 

associated with a transition to arc discharge. This behavior is consistent with a current-limited corona discharge 136 

[12,22,24,25]. 137 

2.5 Optical emission spectroscopy 138 

Excited species generated by the discharge were characterized by optical emission spectroscopy (OES) using an Ocean 139 
Optics FLAME-T-UV-VIS spectrometer. Radiation from the air–liquid region was guided to the spectrometer through 140 
an optical fiber and acquired with OceanView software. 141 

Signals were assigned by comparing the experimental wavelengths with reported transitions for species characteristic 142 

of air discharges in contact with water, including ·OH, N₂, N₂⁺, Hα, Hβ, Na I, and O I [16,22,26,27]. For each spectrum, 143 

relative intensity was normalized to the most intense emission. The band associated with ·OH was related to water-144 

dissociation processes and secondary reactions at the plasma–liquid interface [9,10,16]. 145 

OES was used as a non-invasive diagnostic of excited species. Intensities were interpreted qualitatively or 146 

semiquantitatively rather than as absolute concentrations of reactive species in the liquid phase. 147 

2.6 Spectrophotometric analysis and decolorization efficiency 148 

Dye concentration was monitored by UV–Vis spectrophotometry using the GENESYS 20 instrument. Samples were 149 
analyzed in 1 cm optical-path-length cells at 594 nm for AB-194 and 432 nm for AO. Before each measurement series, 150 
water from the same matrix was used as the instrumental blank. 151 

Before treatment, absorbance–concentration calibration curves were constructed for each dye. Proportionality between 152 
the two variables was evaluated using the Beer–Lambert law [20]: 153 ܣ =  154 (2)                                                                 ܥ݈ߝ

where A is absorbance, ε is the molar absorption coefficient, l is the optical path length, and C is concentration. The 155 
linearity of the curves allowed absorbance to be related to concentration over the working range. 156 

Decolorization efficiency was calculated from the relative decrease in absorbance [15,18]: 157 ݊݋݅ݐܽݎ݋݈݋ܿ݁ܦ(%) = ௢ܣ)] −  158 (3)                        100ݔ[௢ܣ/(௧ܣ

where A₀ is the initial absorbance of the solution after catalyst addition and Aₜ is the absorbance at time t. Equation (3) 159 

was applied to each sampling point. 160 

2.7 Kinetic analysis 161 

Decolorization kinetics were analyzed using an apparent pseudo-first-order model, assuming that the effective 162 

concentration of oxidizing species remained quasi-steady relative to the dye concentration during each treatment 163 

interval: 164 ln(ܣ௢ − (௧ܣ =  165 (4)                                                     ݐ݇

where k is the apparent rate constant (min⁻¹) and t is the treatment time (min). The value of k was obtained from the 166 

slope of the linear fit of ln(A₀/Aₜ) versus t, and goodness of fit was evaluated using R². The time required to reach 50 % 167 

decolorization was determined from t₅₀ = ln(2)/k, derived from Eq. (4). 168 
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2.8 Energy indicators 169 

The energy demand of the treatment was evaluated using the specific energy consumption (SEC) and the energy yield 170 
at 50 % decolorization (G₅₀). SEC was calculated as: 171 

SEC = PpromtVtreat                                                      (5) 172 

where SEC is expressed in kWh m⁻³, P̄ is the average system power, t is the treatment time, and V is the treated volume. 173 

The G₅₀ parameter represents the mass of contaminant degraded per unit of energy consumed to achieve 50 % 174 
decolorization, allowing comparison of energy efficiency among treatment systems [14,17,18]. G₅₀ was calculated as: 175 

G50 = 1.8 × 106 C0V0MPt50                                        (6) 176 

where C₀ is the initial contaminant concentration (mol L⁻¹), V is the treated volume (L), M is the dye molecular weight 177 
(g mol⁻¹), P̄ is the average system power (W), and t₅₀ is the time required to reach 50 % decolorization. 178 

This methodology enables quantitative comparison of the energy performance of the treatments applied to AB-194 and 179 
AO and assessment of the catalyst influence on degradation rate and plasma–liquid-system energy consumption. 180 

2.9 pH measurement 181 

pH was measured before discharge ignition and every 15 min using the Hanna HI9811-51 instrument. The electrode 182 
was rinsed with distilled water between samples, and the same immersion and reading-stabilization procedure was 183 
maintained. Monitoring pH enabled analysis of plasma-induced changes that may be associated with reactive-species 184 
generation, formation of oxidized organic byproducts, and the presence of nitrogen-containing species in solution 185 
[10,11,16]. 186 

Changes in pH are a relevant indicator of the chemical impact of plasma on the aqueous matrix and of the stability of 187 
the treated effluent [13,15]. 188 

2.10 Electrical conductivity 189 

Electrical conductivity was measured in the same samples and at the same sampling times using the Hanna HI9811-51. 190 

Results were expressed in µS cm⁻¹ to evaluate changes associated with the formation of ionic species during the process 191 

[13,15]. This parameter provides complementary information on the breakdown of complex organic structures and the 192 

release of charged species into solution [10,16]. 193 

2.11 Turbidity 194 

Turbidity was determined at each sampling point using the Hach 2100Q and expressed in NTU. Before each 195 

measurement, the sample was gently mixed, the cuvette was checked for air bubbles, and placed in a fixed orientation. 196 

Turbidity analysis helps distinguish effective effluent decolorization from the possible formation of intermediates that 197 

increase medium opacity, thereby providing a more comprehensive process assessment [2,15]. 198 

