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a b s t r a c t
The inefficient treatment of industrial water with organic contaminants is a worldwide problem. 
The study of treatment alternatives for this water continues to be of great interest. A study of degra-
dation and mineralization process were carried out of the Rhodamine B (RhB) dye in water, apply-
ing an atmospheric plasma; the RhB is a pollutant identify in the effluents of the textile industry. 
Aqueous solutions of the RhB dye were treated at an initial concentration of 1.0 mM, in a volume 
of 250 mL, using iron filing (Fe2+) as a catalyst. The absorption spectra in the UV/Vis range, total 
organic carbon and chemical oxygen demand were monitoring. In addition, the physicochemical 
properties such as pH, electrical conductivity, emission of CO2 and temperature were measured, 
and concentrations of nitrates and nitrites were determined. The results show a process efficiency 
greater than 90% in 45 minutes of exposure to plasma. The approximate electrical cost of 1 m3 of 
aqueous solution of the RhB dye treated with plasma would be of a few dollars.

Keywords:  Plasma; Textile dye; Total organic carbon; Chemical oxygen demand; Optical emission 
spectroscopy

1. Introduction

Currently, synthetic dyes are widely used in various 
manufacturing industries, such as textile, paper, cosmetics, 
leather, and printing. The wide variety of colors that origi-
nate in them allows various products to be more attractive 
to the market, in addition to improving their design and 
function. However, due to the presence of toxic aromatic 
rings in them, wastewater from these industries without 
effective treatment contains synthetic dyes from industrial 
processes and has become a serious human health and envi-
ronmental problem locally and in general worldwide [1].

Rhodamine B (RhB) dye, belonging to the xanthene 
class, is used in industry as a colorant in textiles and food, 
without effective treatment, it can cause skin irritation, eye 
and respiratory tract infection, toxicity chronic and neuro-
logical in both humans and animals [2]. Furthermore, due 
to its carcinogenicity, the European Union and China have 
banned its use, making it of utmost importance to effi-
ciently manage wastewater containing RhB [3]. Therefore, 
its elimination from effluents is a priority and has been 
carried out using different methods (physical, chemical 
and biological). Conventional biological treatments are 
not efficient (or are not an option) in the degradation of 
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dyes that have a large number of aromatic rings in their 
chemical structure [4].

Advanced oxidation processes (AOP’s) produce hydroxyl 
radicals (•OH) in the treatment system; however, its effi-
ciency is limited depending on several factors, such as: the 
type of hydroxyl radical precursor, the catalyst used, the 
turbidity of the solution, the complexity of the system and 
the limitations of mass transfer of the reactants. For these 
reasons, having a highly efficient oxidation technology 
remains a difficult problem to solve [5].

The study of real samples of water contaminated with 
dye from the textile industry, for example, is very interest-
ing; However, its study turns out to be very complex and it 
is for this reason that the analysis of model samples treated 
by means of the interaction with a plasma at atmospheric 
pressure turns out to be novel and important because there 
is no complete knowledge of the formation of intermediate 
products, which should be controlled to avoid the produc-
tion of unwanted elements. To have a more complete under-
standing of the problem, it is important that in the study of 
the models not only the relevant chemistry is considered, 
but also the dynamic effects of the fluids and the physical 
characteristics of the plasma used.

In general, this work aims to examine the degradation 
process of the RhB dye with the application of a plasma pro-
duced under atmospheric pressure. Corona-type plasma is 
generated by applying an electric potential difference on the 
liquid–air interface, inside the batch-type reactor that is used 
to treat water samples with textile dye [6]. This study com-
bined the physical treatment (atmospheric plasma) with the 
chemical effects generated by using a catalyst (Fe2+), which 
provides a similarity to the well-known Fenton process. 
During the treatment, the following physical and chemi-
cal parameters were measured in real time: potential dif-
ference, electrical current, solution temperature, volume, 
pH, electrical conductivity, absorbance, concentration of 
nitrates and nitrites, the behavior of total organic carbon 
(TOC) and chemical oxygen demand (COD) and the opti-
cal emission spectrum of plasma. In addition to this, the 
dye concentration, the discoloration factor, the mineraliza-
tion percentage, G50 and the electrical cost were determined. 
This experiment was performed in the Environmental 
Analysis and Sustainability Laboratory of the Autonomous 
University of the State of Morelos.

