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a b s t r a c t
The wastewater generated by the textile industry causes serious problems for ecosystems when 
 discarded without effective treatment. Samples of water contaminated with the Direct Orange 39 dye 
were treated by plasma discharge generated at atmospheric pressure for 150 min. In this study, the 
 initial concentration of the dye was 1.0 mM with an initial volume of 250 mL. Moreover, iron filings 
(Fe2+) were used as a catalyst. Reduction of the dye concentration in the samples was possible as a 
function of treatment time. This was verified by the absorbance spectrum in the UV-vis range. During 
treatment, every 15 min, we monitored the electric current, voltage, temperature of the water contain-
ing the dye, volume, pH, electrical conductivity, absorbance, concentrations of nitrates and nitrites, 
total organic carbon (TOC), chemical oxygen demand (COD), and the optical emission spectrum of the 
plasma and determined the dye concentration, discoloration factor, percentage of mineralization, and 
G50 (which expresses the amount of energy required to eliminate 50% of the pollutant), and electrical 
cost. Results showed that the efficiency of the dye degradation by plasma is a function of treatment 
time, and we obtained the removal of 50% of the colorant in 34 min and 94.2% in 120 min; additionally, 
COD was at 98.6%, the TOC was at 98.7%, and the percentage of mineralization was at 98.5% after 
150 min of  treatment. The maximum concentrations of nitrates and nitrites were 214 and 32 mg/L, 
respectively, after 150 min. From the optical spectrum of plasma emission, different species were iden-
tified (e.g., OH, N2, Na, Hα, and Hβ). The G50 value was 0.825 g/kWh, and the electrical cost calculated 
for the  treatment of 1 m3 of water with this colorant using plasma was $3.20 after 150 min of treatment.

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

1. Introduction

Water is vital for the vivification of the planet [1]. 
However, the increasing degree of industrialization world-
wide and the excessive use of chemical products or their 

derivatives have led to a gradual increase in the number of 
unwanted contaminants in drinking water sources [2]. Dyes 
are considered one of the major pollutants in wastewater 
[3]. Most countries are currently aware of the importance of 
proper treatment of wastewater that contain dyes because 
~17%–20% of industrial wastewater originates from the tex-
tile, leather, paint, and paper industries. Furthermore, more 
than 300,000 tons/y are drained into streams from the textile 
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industry and other industries [4]. Even a small amount of dye 
in water (e.g., 5–20 mg/L) is noticeable because it affects the 
transparency of the water [5]. Direct acid and reactive dyes 
are anionic, whereas basic dyes are cationic. The highest 
toxicity levels have been found for basic and direct dyes [6]. 
Direct dyes (e.g., DO39) are widely used for cotton dyeing 
owing to their ease of use and low cost [7].

Generally, the most widely used methods for removing 
dye from water can be divided into three categories: chemi-
cal methods (advanced oxidation processes (AOPs), e.g., the 
Fenton process [8], ozonation [9], and photochemical and 
electrochemical [10]), physical treatment (e.g., adsorption 
[11], membrane separation [12], flocculation [13], and plasma 
[14]), and biological treatment [15]. Recently, the application 
of atmospheric plasma to the surface of water with dye has 
been demonstrated as an efficient alternative for the deg-
radation of these contaminants, which does not require the 
addition of chemical products. It has been reported that in 
this treatment, •OH, •H, •O, HO2

•, O2
•−, H2O2, and O3 are gen-

erated among other species, which are capable of degrading 
these pollutants [16,17]. Among these chemical species, H2O2 
and OH are the most efficient in the organic matter removal. 
Additionally, the system produces plasma-induced UV irra-
diation and reactive species (RS), including reactive oxy-
gen species (ROS) and reactive nitrogen species (RNS) [18]. 
Specifically, H2O2 and nitrate ions (NO3

−) can be generated by 
plasma in a liquid using an electric discharge [19]. The study 
of real samples of water contaminated with dye is very inter-
esting, however, the study of model samples treated with 
plasma at atmospheric pressure is still important, because 
there is no complete understanding of the fate of the prod-
ucts intermediates and that in general, the production of 
unwanted products should be avoided. To better understand 
these complex processes, it is important that the models con-
sider not only the relevant chemistry, but also the dynamic 
effects of the fluids and the characteristics of the plasma used.