2.12 Reproducibility and data treatment 199 

Each treatment was performed in five independent replicates under the same volume, flow-rate, catalyst-dose, and 200 

exposure-time conditions. Results were reported as means; when available, error bars represented dispersion among 201 

replicates. Linear fits were evaluated using R², and calculations were performed with consistent units. No inferential 202 
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statistics were applied, as the study aimed to compare kinetic, physicochemical, and energy trends between dyes rather 203 

than to test formal hypotheses. 204 

3. Results and discussion 205 

3.1 Calibration curves 206 

        207 

      208 

Figs. 2 and 3 show a linear relationship between concentration and absorbance for both dyes, with coefficients of 209 

determination above 0.99. This behavior validates the Beer–Lambert law expressed in Eq. (2) and supports the use of 210 

absorbance as an indirect concentration variable during treatment. Prior calibration is essential to avoid interpreting 211 

instrumental changes as chemical degradation and to support the subsequent kinetic analysis. 212 

3.2 Absorbance evolution and decolorization 213 

Figs. 4 and 5 show the temporal evolution of AB-194 and AO absorbance during treatment. Two initial measurements 214 

were obtained for each dye: the first corresponded to the water–dye solution before addition of the ferrous stock solution, 215 

whereas the second was recorded after its addition and before plasma exposure. The post-addition measurement was 216 

used as the initial value for evaluating plasma-induced decolorization, thereby separating the immediate effect of the 217 

ferrous solution from the subsequent effect of plasma treatment. 218 

        219 

 220 

 221 

Fig. 2 Linear relationship between 

concentration and absorbance for AB-194 

Fig. 3 Linear relationship between 

concentration and absorbance for AO. 

Fig. 4 Time-dependent absorbance of AB-194 

during corona plasma treatment and catalyst-

assisted plasma treatment. 

Fig. 5 Time-dependent absorbance of AO during 

corona plasma treatment and catalyst-assisted 

plasma treatment. 
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For AB-194, absorbance decreased from 0.5706 ± 0.026 to 0.4768 ± 0.024 after addition of the ferrous solution, 222 

corresponding to an initial reduction of approximately 16.4%. This decrease was greater than that expected from dilution 223 

alone, since adding 100 mL of stock solution to 5.0 L of dye solution increased the total volume by only approximately 224 

2%. The observed change may therefore be associated with immediate interactions between the anionic dye and 225 

dissolved ferrous species, including changes in dye aggregation, speciation, ionic environment, or complex formation, 226 

which may modify the spectral response of AB-194 at its analytical wavelength. Because these effects were not 227 

independently characterized, this initial decrease should be interpreted as an effect of ferrous-solution addition rather 228 

than as confirmed dye degradation. 229 

Absorbance then decreased rapidly during plasma treatment, reaching 0.1884 ± 0.048 at 15 min, 0.0426 ± 0.009 at 30 230 

min, and 0.0064 ± 0.004 at 90 min. This decrease was accompanied by a progressive loss of solution color, as visually 231 

shown in Fig. 6 Using the absorbance recorded after addition of the ferrous solution as the reference, the final 232 

decolorization efficiency was approximately 98.66%. 233 

 234 

Fig. 6 Visual change in the color of the AB-194 solution during ferrous-species-assisted corona plasma treatment, from the initial 235 
condition to 90 min of treatment. 236 

For AO, addition of the ferrous solution decreased the absorbance from 1.6626 ± 0.022 to 1.4606 ± 0.109, corresponding 237 

to an initial reduction of approximately 12.15%. As in the AB-194 system, this decrease was substantially greater than 238 

that attributable to dilution alone. It may therefore be related to immediate interactions between AO and dissolved 239 

ferrous species, including changes in aggregation, ionic strength, molecular environment, or complex formation, which 240 

could modify the optical response of the dye at the analytical wavelength. Since these effects were not independently 241 

characterized, the initial absorbance decrease should likewise be interpreted as an effect of ferrous-solution addition 242 

rather than as confirmed chemical degradation. 243 

During plasma treatment, AO absorbance progressively decreased to 0.9766 ± 0.102 at 15 min, 0.3888 ± 0.094 at 30 244 

min, 0.2290 ± 0.066 at 45 min, 0.1370 ± 0.062 at 60 min, 0.0542 ± 0.046 at 75 min, and 0.0330 ± 0.037 at 90 min. This 245 

decrease was accompanied by a progressive loss of solution color, as visually shown in Fig. 7. Taking the post-addition 246 

absorbance as the reference, the final decolorization efficiency was approximately 97.74%. 247 

 248 

Fig. 7 Visual change in the color of the AO solution during ferrous-species-assisted corona plasma treatment, from the initial 249 
condition to 90 min of treatment. 250 

Both systems exhibited a pronounced decrease in absorbance during plasma exposure, consistent with the progressive 251 

disruption or transformation of the chromophoric structures responsible for color. AB-194 showed a faster absorbance 252 

decrease during the first 30 min and a slightly higher final decolorization efficiency than AO, with final values of 98.66% 253 

and 97.74%, respectively. This behavior indicates that the two dyes responded differently to the plasma–ferrous-species 254 

system, likely because of differences in molecular structure, charge, chromophore accessibility, and susceptibility to 255 
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attack by plasma-generated reactive species. Nevertheless, the decrease in absorbance demonstrates decolorization and 256 

should not, by itself, be interpreted as complete mineralization. 257 

3.3 Kinetic interpretation 258 

Decolorization kinetics were evaluated using an apparent pseudo-first-order model by plotting ܖܔ(ۯ૙/ܜۯ) versus time 259 

according to Eq. (4). For this analysis, ۯ૙ corresponded to the absorbance measured after addition of the ferrous solution 260 

and before plasma treatment. 261 

The linear fits yielded apparent rate constants of 0.0486 min⁻¹ for AB-194 and 0.0433 min⁻¹ for AO, with coefficients 262 

of determination of 0.9385 and 0.9929, respectively. From ܜ૞૙ =  the calculated times required to reach 50% 263 ,ܓ/(૛)ܖܔ

decolorization were 14.27 min for AB-194 and 16.00 min for AO. 264 

The ratio ۰ۯܓ−૚ૢ૝/۽ۯܓ = ૚. ૚૛ indicates that, under the conditions studied, the apparent decolorization rate of AB-194 265 

was approximately 12% higher than that of AO. Although both dyes exhibited similar overall kinetic behavior, AO 266 

showed a slightly lower apparent rate constant and a longer calculated half-decolorization time. These differences may 267 

be associated with variations in molecular structure, chromophore accessibility, charge, and susceptibility to attack by 268 

plasma-generated reactive species.  269 

The high ܀૛ value obtained for AO indicates that its absorbance decay was well represented by the apparent pseudo-270 

first-order model over the evaluated treatment period. In contrast, the lower ܀૛ value obtained for AB-194 may reflect 271 

its rapid initial decolorization during the first 15 min, which deviated from strict linear behavior. This deviation could 272 

be related to transient variations in the production and consumption of reactive species during the early stage of 273 

treatment. Therefore, the pseudo-first-order model should be regarded as a global empirical approximation of the 274 

experimental data rather than as a mechanistically rigorous description of the complete reaction pathway. 275 

