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a b s t r a c t
The inadequate treatment of industrial wastewater with organic contaminants is a worldwide prob-
lem, requiring the development of alternative wastewater treatment methods. This study focused 
on the degradation and mineralization processes of two dyes, Rhodamine B and Direct Orange 39, 
in water using atmospheric plasma. Aqueous solutions of the dyes were treated at an initial con-
centration of 1.0 mM in a volume of 250 mL using iron filings (Fe2+) as a catalyst. Their absorption 
spectra in the ultraviolet–visible range, total organic carbon, and chemical oxygen demand were 
monitored. Furthermore, their physicochemical properties such as pH, electrical conductivity, 
and nitrate and nitrite concentrations were determined. The results showed a process efficiency 
greater than 90% for both dyes owing to atmospheric plasma exposure.
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1. Introduction

Population growth increases the need for clean 
water and creates pressure on the use of water resources. 
Accordingly, increasing domestic and industrial water use 
results in the consumption of water resources at an accel-
erated rate, requiring the treatment of wastewater [1]. 
Currently, approximately 100,000 dyes are on the market, 
and 1 million tons of dyes are produced annually. It is esti-
mated that 10% of these dyes are released into the environ-
ment without proper treatment [2].

One of the most widely used dyes in the textile and 
food industries is Rhodamine B (RhB, a xanthene dye). Its 

prolonged exposure has adverse effects on animals and 
humans, such as skin irritation, eye and respiratory tract 
infection, and chronic and neurotoxicity, in addition to car-
cinogenicity [3]. Therefore, the European Union and China 
have prohibited its use. Generating methods for the elimi-
nation of RhB, physically, chemically, or biologically, is of 
high interest [4] as conventional biological treatments are 
inefficient for the degradation of dyes with a large number 
of aromatic rings [5].

Direct Orange 39 (DO39) is an azo dye, making its deg-
radation challenging owing to its recalcitrant nature, sol-
ubility in water, and the possibility of the generation of 
intermediate compounds more toxic than the original mol-
ecule. This dye inhibits the germination of Triticum aestivum 
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and Phaseolus mungo. Therefore, it is crucial to find effective 
mechanisms to remove DO39 from effluents to reduce the 
risks to living organisms and the environment [6].

To find an alternative solution for the elimination of 
dyes from wastewater, various advanced oxidation pro-
cesses (AOPs) have been studied using different combina-
tions, such as H2O2/Fenton, ultraviolet (UV)/TiO2,O3/H2O2, 
UV/H2O2, and UV/O3, as well as ozonation. AOPs generate 
hydroxyl radicals (OH•), which is a powerful oxidant with an 
oxidation potential of approximately 2.86 V. They react with 
and degrade stable nonbiodegradable organic compounds 
via hydrogen bond abstraction, electrophilic addition, and 
electron transfer reactions [7]. However, their efficiency 
depends on the type of OH• precursor, the catalyst used, 
the turbidity of the solution, the complexity of the system, 
and the limitations of the mass transfer of reactants. Thus, a 
better technology is sought to improve the efficiency of the 
oxidation process [8]. Cold plasma generated at atmospheric 
pressure is an AOP that offers a promising remediation 
process for both water and soil with low energy consump-
tion, high pollutant degradation efficiency, short treatment 
time, and negligible secondary pollution [9].

The degradation of textile dyes from industrial waste-
water is a complex process owing to the presence of a large 
amount of contaminants. Thus, it must be studied in a con-
trolled environment to exclude the formation of intermedi-
ate products unrelated to the kinetics of the degradation of 
the dye under study. To perform this type of research, the 
dynamic effects of the fluids and the physical characteris-
tics of the plasma used must be considered in addition to 
the relevant chemistry. The comparison of the application 
of the same plasma treatment under the same experimen-
tal conditions, is a good strategy to understand the changes 
in the physicochemical variables of the treated solution.