This study generally aims to examine the application of 
an electrical discharge (i.e., corona type) during the degrada-
tion of DO39 dye. The atmospheric plasma was formed at the 
liquid–air interface to treat water samples with textile dye. 
This study combined physical treatment (plasma) with chem-
ical effects using the catalyst (Fe2+) to provide similarity to the 
Fenton process. During treatment, the following physical and 
chemical parameters were monitored: electric current, volt-
age, temperature of the water containing the dye, volume, pH, 
electrical conductivity, absorbance, concentrations of nitrates 
and nitrites, total organic carbon (TOC), chemical oxygen 
demand (COD), and the optical emission spectrum of the 
plasma. We determined the dye concentration, discoloration 
factor, percentage of mineralization, G50 (which expresses the 
amount of energy required to eliminate 50% of the pollutant), 
and electrical cost. The experiment were performed in the 
Laboratorio de Análisis y Sustentabilidad Ambiental of the 
Universidad Autónoma del Estado de Morelos.

2. Methodology

2.1. Experimental system

Plasma treatment at atmospheric pressure of a  solution 
with the DO39 dye was performed in an acrylic reactor 

(batch-type reactor), which had a container for treatment 
inside (Fig. 1) that was made of Pyrex glass with a capacity of 
400 mL and included two 3 mm-diameter tungsten electrodes 
that were aligned with each other; the cathode was immersed 
in the dye solution (1.0 cm inside), and the anode was placed 
on the solution surface at a 3 mm distance. 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 source (HP Mod. 6525A, 4.0 kV–50 mA) at 
a constant power of 80 W.

The DO39 dye was dissolved in water in a 250 mL grad-
uated flask with an initial concentration of 1.0 mM. The dye 
and iron filings were mixed in the reactor. A Hach HQ40d 
potentiometer (United States) was used to perform the pH 
and electrical conductivity measurements. Additionally, a 
Hach DR3900 spectrophotometer (United States) was used 
to measure the absorbance in the range of 320−800 nm and 
to determine nitrate and nitrite concentrations using Hach 
vials (United States). The discoloration factor was obtained 
as a function of treatment time with the plasma. Moreover, 
the TOC and COD were determined using the Hach method 
(United States) with low-ranking reagents. Sampling was 
performed every 15 min.

2.2. Preparation of the DO39 solution

DO39 is a recalcitrant compound, and its metabolites can 
be very toxic to aquatic life [20]. It is mainly used in cloth 
dyeing, printing, and leather and paper shading. The DO39 
dye has a molecular weight of 299.28 g/mol, CAS number 
of 1325-54-8, color index of 40215, and chemical formula of 
C12N3H10SO3Na (Table 1).

The DO39 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 
solution contained 1.0 mM of DO39 and 1.0 mM of iron 
filings. A Hach HQ40d multiparameter (United States) 

Fig. 1. Batch reactor.
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was used to measure the pH, electrical conductivity, and 
temperature. The initial temperature was 25°C, the ini-
tial pH was 8.22, and initial electrical conductivity was 
260 μS/cm. A Hach DR3900 spectrophotometer (United 
States) was used to measure the initial absorbance of the 
DO39 dye solution. Specifically, 1.0 mL of the dye solution 
was obtained, diluted with 2.0 mL of distilled water, and 
placed in a quartz cell. The sample was measured using a 
spectrophotometer. In this case, the characteristic absor-
bance peak was at 444 nm. To employ spectrophotometry 
as an analytical technique using the Beer–Lambert law, 
the dye calibration curve was obtained. This allowed the 
adjustment equation that related absorbance and solu-
tion concentration to be obtained. The analysis was per-
formed every 15 for 150 min. All solutions were made 
from analytical-grade chemicals, and the experiment was 
performed five times under the same initial conditions.

2.3. Analysis methods

2.3.1. Discoloration factor

For the analysis of the dye degradation process, the 
discoloration factor, FD, was calculated using the following 
equation [23]:

FD
i t

i

�
�Abs Abs

Abs
,  (1)

where Absi denotes the measured initial absorbance of the 
dye solution and Abst denotes the measured absorbance 
at each time interval of the plasma treatment. The tempo-
ral development (every 15 min) of the FD factor was also 
measured.