3.4 Electrical characterization of the discharge: voltage, current and power 276 

Figs. 8–13 show the temporal evolution of voltage, current, and power during the treatment of Acid Black 194 (AB-277 
194) and Auramine O (AO) by catalyst-assisted corona plasma. In both cases, a brief transient regime was observed at 278 
discharge initiation, followed by sustained electrical stabilization throughout the 90 min operating period, characteristic 279 
of a non-thermal corona regime under current-limited conditions. 280 

      281 

Fig. 8 Time-dependent voltage during the 

catalyst-assisted corona plasma treatment of 

AB-194. 

Fig. 9 Time-dependent voltage during the 

catalyst-assisted corona plasma treatment of AO 
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 282 

 283 

 284 

        285 

 286 

 287 

For AB-194 treatment, the voltage initially approached 950 V during discharge establishment and subsequently 288 
stabilized within approximately 700–740 V. The current remained nearly constant at around 0.195 A during most of the 289 
treatment. Consequently, the experimental average power calculated from the instantaneous voltage and current signals 290 
using Eq. (1) was 139.42 W. The stability of the electrical signals indicates that the discharge remained in a stable corona 291 
regime without transitioning to an arc, thereby favoring continuous generation of reactive species at the plasma–liquid 292 
interface. 293 

For AO, the electrical behavior was similar. The voltage stabilized at slightly lower values of approximately 660–700 294 
V, whereas the current remained around 0.19–0.20 A during treatment. The average power calculated using Eq. (1) was 295 
133.71 W. Although both systems operated under comparable electrical conditions, the small differences in voltage and 296 
power may be associated with the specific physicochemical properties of each dye solution, including conductivity, 297 
ionic character, and molecular structure. 298 

The corresponding figures also show the absence of abrupt current oscillations or sudden power increases, confirming 299 
that the system maintained a stable atmospheric-pressure discharge regime throughout the experiment. This behavior is 300 

Fig. 10 Time-dependent current during the 

catalyst-assisted corona plasma treatment of 

AB-194. 

Fig. 11 Time-dependent current during the 

catalyst-assisted corona plasma treatment of AO 

 

Fig. 12 Time-dependent electrical power 

during the catalyst-assisted corona plasma 

treatment of AB-194. 

Fig. 13 Time-dependent electrical power 

during the catalyst-assisted corona plasma 

treatment of AO 
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consistent with reports on corona systems used for advanced oxidation processes and non-thermal-plasma water 301 
treatment [12–15,22]. 302 

3.5 pH evolution 303 

Before catalyst addition, the AB-194 and AO solutions had pH values of 8.04 ± 0.16 and 8.40 ± 0.10, respectively. 304 
Addition of the FeSO₄·7H₂O solution prepared in an acidic medium immediately decreased the pH to 6.38 ± 0.22 for 305 
AB-194 and 6.60 ± 0.00  for AO. These latter values were taken as the initial plasma-treatment conditions at t = 0. 306 

During the 90 min treatment, pH gradually decreased to 6.02 ± 0.32  for AB-194 and 5.75 ± 0.05  for AO, 307 

corresponding to changes of −0.36 and −0.85 pH units relative to the values measured after catalyst addition (Fig. 14 308 

and 15). Acidification was more pronounced for AO and may be related to the formation of oxidized nitrogen species 309 

and lower-molecular-weight organic products during plasma–liquid interaction [10,11,16]. 310 

                                    311 

 312 

However, because the catalytic solution was prepared in the presence of H₂SO₄, the initial pH decrease should be 313 

attributed primarily to catalyst addition, whereas the subsequent variation reflects evolution of the medium during 314 

plasma treatment. The observed pH range may favor the persistence of ferrous species and secondary ·OH-generation 315 

pathways; however, pH alone cannot determine the extent of mineralization. 316 

3.6 Turbidity evolution 317 

Before catalyst addition, the AB-194 (Fig. 16) and AO (Fig. 17) solutions had turbidities of 2.35 ± 0.90 and 2.565 ±318 0.12 NTU, respectively. Addition of the FeSO₄·7H₂O solution prepared in an acidic medium immediately increased 319 

turbidity to 36.64 ± 3.06 NTU for AB-194 and 36.65 ± 3.05 NTU for AO. These values were taken as the initial 320 

plasma-treatment conditions at t = 0. 321 

A pronounced decrease in turbidity was observed during the first 30 min of treatment. For AB-194, turbidity decreased 322 

from 36.64 ± 3.06 to 3.714 ± 1.13 NTU, whereas for AO it decreased from 36.65 ± 3.05 to 3.10 ± 0.84  NTU. The 323 

values then remained relatively stable, reaching 2.856 ± 0.59 NTU for AB-194 and 2.425 ± 0.825 NTU for AO after 324 

90 min of treatment. 325 

 326 

Fig. 14 Evolution of pH during the treatment of 

AB-194. 