This work investigated the degradation process of two 
dyes, RhB and D039, that interacted with a corona-type 
plasma generated at atmospheric pressure. Both dyes were 
treated in a batch system, which had an electrode completely 
submerged in the sample and connected to the physical 
ground and an upper electrode connected to a high voltage 
and placed on the surface of the sample, generating plasma 
at the liquid–air interface [10]. The variables used to moni-
tor the generated plasma include voltage, current, and opti-
cal emission spectra. Regarding the sample, the following 
parameters were measured: dye weight, temperature, vol-
ume, pH, absorbance, nitrate and nitrite concentrations, total 
organic carbon (TOC), and chemical oxygen demand (COD). 
Based on these parameters, the dye concentration, discolor-
ation factor, mineralization percentage, G50, and electrical cost 
were calculated. Our study has the advantage of combining 
the chemical effects generated using Fe2+ as a catalyst (Fenton 
process) with the physical treatment (atmospheric plasma).

2. Methodology

2.1. Experimental system

The plasma reactor used for the degradation is shown 
in Fig. 1. It had acrylic protection, and the solution con-
tainer was a beaker Pyrex glass with a capacity of 400 mL. 
The electrical discharge was generated by applying a voltage 

of 2,000 V using a high voltage power supply in direct cur-
rent (HP Mod. 6,525 A, 4.0 kV–50 mA) at a constant power 
of 80 W between two tungsten electrodes with a diameter 
of 3.0 mm aligned to the center of the reactor. The cathode 
(ground connection) was in the solution, 1.0 cm, and the 
anode was placed on the surface of the solution. Plasma was 
produced just above the surface of the sample at the water–
air interface. The container was fitted with an optical fiber 
connected to a spectrometer (StellarNet EPP2000, United 
States, wavelength range of 200–1,100 nm) to perform opti-
cal emission spectroscopy (OES) in real time. The plasma 
treatment time was between 15 and 60 min for RhB and 
between 15 and 150 min for DO39.

The dye concentration was 1.0 mM for both RhB and 
DO39 with an initial volume of 250 mL and an Fe2+ concen-
tration of 1.0 mM. To perform pH and electrical conductiv-
ity measurements, a Hach HQ40d potentiometer (United 
States) was used. A Hach DR3900 spectrophotometer (United 
States) was used to measure the absorbance in the range 
of 320−800 nm. COD and TOC were determined using the 
low-range Hach vials (TNT835 and HACH Nitrite TNT839). 
The mineralization was monitored as a function of treat-
ment time with the plasma in function of the TOC values. 
Iron filings (Fe2+ analytical grade) were used as the catalyst 
and removed from the solution after treatment using filtra-
tion. Subsequently, color, COD, and TOC measurements 
were performed. Sampling was performed every 15 min.

2.2. Preparation of dye solutions

2.2.1. RhB solution

RhB (analytical reagent grade, CAS number of 81-88-9) 
has a molecular weight of 479.02 g/mol, color index of 
45,170, and chemical formula of C28H31N2O3Cl (Table 1).

First, RhB was weighed and adjusted to 119.755 mg and 
dissolved in distilled water. The solution was placed in a 
volumetric flask. Iron filings (Fe2+) were added, and the vol-
ume was adjusted to 250 mL. The initial solution contained 
1.0 mM RhB and 1.0 mM iron filings. The initial experimental 
conditions include a temperature of 25°C, a pH of 7.42, and 
an initial electrical conductivity of 86 μS/cm, measured with 

 

Fig. 1. Atmospheric plasma reactor for the degradation of dyes.
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a Hach HQ40d (United States). Absorbance measurements 
of the RhB solution were collected using a Hach DR3900 
spectrophotometer (United States). Specifically, 1.0 mL of 
the dye solution was obtained, diluted with 2.0 mL of dis-
tilled water, and placed in a quartz cell. The main absorbance 
peak was at 554 nm, and these measurements were used to 
obtain the dye calibration curve based on the Beer–Lambert 
law, which allows lineal adjustment to obtain the relation 
between absorbance and solution concentration. For this 
dye, the measurements were conducted every 15 min up 
to a final time of 60 min. All solutions were prepared from 
analytical-grade chemicals with five repetitions under the 
same initial conditions.

2.2.2. DO39 solution

DO39 is a recalcitrant compound, and its intermediate 
compounds can be very toxic to aquatic life [6]. It is mainly 
used in cloth dyeing, printing, and leather and paper shad-
ing. It has a molecular weight of 299.28 g/mol, CAS number 
of 1325-54-8, color index of 40,215, and chemical formula of 
C12H10N3O3SNa (Table 2).