2. Methodology

2.1. Experimental system

Fig. 1 shows the diagram of the plasma reactor used for 
the study of the degradation of the RhB dye, the reactor is 
manufactured in acrylic, and the solution container is made 
of Pyrex glass with a volumetric capacity of 400 mL. Plasma 
is generated by applying an electric potential difference of 
2,000 V between two tungsten electrodes, the electrodes have 
a diameter of 3.0 mm and are aligned to the center of the 
reactor, the cathode is submerged in the solution 1.0 cm and 
the anode was placed on the surface of the solution 3.0 mm 
apart. Plasma is produced between the anode and the sur-
face of the water, using air particles from the atmosphere to 
generate the ionized gas. The container was fitted with an 

optical fiber, which allowed it to connect to a spectrometer 
(StellarNet EPP2000, wavelength range of 200–1,100 nm) to 
obtain the optical emission spectroscopy (OES) in real time. 
The plasma was generated on the surface of the solution 
with a DC power supply (HP Mod. 6525A, 4.0 kV–50 mA) 
at a constant power of 80 W. The plasma treatment time 
was between 15 and 60 min.

The sample to be treated comprised 1.0 mM of RhB and 
1.0 mM of Fe2+. The initial volume of the sample was 250 mL. 
A Hach HQ40d potentiometer (United States) was used to 
perform the pH and electrical conductivity measurements, 
and 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 Hach’s low-ranking 
reagents (HACH). The mineralization was monitoring as 
a function of treatment time with the plasma. Iron filings 
(Fe2+ salt, Analytical grade) are used as catalyst. These par-
ticles are removed from the solution, after treatment, by fil-
tration and subsequently the measurements of color, COD 
and TOC are made. Sampling was performed every 15 min. 
Nitrates and nitrites were determined using HACH Nitrate 
TNT835 Vial Test and HACH Nitrite TNT839 Vial Test.

2.2. Preparation of the RhB solution

The RhB dye (analytical reagent grade) has a molecular 
weight of 479.02 g/mol, CAS number of 81-88-9, color index 
of 45170, and chemical formula of C28H31N2O3Cl (Table 1).

The RhB dye was weighed on an analytical balance and 
dissolved in distilled water in a beaker. The solution was 
placed in a volumetric flask. Iron filings (Fe2+) were added, 
and the volume was adjusted to 250 mL. The initial solu-
tion contained 1.0 mM of RhB and 1.0 mM of iron filings. 
A Hach HQ40d multi-parameter meter was used to mea-
sure the pH, electrical conductivity, and temperature. The 
initial temperature was 25°C, the initial pH was 7.42, and 
initial electrical conductivity was 86 µS/cm. A Hach DR3900 
spectrophotometer was used to measure the initial absor-
bance of the RhB dye solution. Specifically, 1.0 mL of the 
dye solution was obtained, diluted with 2.0 mL of distilled 

 

Fig. 1. Atmospheric plasma reactor.
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water, and placed in a quartz cell. The sample was measured 
using a spectrophotometer. In this case, the characteristic 
absorbance peak was at 554 nm. To employ spectrophotom-
etry as an analytical technique using the Beer–Lambert law, 
the dye calibration curve was obtained. This allowed the 
adjustment equation that related absorbance and solution 
concentration to be obtained. The analysis was performed 
every 15 min for 60 min. All solutions were made from ana-
lytical-grade chemicals, and the experiment was performed 
five times under the same initial conditions.

2.3. Analysis methods

2.3.1. Removal efficiency of RhB

The removal efficiency of Rhodamine B can be calculated 
by Eq. (1):

� �
�

�
C C
C

t0

0

100%  (1)

where η (%) is RhB removal efficiency, C0 (mM) is the initial 
concentration of RhB, and Ct (mM) is the concentration of 
RhB after of plasma treatment [9]. Removal efficiency deter-
mines the performance of the plasma treatment, in terms 
of the relationship of the initial concentration of the dye 
and the concentration at different study times.

2.3.2. Percentage of mineralization

The mineralization of RhB in the aqueous solution during 
the atmospheric plasma treatment was monitored by deter-
mining the TOC by the Hach Method using low-range vials. 
The TOC concentration includes the carbon content of the 
organic dye and other organic intermediate compounds, 
which were generated during the plasma treatment. A 
UV-Vis spectrophotometer (Hach, DR3900) was used to 
determine the TOC. The percentage of mineralization was 
calculated using the following equation [10]:
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TOC TOC

TOC
%�

�
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100F  (2)

The percentage of mineralization determines the amount 
of the organic compound that is converted into CO2 and 
water, in terms of the ratio of the initial TOC value and the 
TOC value at different study times.