Fig. 15 Evolution of pH during the treatment 

of AO 
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        327 

      328 

Using the values measured after catalyst addition as the reference, turbidity decreased by approximately 92.2 % for AB-329 

194 and 93.4 % for AO. The initial turbidity increase is attributed to iron hydroxide colloids or fine particles formed 330 

upon mixing the ferrous solution with the dye matrix. The subsequent decrease suggests removal, transformation, or 331 

sedimentation of the species responsible for light scattering; however, turbidity alone cannot establish mineralization or 332 

identify the nature of the particles present. 333 

3.7 Electrical conductivity evolution 334 

Before catalyst addition, the AB-194 (Fig. 18) and AO (Fig. 19) solutions had conductivities of 732 ± 58 and 675 ±335 5 μS cm−1, respectively. Addition of the catalytic solution immediately increased conductivity to 846 ± 16 μS cm−1 336 

for AB-194 and 755 ± 10 μS cm−1 for AO. This initial increase is mainly attributed to ionic species introduced with 337 

FeSO₄·7H₂O and H₂SO₄ in the catalytic solution. 338 

                      339 

 340 

During the 90 min plasma treatment, the two systems behaved differently. For AB-194, conductivity gradually decreased 341 

from 846 ± 16 to 796 ± 6 μS cm−1, corresponding to an approximate reduction of 5.9 % relative to the value measured 342 

after catalyst addition. For AO, conductivity showed moderate fluctuations and increased from 755 ± 10 to 780 ±343 10 μS cm−1, equivalent to an approximate increase of 3.3 %. 344 

These variations may be related to changes in solution ionic composition during treatment, including the formation, 345 

transformation, or consumption of charged species. However, because the changes were moderate and experimental 346 

Fig. 17 Evolution of turbidity during the 

treatment of AO 

Fig. 18. Evolution of electrical conductivity 

during the treatment of AB-194. 

Fig. 19. Evolution of electrical conductivity 

during the treatment of AO 

Fig. 16 Evolution of turbidity during the 

treatment of AB-194. 
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dispersion was present, conductivity is interpreted only as a complementary indicator of modifications in the aqueous 347 

matrix rather than as a direct measure of mineralization. 348 

3.8 OES characterization 349 

The optical emission spectra obtained during AB-194 and AO treatment are shown in Figs. 20 and 21, and the main 350 
spectral assignments are summarized in Tables 4 and 5. Emissions associated with excited species characteristic of air 351 
discharges in contact with water were identified in both systems, including OH, N₂, N₂⁺, Hα, and Hβ. The band observed 352 
at 305–314 nm was assigned to the OH(A²Σ⁺ → X²Π) system, whereas emissions near 336 nm and within 353–380 nm 353 
were associated with the second positive system of molecular nitrogen, N₂(C³Πu → B³Πg). The signal near 391 nm was 354 
attributed to the first negative system of ionized nitrogen, N₂⁺(B²Σu⁺ → X²Σg⁺), indicating excitation and ionization 355 
processes in the gas phase of the discharge. The Balmer Hβ and Hα lines observed at approximately 487 and 656 nm, 356 
respectively, are also consistent with excitation of water-derived species in the plasma–liquid interaction region. 357 

The AB-194 and AO spectrum also showed signals near 589 and 777 nm, tentatively assigned to Na I and O I, 358 
respectively. Na I emission may be related to dissolved salts or impurities in the aqueous matrix, whereas the O I signal 359 
is compatible with dissociation and excitation processes involving oxygen-containing species. Differences in intensity 360 
between the AB-194 and AO spectra may be associated with variations in the composition and physicochemical 361 
properties of each solution. 362 

 363 

 364 

 365 

Species Experimental 

wavelength (nm) 

Theoretical wavelength 

(nm) 

Transition 

OH• 305–311 308.90 A²Σ⁺ → X²Π 

N₂ 336 337.10 C³Πu → B³Πg 

N₂ 353–380 357.70 C³Πu → B³Πg 

N₂⁺ 391 391.40 B²Σu⁺ → X²Σg⁺ 
Hβ 487 486.10 n = 4 → n = 2 

Na I 589 588.99 3p → 3s 

Hα 656 656.30 n = 3 → n = 2 

O I 777 777.19 3p⁵P → 3s⁵S° 
Table 4. Optical emission species identified during plasma treatment of AB-194. 366 

Species Experimental 

wavelength (nm) 

Theoretical wavelength 

(nm) 

Transition 

OH• 305–314 308.90 A²Σ⁺ → X²Π 

N₂ 336 337.10 C³Πu → B³Πg 

Fig. 20. Optical emission spectrum recorded 

at atmospheric pressure at the air–water 

interface during the treatment of AB-194. 

Fig. 21. Optical emission spectrum recorded at 

atmospheric pressure at the air–water interface 

during the treatment of AO. 
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N₂ 353–380 357.70 C³Πu → B³Πg 

N₂⁺ 391 391.40 B²Σu⁺ → X²Σg⁺ 
Na I 589 588.99 3p → 3s 

Hβ 487 486.10 n = 4 → n = 2 

O I 777 777.19 3p⁵P → 3s⁵S° 

Hα 656 656.30 n = 3 → n = 2 
Table 5. Optical emission species identified during plasma treatment of AO. 367 

Taken together, the identified emissions are consistent with simultaneous generation of RONS, which participate in the 368 
oxidative degradation pathways of the dyes during atmospheric-pressure corona plasma treatment. 369 

3.9 Apparent electron temperature and electron density 370 

The apparent electron temperature of the plasma was estimated from the Hα and Hβ hydrogen emission lines identified 371 
by OES. This procedure assumes that the populations of the emitting levels can be approximated by a Boltzmann-type 372 
distribution; therefore, the resulting value should be interpreted as an apparent excitation temperature rather than the 373 
global thermodynamic temperature of the plasma [22,28,29]. 374 

The Boltzmann relation was used to estimate the apparent electron temperature: 375 

Te = Em(2)−Em(1)kβ [ln (I1λ1gm(2)Am(2)I2λ2gm(1)Am(1))]−1                              (7) 376 

where Eₘ denotes the energy of the excited levels, kβ is the Boltzmann constant, I is the spectral intensity of the emission 377 

lines, λ is wavelength, g is the statistical weight, and A is the radiative transition probability [22,28,29]. 378 