74.82 mg of DO39 was weighed and dissolved in distilled 
water in a beaker to obtain an initial solution concentration 
of 1.0 mM. The solution was placed in a volumetric flask. 
Iron filings (Fe2+) were added with a molar concentration of 
1.0 mM, and the volume was adjusted to 250 mL. The initial 
experimental conditions include a temperature of 25°C, pH 
of 8.22, and an electrical conductivity of 260 μS/cm (Hach 
HQ40d multiparameter, United States). The absorbance 
of the DO39 solution was measured using a Hach DR3900 
spectrophotometer (United States). Specifically, 1.0 mL of the 
dye solution was obtained, diluted with 2.0 mL of distilled 

water, and placed in a quartz cell. In this case, the charac-
teristic absorbance peak was observed at 444 nm as for dye 
RhB, the calibration curve that related absorbance and dye 
concentration. The analysis was performed every 15 for 
150 min. All solutions were prepared from analytical-grade 
chemicals, and the experiment was performed five times 
under the same initial conditions.

2.3. Analysis methods

2.3.1. Dye removal efficiency

The dye removal efficiency, η, was calculated using 
Eq. (1):

% %of mineralization
TOC TOC

TOC
�

�
�0

0

100t  (1)

where C0 is the initial concentration of the dye, and Ct is 
the concentration of the dye after plasma treatment, both 
in mM [15]. The removal efficiency is given in terms of the 
relationship between the initial concentration of the dye 
and dye concentrations at different times and determines 
the performance of the treatment.

2.3.2. Percentage of mineralization

The values of TOC during the atmospheric plasma 
treatment were used to monitor dye mineralization using 
the Hach method with low-range vials. The TOC concen-
tration refers to the carbon content of the organic dye and 
other organic intermediate compounds that were generated 
during the plasma treatment. An ultraviolet-visible (UV-Vis) 

Table 1
Chemical information of Rhodamine B (RhB) [11,12]

Structure Characteristic References

Color index name Basic Violet 10
Chemical formula C28H31N2O3Cl
Chemical class Xanthene
Color index number 45,170
λmax (nm) 554
Molecular weight (g/mol) 479.02
CAS number 81-88-9

Table 2
Chemical structure of Direct Orange 39 (DO39) [13,14]

Structure Characteristic References

 

Color index name Direct Orange 39
Chemical formula C12H10N3O3SNa
Appearance Orange powder
Color index number 40,215
λmax (nm) 444
Molecular weight (g/mol) 299.28
CAS number 1325-54-8
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spectrophotometer (Hach, DR3900, United States) was used 
to determine the TOC. The percentage of mineralization 
was calculated using Eq. (2) [16]:

% %of mineralization
TOC TOC

TOC
�

�
�0

0

100t  (2)

The percentage of mineralization determines the amount 
of the organic compound converted into CO2 and H2O in 
terms of the ratio of TOC values at different times to the 
initial TOC value.

2.3.3. Energy efficiency (G50)

To determine the energy efficiency in the degrada-
tion process, G50 was calculated using Eq. (3), which pro-
vides information about the amount of energy required to 
degrade the pollutant to 50% of its initial concentration [17]:

G
C V M
Pt50

6 0 0

50

1 8 10� �.  (3)

where C0 denotes the initial molar concentration of the dye 
at t = 0 s, V0 is the initial volume of the solution treated (L), 
M is the molecular weight of the pollutant, P is the electri-
cal power (W), and t50 is the time required to eliminate 50% 
of the contaminant. The G50 factor is expressed in g/kWh.

2.4. Plasma characterization

2.4.1. Optical emission spectroscopy

The optical emission spectrum was analyzed from the 
luminescence generated by the plasma formed on the sur-
face of the liquid sample using an optical fiber that passed 
through the sample container and located in front of the 
place where the luminescence was produced. The fiber is 
connected to a StellarNet EPP2000 spectrometer (United 
States) to take measurements in real time in the wavelength 
range of 200–1,100 nm with an integration time of 1 s. The 
emission spectra were analyzed to assign chemical species to 
the peaks. The electron temperature and the electron density 

can be calculated using the intensities of two spectral lines, 
assuming that the population of the emitting levels follows 
the Boltzmann distribution [18] and that the system has a 
local thermodynamic equilibrium in a small fraction of the 
system. Eq. (4) was used to calculate the electron temperature:

T
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where Em (i) denotes the energy of the upper levels of the 
lines, k is the Boltzmann constant, gm (i) represents the statis-
tical weights of the upper levels, and Am (i) represents their 
corresponding transition probabilities [19]. I1 and I2 denote 
the relative line intensities in questions, and λ1 and λ2 denote 
the wavelengths of the lines, which were experimentally 
measured. Using Te, the electron density of the plasma was 
obtained following the Saha–Boltzmann equation [Eq. (5)]; 
these two quantities are extremely important to characterize 
the discharge due to electrons that are responsible for ion-
ization, dissociation, and recombination processes in water.

n T
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�

�
��6 1021 3 2/

exp
 (5)

where Te denotes the electron temperature, Ei is the ioniza-
tion energy of the species, and k is the Boltzmann constant 
[20–22].

3. Results

Fig. 2A shows the evolution of the absorbance spec-
tra of the samples at different plasma treatment times. 
As a reference, the maximum absorption peak at 554 nm 
was used. Notably, a decrease of 27.9%, 59.5%, 96.1%, and 
99.8% was obtained at 15, 30, 45, and 60 min. Fig. 2B shows 
the discoloration associated with the decrease in the absor-
bance spectra. This discoloration is due to the interaction 
of free radicals, which are generated during the interaction 
of the plasma with the sample, resulting in the breakage 
of nitrogen double bonds (chromophores) responsible for 
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Fig. 2. (A) Absorbance collected at different treatment times of water with RhB. (B) Photographs of the discoloration process.
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dye color. Therefore, the dye degradation efficiency of the 
treatment can be established using these spectra.

Regarding the treatment with DO39, Fig. 3A presents the 
absorbance of the solution at different times (0–150 min) with 
their characteristic maximum absorption peak at 444 nm. 
After 150 min of interaction between the corona discharge 
and the sample, the absorbance decreased by more than 
98% owing to the breakdown of the chromophore group 
due to the interaction with free radicals. Fig. 3B shows small 
amounts of the solution as a function of treatment time, 
where the discoloration was observed: the initial solution 
had an orange color; at 15 min, the color intensity decreased; 
at 45 min, the color changed to yellow; at 105 min, the color 
was still slightly yellow; after 135 min, the solution was color-
less. After 150 min, a small amount of radiation was observed 
below 450 nm, absorbed by the sample, inferring that 
it is due to the byproducts of the dye preparation process.

The removal efficiency of RhB calculated using Eq. (1) 
is shown in Fig. 4A; it reached 47.9%, 79.5%, and 96.1% in 
15, 30, and 45 min, respectively. Finally, in 60 min, an effi-
ciency of 99.8% was obtained.

Further, using Eq. (1), the removal efficiency of DO39 
was obtained, as shown in Fig. 4B. The growth rates in 

the first 15, 30, and 45 min were 23.8%, 18.4%, and 16.6%, 
respectively, with a mineralization of 70.03% at 60 min. 
However, a treatment time of at least 105 min was required 
to achieve a percentage of mineralization greater than 90%. 
The absorbance graphs, the photos of the samples in the 
discoloration process, and the removal efficiency results 
showed that under the same experimental conditions, 
DO39 is more resistant to degradation than RhB, which is 
expected for Azo-type dyes.

For RhB, the initial values of pH and electrical conduc-
tivity (Fig. 5A) were 7.42 and 86 μS/cm, respectively. After 
60 min of treatment, the pH and electrical conductivity 
values were 3.70 and 417 μS/cm, respectively, with a 50.1% 
decrease in the pH value and a 4.8-fold increase in the elec-
trical conductivity. For DO39, the initial pH value was 8.22, 
and the electrical conductivity was 260 μS/cm (Fig. 5B), after 
150 min, the final pH and electrical conductivity values 
were 2.68 and 630 μS/cm, respectively. Generally, during the 
treatment, a 67.4% decrease in the pH value and a 2.4-fold 
increase in the electrical conductivity value were observed 
for the DO39 solution.

The decrease in pH can be explained using reaction 1 [23] 
owing to the increase in the concentration of H+, which led 
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Fig. 3. (A) Absorbance collected at different treatment times of water with DO39. (B) Photographs of the discoloration process.
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Fig. 4. (A) Removal efficiency of RhB vs treatment plasma time. (B) Removal efficiency of DO39 vs. treatment plasma time.
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to an increase in the electrical conductivity of the solution 
simultaneously. These changes were similar for both dyes.