2.3.3. Energy efficiency (G50)

The energy efficiency of the degradation process was cal-
culated in terms of the G50 constant. This constant expresses 
the amount of energy required to eliminate 50% of the 
contaminant. Its equation is as follows [11]:

G
C V M
Pt50

6 0 0

50

1 8 10� �.  (3)

where C0 denotes the initial molar concentration of the 
pollutant at t = 0, V0 is the initial volume of the solution 
treated in liters, M is the molecular weight of the pollutant, 
P is the electrical power in W, and t50 is the time in seconds 
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

Optical emission spectroscopy was analyzed when 
the atmospheric plasma was generated on the surface of 
the solution. This analysis was conducted using an opti-
cal fiber, which passed through the sample container and 
was located in front of the place where the luminescence 
was produced. This configuration allowed the direct mea-
surement of the entire luminescence in real time using a 
StellarNet EPP2000 spectrometer. The spectrometer was 
operated in the wavelength range of 200–1,100 nm with 
an integration time of 1,000 ms and five samples were 
averaged to collect the spectra. The emission spectra were 
qualitatively analyzed to assign chemical species to the 
peaks. To describe the atmospheric plasma used for the 
treatment, the electron temperature and electron density 
can be calculated using the intensities of several spectral 
lines, assuming that the population of the emitting levels 
follows the Boltzmann distribution [12] and considering 
that the system has a local thermodynamic equilibrium in 
some small fraction of this. The following expression was 
used to calculate the electron temperature:

T
E E

k
I g A
I g Ae

m m m m

m m

�
� � � � � � � � �

� � � �
�

�
��

�

�
��

�

�
�
�

�2 1 2 2
1 1

1 1

2 2

ln
�

� ��
�
�

�1

, (4)

Table 1
Chemical information of the Direct Orange 39 azo dye [7,8]

Structure Characteristic Reference

 

Color index name Basic Violet 10
Chemical formula C28H31N2O3Cl
Chemical class Xanthene
Color index number 45170
λmax (nm) 554
Molecular weight (g/mol) 479.02
CAS number 81-88-9
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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. These values were 
obtained from the NIST Atomic Spectra Database Lines [13].  
I1 and I2 denote the relative line intensities in questions, 
and l1 and l2 denote the wavelengths of the lines, which 
were experimentally measured. Using the value of Te, the 
value of the electron density of the plasma used during the 
treatment could also be obtained. Electrons are responsi-
ble for most processes in the corona discharge (i.e., ioniza-
tion, dissociation, and recombination processes) with water 
molecules. In this study, the following Saha–Boltzmann 
equation was used to calculate the electron density:

n T
E
kTe e
i

e

� � � � �
�

�
�

�

�
�

�

�
��

�

�
��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 
[14–16].

3. Results

Fig. 2 shows the absorption spectrum which was 
obtained during the treatment of the RhB dye with the 
plasma. When the wavelength of 554 nm (maximum 
absorption peak of the RhB dye) is used as a reference, it 
is observed that the absorbance decreases as the treatment 
time elapses. The discoloration of the solution serves as a 
primary measure to evaluate the degradation efficiency 
of the chemical compounds used as dyes. In Fig. 2, it is 
possible to observe the discoloration of the water by the 
effect of the plasma treatment as a function of the expo-
sure time for the solution of the RhB. This discoloration 
process is due to the interaction of the free radicals gen-
erated by the plasma, which are highly oxidizing, being 
able to break the chromophore bonds of the dye.

In Fig. 3 to observe the value of removal efficiency, this 
value was calculate using the Eq. (1); in 15 min was 47.98%, 

after in 30 min was 79.46%, later in 45 min was 96.09% and 
finally in 60 min an efficiency percentage of 99.81% was 
obtained. The increase in the magnitude of this parameter is 
effect of the interaction of OH• radicals with the dye (R2, R3 
and R5).

Fig. 4 shows how the pH and electrical conductivity (EC) 
values varied during the interaction of the Rhodamine B 
dye with the non-thermal plasma.