For AB-194 treatment, experimental intensities of Hβ = 1051.96 a.u. and Hα = 5735.98 a.u. were used, yielding an 379 

approximate electron temperature of 0.72 eV from Eq. (7). For AO, intensities of Hβ = 1413.34  a.u. and Hα =380 7008.58 a.u. yielded an electron temperature of 0.81 eV. 381 

Electron density was estimated from the electron-temperature values using the Saha–Boltzmann equation [22,29,30]. 382 

ne = 6 × 1021(Te)3/2exp (− EikβTe)                                     (8) 383 

where ne  is the estimated electron density, kβ is the Boltzmann constant, and Ei is the ionization energy of atomic 384 

hydrogen. The value used in the calculation, Ei = 13.5984 eV, was obtained from the National Institute of Standards 385 
and Technology Atomic Spectra Database [31]. 386 

The calculated apparent electron-density values were 2.88 × 1019 m−3  for AB-194 and 2.80 × 1020 m−3  for AO. 387 
These values indicate electron populations capable of supporting excitation and ionization processes involved in the 388 
formation of reactive oxygen and nitrogen species [12,13,22]. Nevertheless, the electron densities derived from the 389 
Saha–Boltzmann equation should be regarded as apparent estimates because the method assumes local thermodynamic 390 
equilibrium and may be affected by departures from a Maxwellian electron-energy distribution, line-of-sight integration, 391 
and optical effects such as self-absorption. These limitations are particularly relevant for atmospheric-pressure non-392 
thermal discharges, which generally operate under non-equilibrium conditions [22]. 393 

Dye ܍܂ (eV) ܍ܖ (m−૜) 

AB-194 0.72 2.88 × 1019 

AO 0.81 2.80 × 1020 

Table 6. Calculated apparent electron temperature (Tₑ) and estimated electron density (nₑ) for AB-194 and AO treatments 394 
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3.10 Proposed catalyst-assisted degradation mechanism 395 

Degradation is attributed to the combined action of species generated in the gas phase and secondary reactions in the 396 

liquid. Electron impact may promote H₂O and O₂ dissociation, producing ·OH and O·, while ·OH recombination may 397 

generate H₂O₂. In the presence of Fe²⁺, H₂O₂ may react according to Fe²⁺ + H₂O₂ → Fe³⁺ + ·OH + OH⁻, increasing 398 

hydroxyl-radical availability [9,10,13,16,17]. The OES signals of ·OH, N₂/N₂⁺, Hα, Hβ, and O I are consistent with these 399 

pathways, although they do not quantify oxidant concentrations in the liquid phase. 400 

The decolorization observed for AB-194 is consistent with susceptibility of the azo chromophore to oxidative attack. 401 

For AO, decolorization requires disruption of the conjugated triarylmethane system and may generate relatively 402 

persistent aromatic intermediates. Although AB-194 exhibited slightly faster apparent kinetics and a higher G50, both 403 

dyes reached final decolorization efficiencies above 97%, indicating effective transformation of their chromophoric 404 

structures under the applied conditions.  405 

3.11 Energy assessment 406 

The energy performance of the system was evaluated using the energy yield at 50 % decolorization, G₅₀, defined in Eq. 407 
(6), and the specific energy consumption, SEC, defined in Eq. (5). These indicators were calculated from the initial dye 408 
concentration, treated volume, average electrical power, and treatment time. 409 

For AB-194, the calculation used an initial concentration of 0.1 mM, a treated volume of 5 L, a molar mass of 758.74 g 410 
mol⁻¹, an average power of 139.42 W, and a 50 % decolorization time of 14.27 min, equivalent to 856.2 s. Equation (6) 411 
yielded a G₅₀ value of 5.72 g kWh⁻¹. 412 

For AO, the calculation used an initial concentration of 0.1 mM, a treated volume of 5 L, a molar mass of 303.83 g 413 
mol⁻¹, an average power of 133.71 W, and a 50% decolorization time of 16.00 min, equivalent to 960 s. Equation (6) 414 
yielded a G50 value of approximately 2.13 g kWh⁻¹. 415 

SEC, calculated for the 90 min treatment using Eq. (5), was 41.83 kWh m⁻³ for AB-194 and 40.11 kWh m⁻³ for AO. 416 
The similarity between these values results from the use of the same treated volume and total treatment time in both 417 
experiments, together with relatively similar average powers. 418 

The results in Table 7 show that AB-194 reached 50% decolorization slightly earlier than AO and exhibited a higher 419 
energy yield. The difference in t50 was modest, with values of 14.27 and 16.00 min, respectively, indicating broadly 420 
comparable apparent decolorization kinetics. In contrast, the higher G50 of AB-194 was influenced not only by its 421 
shorter t50 but also by its substantially greater molar mass. 422 

Dye P (W) t50 (min) G50 (g kWh⁻¹) SEC (kWh m⁻³) Final decolorization (%) 

AB-194 139.42 14.27 5.72 41.83 98.66 

AO 133.71 16.00 2.13 40.11 97.74 

Table 7. Comparison of kinetic and energy parameters for AB-194 and AO decolorization by Fe²⁺-assisted corona plasma in a 423 
recirculating-flow system. 424 