H O H O H O H OHgas2 2 2 1� � � �� � � �� � �n n n n  (Reaction 1)

When the plasma interacts with the solution, pH and 
electrical conductivity values are affected because the system 
is supplied with high-energy electrons, reaction 2 [24,25], 
causing the ionization, dissociation, and recombination of 
water molecules, which generate OH• and H• radicals. Thus, 
the recombination of OH• radicals in the solution produces 
hydrogen peroxide, reaction 3 [26]:

H O e OH H e rate constant 
cm

s

3
2

12 102 3 10 1 8 10

� � � �

� � � � �

� � � �

� �k Te. . 11 2�� �eV  (Reaction 2)

OH OH H O

rate constant cm
s

3

� �

�

� �

� �

2 2

94 10k  (Reaction 3)

Iron filings were used as the catalyst to convert hydro-
gen peroxide into hydroxyl radicals (reaction 4) [24].

H O Fe OH OH Fe2 2
2 3� � � �� � � �  (Reaction 4)

Besides, Fe3+ is transformed into Fe2+ by consuming the 
hydrogen peroxide generated by the plasma.

H O Fe H Fe HO2 2
3 2

2� � � �� � � �  (Reaction 5)

Considering reactions 1–5, the generation of hydroxyl 
radicals can break organic bounds and mineralize the initial 
compound and its by-products, as described by reactions 
6 and 7 [24].

Dye OH CO H O� � ��
2 2  (Reaction 6)

Intermediate compounds OH CO H O� � ��
2 2  (Reaction 7)

Regarding the TOC and COD behaviors of RhB and 
DO39, Fig. 6A and B, respectively, show that they decreased 
as a function of treatment time in both cases. The initial val-
ues of these RhB parameters were 336 mg/L for TOC and 
48 mg/L for COD, indicating a 48% decrease at 15 min for 
both parameters. The final values at 60 min were 0.64 and 

0 15 30 45 60

4

5

6

7

Electrical C
onductivity (�S/cm

)

 pH
 Electrical Conductivity 

Time (min)

pH

50

100

150

200

250

300

350

400

450

0 15 30 45 60 75 90 105 120 135 150
2

3

4

5

6

7

8

9

time (min)

pH

250

300

350

400

450

500

550

600

650

Electrical C
onductivity (�S/cm

) 

 pH
 Electrical Conductivity 

(A) (B) 

Fig. 5. (A) pH and electrical conductivity as a function of time during the treatment of RhB. (B) pH and electrical conductivity 
during the treatment of DO39.
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Fig. 6. Behaviors of COD and TOC vs. time for (A) RhB and (B) DO39.
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0.09 mg/L for TOC and COD, respectively. For DO39, the 
TOC and COD values were 144 and 48 mg/L, respectively, 
indicating a 23.8% decrease at 15 min for both parameters; 
after 150 min of treatment, these parameters were 6.3 and 
2.9 mg/L, respectively.

Fig. 7 shows the percentage of mineralization calcu-
lated using Eq. (2). The RhB growth rates in the first 15, 30, 
and 45 min were 48%, 31%, and 17%, respectively; achiev-
ing 98% mineralization in 60 min. For DO39, the growth 
rates in 15, 30, and 45 min were 23.8%, 18.4%, and 16.6%, 
respectively. At 60 min, a mineralization of 70.0% was 
obtained. However, to have a percentage of mineralization 
greater than 90%, a treatment time of at least 105 min was  
required.

Furthermore, in this paper, the values of the parameters 
for RhB were C0 = 0.001 M, V0 = 0.25 L, M = 479.02 g/mol, 
P = 80 W, and t50 = 948 s. Using these values in Eq. (3), a G50 
value of 2.84 g/kWh was obtained, which is comparable to 

those reported in other articles (Table 3). Also, for DO39, 
the initial dye concentration is at C0 = 0.0001 M, initial vol-
ume is at V0 = 0.25 L, M = 299.28 g/mol, electric power is at 
P = 80 W, and time at t50 = 2040.6 s. These values, when substi-
tuted into Eq. (3), yielded a G50 value of 0.825 g/kWh.

Table 3 shows that the G50 value obtained in this work 
is higher than most of those reported in [8,27–30]. For its 
part, the G50 value of RhB was 3.4 times that of DO39.