When the plasma interacts with the solution, chemical 
variables of the solution, such as pH and EC, are affected, 
because of the system is supplied with high energy elec-
trons, causing ionization, dissociation, and recombination 
processes with water molecules, generating OH• and H• 
radicals, as described in reaction R1 [17,18]:

H O e OH H e rate constant
cm
s

2

12 10
3

2 3 10 1 8 10 1

� � � �

� � � � � �

� � �

� �

�

k Te. . 22 eV� �  (R1)

 0 min
 15 min
 30 min
 45 min
 60 min

350 400 450 500 550 600 650 700 750 800
0

1

2

3

4

5

6

7

8

)stinu .bra( ecnabrosb
A

λ (nm)

(A) (B)

Fig. 2. (A) Absorbance vs. treatment time and image of discoloration of water with RhB obtained during treatment with plasma. 
(B) Photographs of discoloration process.
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The recombination of OH• radicals in the solution pro-
duces hydrogen peroxide, reaction R2 [19].

OH OH H O ate constant cm
s

r2 2
� � �� � � �k 4 10 9

3

 (R2)

In this study iron filings were used as a catalyst, then for 
organic oxidation, the Fe2+ can directly involve in the cata-
lytic formation of hydrogen peroxide into hydroxyl radi-
cals in R3 [17].

H O Fe OH OH Fe2 2
2 3� � � �� � ��  (R3)

On the other hand, Fe3+ is transformed into Fe2+ consum-
ing the hydrogen peroxide generating for the plasma.

H O Fe H Fe HO2 2
3 2

2� � � �� � � �  (R4)

The initial magnitudes of pH and electrical conductivity 
were 7.42 and 86 µS/cm, respectively. After 60 min of treat-
ment, the pH and electrical conductivity values were, in 
the order mentioned, 3.70 and 417 µS/cm.

When plasma is generated on the water surface, elec-
trons interact with the water molecules in the solution and 
dissociate them, leading to a series of reactions that favor 
the production of H2O2. Subsequently, these hydrogen per-
oxide molecules break down generating hydroxyl radicals 
(OH•) in the solution.

Regarding TOC and COD behaviors, Fig. 5 shows that 
both parameters decrease as a function of treatment time. 
The initial values of these parameters are 336 and 48 for 
TOC and COD, respectively, decreasing by 48% in the first 
15 min in both parameters, having final values in 60 min 
of 0.64 and 0.09 for TOC and COD, respectively. These 
behaviors were expected in this process because the min-
eralization of the pollutant was achieved. Fig. 6 shows the 

behavior of the percentage of mineralization calculated 
with Eq. (2).

Considering this type of reactions in the treatment 
by plasma (R1–R4), the generation of the hydroxyl rad-
ical can mineralize the initial organic compound and its 
by-products, as described by the reaction (5) [17].

Intermediates OH CO H O� � ��
2 2  (6)

The intermediate compounds, in turn, react with other 
HO• radicals until they transform into CO2.

The measurement of CO2 is important in this type of 
treatment, because, this serves to verify that the organic 
pollutant is being mineralized by the plasma applied; using 
the air quality sensor MQ135 (the sensor was calibrated 
according to its user manual), based on the Arduino hard-
ware platform, along with open source software resources; 
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the concentration of carbon dioxide was measured during 
the plasma degradation process, obtaining in (min, ppm) 
(5, 83), (10, 95), (15, 104), (20, 109), (25, 106), (30, 102), (35, 
95), (40, 87), (45, 79), (50, 74), (55, 68) and in (60, 63); Also, 
in the first 30 minutes the highest concentration (in this 
time 79% of the pollutant is eliminated) and then gradu-
ally decreases that value to 63 ppm in 60 min, because the 
concentration of the dye in the solution decreases. The val-
ues obtained for CO2 are like those reported in literature 
in previous works related to water treatment [20].

Fig. 7 shows the behavior of the emission of CO2 as 
a function of the time of treatment by corona discharge 
plasma of the solution with RhB dye and iron filings. In addi-
tion, the measurement of this gas, when the dye was only 
heated (the solution was heated with a laboratory hot plate 
heater), is presented, obtaining as a result that the solution 
does not emit CO2, since plasma is necessary to transform 
the contaminants into CO2. Also shows the temperature of 
the solution when interacting with the plasma, reaching 

a value of 87.4°C in 60 min, without this affecting the deg-
radation process. The magnitude of the CO2 emission is 
directly related to TOC, because its magnitude will decrease 
whereas the carbon has been eliminated by the plasma in 
the form of carbon dioxide. The total organic carbon was 
obtained to determine if the contaminant was effectively 
removed from the solution. Fig. 5 shows the values of TOC 
and COD as a function of the time of interaction with the 
plasma, with the catalyst and without the catalyst, observ-
ing that the presence of the catalyst in the solution favors the 
decomposition process of the organic compound.