To contextualize system performance, Table 8 compares the G₅₀ values obtained in this study with previous reports of 425 

dye degradation by atmospheric-pressure plasmas, including flow systems, catalyst-assisted treatments, and corona 426 

discharges applied to organic dyes. Because experimental conditions, initial concentration, volume, geometry, power, 427 

and operating mode differ among studies, this comparison should be interpreted as an order-of-magnitude reference 428 

rather than as a direct equivalence. 429 

Reference Contaminant System G₅₀ (g kWh⁻¹) Flow/volume 

This study AB-194 
Corona + catalyst, 

recirculation 
5.72 

Continuous 

recirculation, 5 L 
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This study AO 
Corona + catalyst, 

recirculation 
2.13 

Continuous 

recirculation, 5 L 

Gómez et al. [32] Basic Violet I Corona plasma 0.63 Flow, 5 L 

Zhang et al. [33] Crystal Violet Plasma + catalyst 6.91 Batch 

Torres-Segundo et 

al. [34] 
AB-194 

Corona plasma + 

FeSO₄ 0.621 Batch, 250 mL 

Torres-Segundo et 

al. [35] 
Direct Orange 39 Plasma 0.825 Batch 

Handoko et al. [17] Reactive Blue 21 Corona + Fe²⁺ 0.27 Batch/plasma 

reactor 

Segundo et al. [36] Rhodamine B Corona discharge 2.84 Batch, 250 mL 
Table 8. Comparison of reported G₅₀ values for dye degradation by plasma technologies and catalyst-assisted systems. 430 

4. Conclusions 431 

 Atmospheric-pressure corona plasma operated in a recirculating-flow system and assisted by ferrous species efficiently 432 
decolorized AB-194 and AO solutions, achieving efficiencies of 98.66% and 97.74%, respectively, after 90 min. The 433 
discharge exhibited stable electrical behavior during the analyzed operating period, with average powers of 139.42 W 434 
for AB-194 and 133.71 W for AO. Fitting to the apparent pseudo-first-order model yielded rate constants of 0.0486 435 
min⁻¹ for AB-194 and 0.0433 min⁻¹ for AO, with coefficients of determination of 0.9385 and 0.9929, respectively, and 436 
times to reach 50% decolorization of 14.27 and 16.00 min. The specific energy consumption was 41.83 kWh m⁻³ for 437 
AB-194 and 40.11 kWh m⁻³ for AO, whereas the energy yields were 5.72 and 2.13 g kWh⁻¹, respectively. These results 438 
indicate that both dyes exhibited high final decolorization and broadly comparable apparent kinetics, although AB-194 439 
showed a slightly faster response and a higher mass-based energy yield under the applied conditions. 440 
Addition of the ferrous solution caused an immediate decrease in pH and initial increases in electrical conductivity and 441 
turbidity. During treatment, turbidity decreased by approximately 92.2% for AB-194 and 93.4% for AO, whereas 442 
conductivity decreased by approximately 5.9% for AB-194 and increased by approximately 3.3% for AO. Optical 443 
emission spectroscopy showed bands and lines associated with excited species such as OH, N₂, N₂⁺, Hα, and Hβ, 444 
consistent with reactive chemistry at the plasma–liquid interface. The slightly faster apparent decolorization of AB-194 445 
may be associated with susceptibility of its azo chromophore to oxidative attack, whereas AO required disruption of its 446 
conjugated triarylmethane structure. However, the decrease in absorbance primarily demonstrates alteration of 447 
chromophoric groups and does not confirm complete mineralization or the absence of transformation products. Key 448 
limitations include the absence of total organic carbon, residual iron, and toxicity measurements, which preclude 449 
confirmation of complete mineralization or product safety. Future work should therefore optimize Fe²⁺ concentration, 450 
identify the products formed, quantify mineralization, and assess system scale-up under controlled flow-rate, effective-451 
contact-time, and energy-consumption conditions. 452 
 453 
Acknowledgments 454 

The authors thank Víctor Antonio Rojas Camacho and Juan Carlos Martínez López for their assistance with system 455 
assembly, operation, and monitoring of experimental measurements. 456 

Declarations 457 

Funding  458 

This work was supported by the Universidad Autónoma del Estado de México through project 7440/2026CIB and by 459 
the Secretaría de Ciencia, Humanidades, Tecnología e Innovación through a postgraduate scholarship awarded to E. 460 
Torres (CVU 2148215). 461 

Author contributions 462 

Conceptualization: Pedro Guillermo Reyes, Aarón Gómez, César Torres, Horacio Martínez, Joséfina Vergara, Erik 463 
Torres; Methodology: Pedro Guillermo Reyes, Aarón Gómez, César Torres, Horacio Martínez, Joséfina Vergara, Erik 464 
Torres, Jose Carlos Palomares; Investigation: Erik Torres; Formal analysis: Pedro Guillermo Reyes, Aarón Gómez, 465 
César Torres, Horacio Martínez, Joséfina Vergara, Erik Torres, Jose Carlos Palomares; Data curation: Pedro 466 
Guillermo Reyes, Aarón Gómez, César Torres, Horacio Martínez, Joséfina Vergara, Erik Torres; Visualization: Erik 467 
Torres; Writing—original draft: Erik Torres; Writing—review and editing: Pedro Guillermo Reyes, Aarón Gómez, 468 



 17 

César Torres, Horacio Martínez, Joséfina Vergara, Erik Torres; Resources: Pedro Guillermo Reyes; Supervision: 469 
Pedro Guillermo Reyes, Aarón Gómez, César Torres, Horacio Martínez, Joséfina Vergara, Erik Torres; All authors 470 
read and approved the final manuscript. 471 

Competing Interests 472 

The authors declare no competing interests. 473 

References 474 

[1] United Nations Environment Programme (2023) Sustainability and circularity in the textile value chain: Global 475 

stocktaking. United Nations Environment Programme, Nairobi. 476 

[2] Holkar CR, Jadhav AJ, Pinjari DV, Mahamuni NM, Pandit AB (2016) A critical review on textile wastewater 477 

treatments: Possible approaches. J Environ Manage 182:351–366. https://doi.org/10.1016/j.jenvman.2016.07.090 478 

[3] Yaseen DA, Scholz M (2019) Textile dye wastewater characteristics and constituents of synthetic effluents: A critical 479 

review. Int J Environ Sci Technol 16:1193–1226. https://doi.org/10.1007/s13762-018-2130-z 480 

[4] Benkhaya S, M’rabet S, El Harfi A (2020) Classifications, properties, recent synthesis and applications of azo dyes. 481 