By augmenting the treatment time, other reactive oxy-
gen (ROS) and nitrogen (RNS) species are generated. 
Furthermore, acids (inorganic and carboxylic) are produced, 
which decrease the pH and increase the electrical conduc-
tivity (Fig. 5). Fig. 8 shows that the concentrations of nitrites 
and nitrates increase with longer plasma exposure times, 
as reported previously [31–33]. These anions are produced 
during the reaction of the dissociated N2 molecules with 
O2 or H2O in the gas phase and their subsequent disso-
lution in the aqueous solution of the dye.
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Fig. 7. Percentage of mineralization of (A) RhB and (B) DO39 by plasma vs. time.

Table 3
G50 values obtained during the degradation of Rhodamine B using various AOPs

Dye AOPs G50 (g/kWh) References

RhB Pulsed-SSD in water 0.081 [8]
RhB Pulsed-SSD in water 0.202 [8]
RhB Streamer discharge 0.025 [27]
RhB Spark discharge 0.080 [27]
RhB Spark–streamer mixed discharge modes 0.160 [27]
RhB UV/H2O2 0.1 [8]
RhB Ultrasound 0.2 [8]
RhB Photocatalysis 0.2 [8]
RhB Hydrodynamic cavitation 0.01 [8]
RhB Ozonation 0.3 [8]
Methyl orange Corona 0.45 [28]
Methyl orange Glow discharge 0.024 [29]
Methylene blue Jet 0.296 [30]
RhB Corona discharge 2.84 [31]
Direct Orange 39 Corona discharge 0.825 [32]
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Fig. 8 shows that the nitrate concentration increased 
in the first 45 min of treatment; then, it remained constant. 
Conversely, the nitrite concentration increased during the 
60 min of plasma exposure. The initial concentrations of 
both anions were zero, so the presence of these species in the 
aqueous solution is directly related to the plasma treatment.

Fig. 9 shows the OES result obtained during RhB degra-
dation, which is comparable to that reported by Torres for 
DO39 [31,32]. It was normalized for N2 since plasma was 
produced in an air atmosphere, whose main component is 
nitrogen. The intensity of the OH emission band located at 
309.5 nm was greater than that of nitrogen at 337 nm owing 
to the greater amount of oxygen present in the solvent and 
in the dye.

Fig. 9 shows the OES result of the corona discharge in 
air generated during the RhB degradation process. Emission 
lines corresponded to different excited species (Hα, Hβ, N2, 
OH, and Na). The detailed assignments are given in Table 4. 
In addition, the sodium doublet (D-lines) was recognized, 
which is frequently observed in the spectra of degrada-
tion processes.

The electrons provided by the plasma that is generated on 
the water surface can dissociate H2O molecules. Then, in the 
bulk solution, a chain reaction can produce H2O2 molecules, 
which react with other species and produce OH• radicals.

Hydrogen atoms, hydroxyl radicals, and hydrogen 
peroxide molecules have been reported to be produced 
at the plasma–liquid interface owing to the reciprocal 
action between the corona discharge and the water surface. 
The main reactions are shown in reactions 2, 3, 8, and 9 [25]:

� � �� � �H O HO cm
s2 2

10
3

10k  (Reaction 8)

� � �� � � � �HO HO H O O cm
s

3

2 2 2 2 2
62 10k  (Reaction 9)

Hydroxyl radicals can be produced by reactions 2 and 
10. The corona discharge in air produces excited molecular 
nitrogen. In reaction 10, the reaction of excited molecular 
nitrogen with water vapor from the air generates OH• [30], 
a highly oxidizing species that can degrade and even min-
eralize most of the organic contaminants present in water:

N H O N OH Hgas gas2 2 2
* *� ��� � �� � � �  (Reaction 10)
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Fig. 8. Nitrate and nitrite concentrations in the solution during the plasma treatment of (A) RhB and (B) DO39 vs. time.
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Fig. 9. OES of the corona discharge used for mineralization.