The temperature increased when plasma was applied 
to the solution surface. The average rates of change for the 
intervals of 0–15, 15–30, 30–45, and 45–60 min was 2.8°C, 
0.69°C, 0.42°C, and 0.11°C, respectively. The maximum tem-
perature of 87.4°C was measured in 60 min; however, this 
did not affect the degradation process.

In this study, the values of the variables are: C0 = 0.001 M, 
V0 = 0.25 L, M = 479.02 g/mol, P = 80 W and t50 = 948 s. 
By substituting the data in the Eq. (3), it is calculated 
that G50 for this process is equal to 2.84 g/kWh, which is 
similar to those reported in the literature (Table 2).

Table 2 shows the G50 values obtained for different AOPs 
using the Rhodamine B dye, it is possible to observe that 
in this work acceptable results were obtained compared 
with the different AOPs.

Secondly, with an increase in the treatment time, other 
RS were generated in the solution (ROS and RNS), and 
some organic acids (for example HNO3) were produced 
and contributed to a decrease in pH and an increase in 
conductivity (Fig. 4). Specifically, NO2

− and NO3
− (which are 

presented in Fig. 8) were formed in plasma-treated water 
through the dissolution of nitrogen oxides formed in the 
plasma via the gas-phase reactions of dissociated N2 and O2 
or H2O; this behavior was also observed by Torres et al. [22] 
and Zhou et al. [23] in 2016.

Fig. 8 verify that nitrates were formed in water with a 
constant growth rate in the first 45 min, and their concen-
tration was almost constant during the rest of the treatment; 
the initial value before starting the treatment was zero, which 
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Table 2
Comparison of G50 values for Rhodamine B dye degradation with different AOPs

Dye AOPs G50 Reference

Rhodamine B Pulsed-SSD in water 0.081 [5]
Rhodamine B Pulsed-SSD in water 0.202 [5]
Rhodamine B DC discharges in air over a 3 mm layer of water 4.86 [5]
Rhodamine B Streamer discharge 0.025 [21]
Rhodamine B Spark discharge 0.080 [21]
Rhodamine B Spark–streamer mixed discharge modes 0.160 [21]
Rhodamine B UV/H2O2 0.1 [5]
Rhodamine B Ultrasound 0.2 [5]
Rhodamine B Photocatalysis 0.2 [5]
Rhodamine B Hydrodynamic cavitation 0.01 [5]
Rhodamine B Ozonation 0.3 [5]
Direct Orange 39 Corona discharge 0.825 Previous study carried out in this laboratory [22]
Rhodamine B Corona discharge 2.84 This work
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indicated that the presence of these compounds was directly 
related to the plasma treatment.

Fig. 9 shows the OES spectrum of corona discharge, 
similar that Direct Orange 39 in [22]. The spectrum was 
normalized for nitrogen because the atmosphere used 
included air, and, in the air, the most abundant gas was 
nitrogen. The intensity of the OH emission bands was found 
to be higher in 309.5 nm that nitrogen in 337.0 nm, maybe 
because of the greater amount of oxygen in the solution due 
to the presence of the dye, which aid the generation of OH.

In this type of system, the generation of active species 
such as Hα, Hβ, N2, OH, and Na through OES (Fig. 9) was 
observed (Table 3) [13,22]. Furthermore, the characteristic 
doublet of sodium in the spectra with pollutants (D-lines), 
commonly present in water, was also noticed.

The generation of atmospheric plasma on the surface of 
water supplies the electrons in the solution. These electrons 
can interact with the water molecules and dissociate them. 

This will produce a chain of reactions that aid the produc-
tion of H2O2, which will, in turn, aid the production of •OH 
radical in the mixture.