Heliyon 6. https://doi.org/10.1016/j.heliyon.2020.e03271 482 

[5] Verma AK, Dash RR, Bhunia P (2012) A review on chemical coagulation/flocculation technologies for removal of 483 

colour from textile wastewaters. J Environ Manage 93:154–168. https://doi.org/10.1016/j.jenvman.2011.09.012 484 

[6] Forgacs E, Cserháti T, Oros G (2004) Removal of synthetic dyes from wastewaters: A review. Environ Int 30:953–485 

971. https://doi.org/10.1016/j.envint.2004.02.001 486 

[7] Robinson T, McMullan G, Marchant R, Nigam P (2001) Remediation of dyes in textile effluent: A critical review. 487 

Bioresour Technol 77:247–255. https://doi.org/10.1016/S0960-8524(00)00080-8 488 

[8] Velusamy V, Subramani T, Kumarasamy S, Palanivelu K (2023) Physical treatment and membrane processes for 489 

dye removal from wastewater: A review. Sustainability 15:10425. https://doi.org/10.3390/su151310425 490 

[9] Oturan MA, Aaron JJ (2014) Advanced oxidation processes in water/wastewater treatment: Principles and 491 

applications. Crit Rev Environ Sci Technol 44:2577–2641. https://doi.org/10.1080/10643389.2013.829765 492 

[10] Brisset JL, Pawlat J (2016) Chemical effects of air plasma species on aqueous solutions. Plasma Chem Plasma 493 

Process 36:355–381. https://doi.org/10.1007/s11090-015-9653-6 494 

[11] Lu X, Naidis GV, Laroussi M, Reuter S, Graves DB, Ostrikov K (2016) Reactive species in non-equilibrium 495 

atmospheric-pressure plasmas. Phys Rep 630:1–84. https://doi.org/10.1016/j.physrep.2016.03.003 496 

[12] Bruggeman P, Iza F, Brandenburg R (2017) Foundations of atmospheric pressure non-equilibrium plasmas. Plasma 497 

Sources Sci Technol 26:123002. https://doi.org/10.1088/1361-6595/aa97af 498 

[13] Bruggeman P, Kushner MJ, Locke BR, Gardeniers JGE, Graham WG, Graves DB, et al (2016) Plasma-liquid 499 

interactions: A review and roadmap. Plasma Sources Sci Technol 25:053002. https://doi.org/10.1088/0963-500 

0252/25/5/053002 501 

[14] Locke BR, Sato M, Sunka P, Hoffmann MR, Chang JS (2006) Electrohydraulic discharge and nonthermal plasma 502 

for water treatment. Ind Eng Chem Res 45:882–905. https://doi.org/10.1021/ie050981u 503 

[15] Jiang B, Zheng J, Qiu S, Wu M, Zhang Q, Yan Z, et al (2014) Review on electrical discharge plasma technology 504 

for wastewater remediation. Chem Eng J 236:348–368. https://doi.org/10.1016/j.cej.2013.09.090 505 

[16] Gorbanev Y, O’Connell D, Chechik V (2016) Non-thermal plasma in contact with water: The origin of species. 506 

Chemistry 22:3496–3505. https://doi.org/10.1002/chem.201503771 507 

[17] Handoko B, Iqbal R, Notodarmojo S (2024) Enhanced colour removal of large molecular reactive dye by corona 508 

discharge plasma technology with Fe²⁺ catalysts. Results Eng 509 

23:102597. https://doi.org/10.1016/j.rineng.2024.102597 510 

[18] Magureanu M, Mandache NB, Parvulescu VI (2015) Degradation of organic compounds in water by non-thermal 511 

plasma treatment. Water Res 81:124–136. https://doi.org/10.1016/j.watres.2015.05.037 512 

[19] Chen H, Zhang X, Shen C, Li J, Wang Y (2023) Non-thermal plasma degradation of dye wastewater assisted by 513 

interfacial mass transfer enhancement. Chem Eng Sci 282:119221. https://doi.org/10.1016/j.ces.2023.119221 514 

[20] Skoog DA, Holler FJ, Crouch SR (2008) Principles of instrumental analysis, 6th edn. Cengage Learning, Mexico. 515 



 18 

[21] Katheresan V, Kansedo J, Lau SY (2018) Efficiency of various recent wastewater dye removal methods: A review. 516 

J Environ Chem Eng 6:4676–4697. https://doi.org/10.1016/j.jece.2018.06.060 517 

[22] Fantz U (2006) Basics of plasma spectroscopy. Plasma Sources Sci Technol 15–518 

S147. https://doi.org/10.1088/0963-0252/15/4/S01 519 

[23] Townsend JS (1915) Electricity in gases. Clarendon Press, Oxford. 520 

[24] Peek FW (1929) Dielectric phenomena in high-voltage engineering. McGraw-Hill, New York. 521 

[25] Raizer YP (1991) Gas discharge physics. Springer, Berlin. 522 

[26] Demtröder W (2014) Laser spectroscopy: Basic concepts and instrumentation, 5th edn. Springer, 523 

Berlin. https://doi.org/10.1007/978-3-642-40053-7 524 

[27] Chen FF (2016) Introduction to plasma physics and controlled fusion, 3rd edn. Springer, 525 

Cham. https://doi.org/10.1007/978-3-319-22309-4 526 

[28] Unnikrishnan VK, Alti K, Kartha VB, Santhosh C, Gupta GP, Suri BM (2010) Measurements of plasma 527 

temperature and electron density in laser-induced copper plasma by time-resolved spectroscopy of neutral atom and 528 

ion emissions. Pramana J Phys 74:983–993. https://doi.org/10.1007/s12043-010-0089-5 529 

[29] Griem HR (1997) Principles of plasma spectroscopy. Cambridge University Press, 530 

Cambridge. https://doi.org/10.1017/CBO9780511524578 531 

[30] Feng J, Wang Z, Li Z, Ni W (2010) Study to reduce laser-induced breakdown spectroscopy measurement 532 

uncertainty using plasma characteristic parameters. Spectrochim Acta B At Spectrosc 65:549–533 