2.3.2. Percentage of mineralization

The mineralization of DO39 in the aqueous solution 
during the atmospheric plasma treatment was  monitored 
by determining the TOC by the Hach method (United 
States) 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 spectrophotom-
eter (Hach, DR3900, United States) was used to deter-
mine the TOC. The percentage of mineralization was 
calculated using the following equation [24]:

% %of mineralization
TOC TOC

TOC
�

�
�0

0

100F   (2)

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 con-
taminant. Its equation is as follows [25]:

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 L, 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

OES was analyzed when the atmospheric plasma was 
generated on the surface of the solution. This analysis was 
conducted using an optical 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 measurement 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 spe-
cies 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 [26] and consider-
ing that the system has a local thermodynamic equilibrium 
in some small fraction of this. The following expression 
were used to calculate the electron temperature:
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Table 1
Chemical structure of the Direct Orange 39 (DO39) azo dye [21,22]

Structures Characteristics Reference

Color index name Direct Orange 39
Chemical formula C12H10N3O3SNa
Appearance Orange powder
Color index number 40215
λmax (nm) 444
Molecular weight (g/mol) 299.28
CAS number 1325-54-8
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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  statistical weights of the upper levels, and Am(i) 
represents their corresponding transition probabilities. 
These values were obtained from the NIST atomic spectra 
database lines [27]. I1 and I2 denote the relative line inten-
sities in questions, and λ1 and λ2 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 responsible for most processes in the corona 
discharge (i.e., ionization, dissociation, and recombina-
tion processes) with water molecules. In this study, the 
following Saha–Boltzmann equation was used to calcu-
late the electron density:

n T
E
kTe e

i

e
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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 
[28–30].

3. Results

The respective calibration curve was obtained using 
solutions of known concentrations of the studied DO39 dye 
(Fig. 2a); the calibration curve was linear and had a high 
correlation coefficient (R2 = 0.999). From the calibration 
curve, the DO39 concentrations during the treatment were 
calculated.

Fig. 2b presents the calibration curve of DO39, where the 
red line indicates the mathematical adjustment to a straight 
line, whose adjustment equation is as follows:

y x� � � �0 04933 4 195. .  (6)

This equation relates the value of absorbance to the dye 
concentration in the solution as follows:

Dye concentration Absorbance
�

� 0 04933
4 195

.
.

 (7)

The initial values of pH and the electrical  conductivity 
of the solution were 8.22 and 260 μS/cm, respectively. 
However, after 150 min, the final values were 2.68 and 
630 μS/cm. Generally, during the treatment, a 67.4% 
decrease in the pH value, and a 2.4-fold increase in the 
conductivity value were observed for the solution. The 
decrease in pH resulted from the increasing concentration 
of H+, which led to an increase in the conductivity of the 
solution simultaneously. These changes were the same as 
those observed in a previous study [31].

The pH value in the solution rapidly decreased during 
the first 60 min (Fig. 3) owing to the dissociation of water 
molecules that were in contact with the plasma at atmo-
spheric pressure [3]:

H O H O H O H OH2 gas 2 2
� � � �� � � �� � �n n n n1   (8)
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Fig. 2. Direct Orange 39 dye calibration curve: (a) absorbance as a function of known concentration and (b) calibration curve.
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Fig. 3. pH and electrical conductivity of the solution with DO39 
during the plasma treatment.
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With an increase in treatment time, other RS were gener-
ated in the solution (ROS and RNS), and some organic acids 
were produced and contributed to the decrease in pH, which 
is shown in Fig. 4. Specifically, NO2

− and NO3
− were formed 

in the plasma-treated water via the dissolution of nitrogen 
oxides formed in the plasma via gas-phase reactions of dis-
sociated N2 and O2 or H2O; this behavior was also observed 
by Zhou et al. [32].

Fig. 4 shows that nitrates were formed in water at a con-
stant growth rate during the first 30 min, and the concentra-
tion was almost constant during the rest of the treatment; the 
initial value before starting the treatment was zero, which 
indicated that the presence of these compounds was directly 
related to the plasma treatment.