In some studies, it is mentioned that hydrogen atoms, 
hydroxyl radicals and hydrogen peroxide (which are the 
main oxidative species in the system) are generated at the 
plasma-liquid interface due to the interaction of the corona 
discharge with the water surface. The main chemical reac-
tions observed are [18] (R1, R2, R7 and R8):

� � �� � �H O HO cm
s2 2

10
3

10k  (7)

• • −+ + = ×→HO HO H O O cm
22 2 2 2

6
3

2 10k
s

 (8)

These reactions describe the identification in the emis-
sion spectrum of the plasma of the •OH band, which is the 
main radical that aids the decomposition of organic mat-
ter in the solution. Another possible process arising from 
the presence of nitrogen in generating the plasma in the 
air is described in reaction (9), where •OH radical can also 
be generated through the dissociative excitation process of 
H2O (gas) by excited nitrogen atoms [24]:

N H O N OH Hgas gas2 2 2
� �� � � �( ) ( )  (9)

To characterize the corona discharge used in the treat-
ment, the temperature and electron density were obtained. 
To determine the temperature of the applied plasma, in the 
process of degradation of the dye in water, the values of Hα 
and Hβ were considered and inserted into Eq. (4), obtain-
ing a value of 2.4 eV. Considering the value obtained from 
the electron temperature and hydrogen ionization energy, 
using Eq. (5), the value obtained from the electron den-
sity of the plasma was 5.69 × 1012 particles/cm3.

Another important parameter that must be taken into 
account is the economic cost of the treatment. In this work, 
only the cost attributed to electricity consumption is consid-
ered relevant because of the other costs, such as those related 
to electrode wear, are minimal and, therefore, can be neglected. 
The electrical cost can be calculated according to Eq. (10) [25]:
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Table 3
Principal species identified in the treatment’s optical emission 
spectrum of the corona discharge

Species λ (nm) Transition Energy (eV)

OH 284.0 A X2 2� �� � 3,064 Å system
309.5

N2 337.0 C Bu g
3 2� �� Second positive system

357.5
375.5
380.5

Hβ 487.0 2–4 2.5497
Na 590.0 2p63s – 2p63p 2.1023
Hα 656.5 2–3 1.8887
O* 777 3p5P → 3s5S 1.8427
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Electric cost treatment�
� �a I t
V

 (10)

where U is the voltage with which the plasma is gener-
ated (V), I is the intensity of the electric current (A), ttreat-

ment is the treatment time (h), V is the volume of the sam-
ple (m3) and the electricity cost is expressed in USD/kWh 
(0.04 USD/kWh in Mexico). In this study, the values of the 
variables are: U = 1.0 kV, I = 80 mA, t-treatment = 60 min 
and V = 250 mL. Therefore, the cost of treating 1 m3 of 
solution with RhB dye for 60 min amounted to 3.20 USD 
(80 kWh/m3) like reported in Torres et al. [22] whose value 
was 1.28 USD (32 kWh/m3) in 60 min. This cost is lower 
than that incurred in other treatments such as Fenton 
and photo-Fenton, in which expensive chemical reagents  
are used.

3.1. Limitations and recommendation for future work

One of the greatest limitations of this type of treat-
ment system (batch) is the proportional increase in electri-
cal energy and treatment time depending on the volume 
of solution treated. However, this type of study serves to 
provide basic knowledge that allows mitigating this type 
of limitation. It is recommended to modify the treatment 
system instead of being static that allows the treatment of 
contaminated water at constant flow, since it has been exper-
imentally proven by this research group that this allows the 
treatment of larger volumes of solution in similar times. The 
use of heterogeneous catalysts allows them to be removed 
after treatment, for this reason the use of catalysts of 
this type is recommended.

4. Conclusions

A 99% mineralization percentage of the Rhodamine B 
textile dye was achieved, in a time of 60 min, using plasma 
and iron filing (Fe2+) as a catalyst. The final TOC and 
COD values were 0.06 mg C/L and 0.02 mg O2/L, respec-
tively. Temperature and the emission of CO2 as a function 
of the time of treatment by corona discharge plasma of 
the solution with RhB dye were measured, the maximum 
value of CO2 was obtained in 20 min (109 arb. units) and 
the maximum temperature was 87.4°C, which indicates 
that the increase in temperature is not the reason why 
CO2 production increases, but rather by plasma treatment. 
Nitrates and nitrites were determined, in 60 min the val-
ues were 208 and 10 mg/L, respectively. The energy yield 
value (G50) was 1.99 g/kWh. These results indicate that the 
use of iron filings as a catalyst accelerates the degradation 
process and facilitates the mineralization of the colorant. 
From the optical spectrum of plasma emission, different 
species were identified (e.g., OH, N2, Na, Hα, and Hβ). The 
OES revealed that the presence of the catalyst increased 
the •OH production, which favored the dye degradation 
and reduces the necessary treatment time. The cost of 
treating 1 m3 of an aqueous solution of RhB dye, with an 
energy consumption of 80 kWh/m3, was estimated at few  
dollars.
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