556. https://doi.org/10.1016/j.sab.2010.05.004 534 

[31] Kramida A, Ralchenko Y, Reader J, NIST ASD Team (2024) NIST Atomic Spectra Database, version 5.12. 535 

National Institute of Standards and Technology, Gaithersburg. https://doi.org/10.18434/T4W30F. Accessed 17 July 536 

2026 537 

[32] Gómez A, Rodríguez Albarrán MJ, Vergara Sánchez J, Torres C, Osorio D, Martínez H, Saldarriaga H, Reyes PG 538 

(2024) Physical–chemical assessment of azo dye Basic Violet I (BVI) discoloration using the corona plasma in 539 

batch and flow systems. ACS Omega 9:8037–8047. https://doi.org/10.1021/acsomega.3c07559 540 

[33] Zhang W, Wu H, Sun Y, Wu Q, Bi J, Jin J, Fang M, Shi Z (2022) Crystalline violet wastewater treatment by low-541 

temperature plasma combined with industrial solid waste red mud. Catalysts 542 

12:908. https://doi.org/10.3390/catal12080908 543 

[34] Torres-Segundo C, Vergara-Sánchez J, Reyes-Romero PG, Gómez-Díaz A, Rodríguez-Albarrán MJ, Martínez-544 

Valencia H (2019) Effect on discoloration by nonthermal plasma in dissolved textile dyes: Acid Black 194. Rev 545 

Mex Ing Quim 18:939–947. https://doi.org/10.24275/uam/izt/dcbi/revmexingquim/2019v18n3/Torres 546 

[35] Torres Segundo C, Vergara Sánchez J, Montiel Palacios E, Gómez Díaz A, Reyes Romero PG, Martínez Valencia 547 

H (2021) Discoloration and mineralization of Direct Orange 39 textile dye in water by atmospheric plasma and 548 

ferrous ion. Desalination Water Treat 226:362–371. https://doi.org/10.5004/dwt.2021.27243 549 

[36] Torres Segundo C, Vergara Sánchez J, Montiel Palacios E, Gómez Díaz A, Reyes Romero PG, Martínez Valencia 550 

H (2023) Comparative study of Rhodamine B and Direct Orange 39 degradation in aqueous solution using 551 

atmospheric plasma. Desalination Water Treat 310:238–247. https://doi.org/10.5004/dwt.2023.29943 552 



  8 . 04 ± 0 . 16


  796 ± 6


  μ   S cm  − 1


  675 ± 5


  755 ± 10


  780 ± 10


  2 . 350 ± 0 . 900


  36 . 640 ± 3 . 060


  2 . 856 ± 0 . 590


  2 . 565 ± 0 . 120


  36 . 650 ± 3 . 05


  6 . 38 ± 0 . 22


  2 . 425 ± 0 . 825


  A = 𝜀 l C


  D e c o l o r a t i o n  ( % ) = [ (   A  o −   A  t ) /   A  o ] x 100


   ln ⁡   (   A  o −   A  t ) = k t


  SEC =    P prom t   V treat


   G 50 = 1 . 8 ×  10 6    C 0  V 0 M  P  t 50


  𝐥 𝐧 ⁡  (   𝐀  𝟎 /   𝐀  𝐭 )


    𝐀  𝟎


    𝐭  𝟓 𝟎 = 𝐥 𝐧 ⁡  ( 𝟐 ) / 𝐤


    𝐤  𝐀 𝐁 − 𝟏 𝟗 𝟒 /   𝐤  𝐀 𝐎 = 𝟏 . 𝟏 𝟐


  6 . 02 ± 0 . 32


    𝐑  𝟐


    𝐑  𝟐


  8 . 04 ± 0 . 16


  8 . 40 ± 0 . 10


  6 . 38 ± 0 . 22


  6 . 60 ± 0 . 00


  6 . 02 ± 0 . 32


  5 . 75 ± 0 . 05


  2 . 35 ± 0 . 90


  2 . 565 ± 0 . 12


  8 . 40 ± 0 . 10


  2 . 565 ± 0 . 12


  36 . 64 ± 3 . 06


  36 . 65 ± 3 . 05


  36 . 64 ± 3 . 06


  3 . 714 ± 1 . 13


  36 . 65 ± 3 . 05


  3 . 10 ± 0 . 84


  2 . 856 ± 0 . 59


  2 . 425 ± 0 . 825


  732 ± 58


  6 . 60 ± 0 . 00


  675 ± 5   μ   S cm  − 1


  675 ± 5   μ   S cm  − 1


  846 ± 16   μ   S cm  − 1


  755 ± 10   μ   S cm  − 1


  846 ± 16


  796 ± 6   μ   S cm  − 1


  755 ± 10


  780 ± 10   μ   S cm  − 1


  780 ± 10   μ   S cm  − 1


   T e =    E  m ( 2 ) −  E  m ( 1 )   k β   [ ln  (    I 1  λ 1  g  m ( 2 )  A  m ( 2 )   I 2  λ 2  g  m ( 1 )  A  m ( 1 ) ) ]  − 1


  5 . 75 ± 0 . 05


   k β


   H β = 1051 . 96


   H α = 5735 . 98


   H β = 1413 . 34


   H α = 7008 . 58


   H α = 7008 . 58


   n e = 6 ×  10 21 (  T e  )  3 / 2 exp ⁡  ( −    E i   k β  T e )


   n e


   k β


   E i


  μ   S cm  − 1


   E i = 13 . 5984   eV


  2 . 88 ×  10 19    m  − 3


  2 . 80 ×  10 20    m  − 3


    𝐓  𝐞


    𝐧  𝐞


   m  − 𝟑


  2 . 88 ×  10 19


  2 . 80 ×  10 20


   G 50


   G 50


  732 ± 58


   t 50


   G 50


   t 50


  846 ± 16