With an increase in the time of plasma exposure, the 
concentration of OH increased, and the possible OH forma-
tion is described by the following equations (Eqs. (9)–(11)):

H O OH2 � � � �� � � �e H e  (9)

OH OH� �� �H O2 2  (10)

e H O� � �� � �2 2 OH OH  (11)

Generally, when interacting with OH, the dye begins to 
degrade into simpler compounds (intermediates), as shown 
in Eq. (12), which further interacted with OH and reached 
mineralization, as expressed using Eq. (13).

dye DO39 OH Intermediates� ��  (12)

Intermediates OH CO H O2� � ��
2  (13)

This study involved the combination of atmospheric 
plasma processes and the Fenton reaction and assumed 
that H2O2 was generated when plasma interacts with water. 
When iron (Fe2+) filings were introduced into the dye 

solution, Fenton-type reactions occurred in the system and 
thus improved the removal efficiency of the dye present in 
the water. When Fe2+ was added to the solution for organic 
oxidation, it was directly involved in the catalytic composi-
tion of H2O2 into OH, as expressed by Eq. (14), whereas Fe3+ 
as the Fenton regent source was initially transformed into 
Fe2+ and consumed large quantities of plasma generated 
H2O2, as expressed by Eq. (15).

H O Fe OH OH Fe2 2 � � � �� � � �2 3  (14)

H O Fe2 2
3 2

2� � � �� � � �H Fe HO  (15)

Compared with AC plasma systems, DC plasmas pro-
vide more desirable conditions for Fenton reactions owing 
to their higher H2O2 yields, thus significantly reducing con-
taminants [33].

Fig. 5 presents the absorption spectra of the solution 
obtained at different times. The characteristic absorption 
peak of the DO39 dye occurs at 444 nm, which gradually 
decreases due to the treatment. After 150 min of applying 
the corona discharge to the solution, the absorbance (at 
this wavelength) decreased by more than 98%. This was 
attributed to the disruption of the chromophore group of 
the dye molecules. At the end of the treatment, there were 
compounds that absorbed radiation at wavelengths below 
450 nm, which were by-products of the dye mineralization 
process.

The FD values were obtained using Eq. (1). Fig. 6A pres-
ents the discoloration factor, FD, determined for the organic 
compound (DO39) as a function of exposure time to the 
corona discharge and the catalyst. The discoloration factor, 
FD, of DO39 after 150 min of treatment was 0.987. Similarly, 
using Eq. (7), the concentration of the treated solution could 
be calculated every 15 min; the behavior of the concentration 
of the dye in the solution is presented in Fig. 6B. The concen-
tration has a tendency similar to an exponential decay func-
tion, and the behavior can be described using the following 
differential equation (Eq. (16)):
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Fig. 4. Nitrate and nitrite concentrations in the solution during 
plasma treatment.
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Fig. 5. Absorption spectra as a function of treatment time.
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dC
dt

kC� �  (16)

where C denotes the concentration of the dye in the solution, 
k is the decay constant (degradation rate), and t is the treat-
ment time.

Fig. 7 shows that during the treatment with atmospheric 
plasma, the concentration of DO39 dye in the solution 
decreased with time, and the degradation process followed 
first-order kinetics. The constant rate was calculated using 
the following equation [24,34]:

ln ,C
C

kt
0

�

�
��

�

�
�� � �  (17)

where C0, C, and t denote the initial and final dye concen-
trations and time, respectively. The values of the first-order 

rate constant (k) and R2 values were 0.01546 and 0.97463, 
respectively.

Fig. 8 presents the discoloration of the solution as a 
function of the time of plasma exposure. This Fig. 8 shows 
that 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; and 
after 135 min, the solution was colorless. This discolor-
ation was attributed to the breaking of the bonds of the 
chromophore group.

Fig. 9 presents the behaviors of the TOC and COD for 
the DO39 dye vs. treatment time. The initial values of the 
TOC and COD were 144 and 88 mg/L, respectively. After 
150 min of treatment, these same parameters were 6.3 and 
2.9 mg/L, respectively. The COD results indicated that 96% 
of the dye was transformed into carbon dioxide and water 
(i.e., it was mineralized). The COD indicated that the water 
quality significantly improved with treatment because 97% 
of the organic matter was removed.

Using Eq. (2), the values of the mineralization percentage 
of the DO39 dye were obtained; these values are presented in 
Fig. 10. The growth rates in the first 15, 30, and 45 min were 
23.8%, 18.4%, and 16.6%, respectively. Additionally, in the 
first 60 min, there was mineralization of 70.03%. However, 
treatment of at least 105 min was required to achieve a per-
centage of mineralization greater than 90%.
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Fig. 7. DO39 degradation.

Fig. 8. Discoloration of the solution containing the DO39 dye.
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Fig. 11 shows the OES of the plasma generated com-
pared for distilled water, water–dye, and water–dye–catalyst. 
The characteristic OH bands were higher when the catalyst 
(Fe2+) was added. This may be attributed to the presence of 
iron filings in the solution, which favors OH production.