Table 4
Main species detected using OES during corona discharge 
treatment

Species λ (nm) Transition Energy (eV)

OH 284.0
309.5

3,064 Å system

N2 337.0
357.5
375.5
380.5

Second positive 
system

Hβ 487.0 2–4 2.5497
Na 590.0 2.1023
Hα 656.5 2–3 1.8887
O* 777 3p5P → 3s5S 1.8427
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The temperature and electron density were determined 
to characterize the corona discharge applied during the deg-
radation process. The electronic temperature was 2.4 eV, 
obtained by substituting the values of Hα and Hβ in Eq. (4). 
The electronic density of the plasma was 5.69 × 1012 parti-
cles/cm3, obtained using Eq. (5) by considering the values 
of the electronic temperature and the ionization energy of 
hydrogen.

An important factor to consider in wastewater treatment 
is the cost. In this study, only the cost of electrical energy 
consumption is considered because it is much higher than 
other costs, such as the cost related to electrode wear. The 
cost of electrical energy can be determined using Eq. (6) [34]:

Electric cost treatment�
� �U I t
V

 (6)

where U is the voltage applied to generate plasma (V), I is 
the current intensity (A), ttreatment is the treatment time (h), 
and V is the volume of the treated water (m3). The cost of 
electricity is expressed in USD/kWh (in Mexico, the price 
of electricity is 0.04 US dollars per kWh). In this study, the 
values of the variables used were U = 1,000 V, I = 0.08 A, 
ttreatment = 1 h, and V = 2.5 × 10−4 m3. The cost of treating 1 m3 
of the aqueous solution of RhB was found to be 3.20 USD. 
Under similar conditions, the cost of treating 1 m3 of the 
aqueous solution of DO39 was $1.28/m3; based on this com-
parison, the treatment of the solution with RhB is cheaper. 
The cost of plasma treatment is lower than other treat-
ment methods, such as Fenton and photo-Fenton methods, 
which use expensive chemical reagents.

The use of chemical agents during the treatment of water 
with organic contaminants substantially increases the cost, 
and this occurs in other AOPs, where an iron sulfate cata-
lyst is used in an acid solution. For a similar treatment with 
another dye, 5.0 mL of FeSO4 in an acid solution was used 
for every 250 mL of the solution. However, upon extrapolat-
ing the values for 1 m3, it would be necessary to use 20 L of 
the catalyst, ~278 g of iron sulfate with an approximate cost 
of $60, 110 mL of sulfuric acid that would cost ~$2, and dis-
tilled water that would cost $10, amounting to ~$72. Thus, in 
this work, iron filings were used as the catalyst, and the cost 
of the treatment was related to the electrical energy used.

The main drawbacks of batch treatment include electri-
cal energy consumption and an increase in treatment time 
with the volume of treated water. However, our study pro-
vides basic knowledge that can overcome these drawbacks. 
We recommend the use of continuous-flow wastewater 
treatment systems, as they can treat much larger volumes of 
water than batch systems. In addition, the use of a hetero-
geneous catalyst facilitates its separation from the aqueous 
solution and allows its reuse.

4. Conclusions

A degradation efficiency greater than 50% was obtained 
at plasma treatment times of 15 and 45 min for RhB and 
DO39, respectively, showing that the proposed treatment 
method can be applied in combination with another treat-
ment for low colorant concentrations. For DO39, the COD 
and TOC were reduced by 98.6% and 98.7% at 150 min, 

respectively. At the same time, a mineralization percentage 
of 98.5% was achieved. In the case of RhB, the percentage 
of mineralization of Rhodamine B was 99% after 60 min of 
treatment, and the COD and TOC remotion were 99.8%. In 
both cases, the use of iron filings as the catalyst accelerates 
the degradation process and facilitates dye mineralization.

The concentrations of nitrates and nitrites were 214 
and 32 mg/L for DO39, and they were 208 and 10 mg/L for 
RhB at 150 min, respectively, indicating that the treatment 
generates high levels of nitrates and nitrites in the water, 
which is desirable for its application in agriculture for 
vegetable cultivation.

The energy yield value (G50) was 1.99 g/kWh for RhB 
and 0.825 g/kWh for DO39, indicating that the complexity 
of the contaminant to be removed decreases this value. The 
electrical cost calculated for the treatment of a cubic meter 
of water with the dyes using plasma was found for be few 
dollars, which may allow the deployment of the treatment 
method to the mineralization of organic compounds in 
large volumes of wastewater. From the optical spectrum 
of plasma emission, the principal species identified were 
OH, N2, Na, Hα, and Hβ.
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