OES was performed to identify the species generated 
by the atmospheric plasma, and Fig. 11 presents the emis-
sion spectrum between 200 and 1,100 nm obtained from 
the atmospheric plasma; this technique revealed that 
most peaks were in the near-UV region (250–400 nm).  
N2 bands of the second positive system (C3Пu–B3Пg) at 
337.0, 357.5, and 375.5 nm were identified. It was also 
possible to identify the characteristic doublet of sodium 
at 590 nm in the spectra with pollutant (D-lines). For both 
treatments, the band with the highest intensity belongs to 
OH at 309.5 nm (A2Σ+ → X2Π). Additionally, Hα (656.5 nm) 
and Hβ (487.0 nm) were observed and had a low intensity; 
emissions from singlet O* occurred 777 nm due to the 3p5P 
→ 3s5S transition [27].

Some of the reactions that occurred in atmospheric 
plasma and were identified in OES are as follows [35]:

e N N e*� �� � �2 2   (18)

e N N N e� � � �� � � �2   (19)

e O O O e� � � �� � � �2   (20)

e O O e� � �� � �2 2 2   (21)

e O M O M� �� � � �2 2  (22)

where Eq. (18) expresses the excitation process, Eqs. (19) 
and (20) show an example of the dissociation process, 
Eq. (21) shows the ionization of oxygen molecules, and Eq. 
(22) expresses the electron capture, where M is the third 
collision partner, which may be O2 or N2. All reactions were 
of high-energy electrons in the atmospheric plasma in air. 
Electron temperature is a parameter that characterizes the 
plasma applied for dye treatment; to determine the electron 
temperature of the applied plasma, the values of Hα and Hβ 
were considered and substituted in Eq. (4), which yielded 
6.7 eV for DO39. Using the value obtained from the electron 
temperature and hydrogen ionization energy and substitut-
ing it in Eq. (5), the electron density of the plasma was found 
to be 6.68 × 1013 particles/cm3 for DO39. The values obtained 
in this study are similar to those reported in the literature 
for plasma at atmospheric pressure. Moreover, the electron 
density was ~1014 cm−3, and the electron temperature was in 
the range of 1–10 eV [36].

The value of the variable G50 was calculated using Eq. 
(3). In this study, the values of the variables were as fol-
lows: initial colorant concentration at C0 = 0.0001 M, initial 
volume at V0 = 0.25 L, M = 299.28 g/mol, electric power at 
P = 80 W, and time at t50 = 2040.6 s. These values, when 
substituted into the equation, yielded a value for G50 of 
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0.825 g/kWh. This value is similar to those reported in the 
literature [25]. For example, with a similar initial concen-
tration, for methyl orange, the G50 value was 0.45 g/kWh 
[1]. The structure of methyl orange is very similar to that of 
DO39. During plasma treatment, the obtained parameters 
were different; the energy efficiencies of three pulsed dis-
charge modes for Rhodamine B were 0.025 g/kWh, 0.080, 
and 0.160 g/kWh for streamer discharge, spark discharge, 
and spark–streamer mixed discharge modes, respectively 
[23]; for methyl orange G50, with a similar plasma reac-
tor, the value was 0.024 g/kWh [35]; using the batch-type 
reactor and the described conditions, the DO39 dye could 
be degraded in a short period of time compared to other 
studies that used the same dye using PVA-immobilized 
microorganisms [37]. In previous studies under similar 
conditions [38], the concentration of hydrogen peroxide 
produced after plasma treatment was a few mg/L, which 
indicated that treatment with this type of atmospheric DC 
plasma produced a sufficient amount of hydrogen perox-
ide that interacted with iron and accelerated the treatment. 
The presence of RNS in the plasma-treated solution allows 
us to propose the use of water in the germination of seeds 
of agricultural interest in future studies, which has been 
described by Sivachandiran and Khacef [39]. Iron filings 
can be recovered by filtration at the end of the treatment, 
which represents an advantage compared with other pro-
cesses, such as the Fenton reaction.

One important parameter to consider is the economic 
cost of the treatment. In this work, only the electric consump-
tion was of relevance because we could ignore, for example, 
the electrode wear costs because, given that no electrolysis 
was involved, there was minimal wear during this study. 
Therefore, the electric cost could be calculated according to 
Eq. (23) [40]:

Electrical cost treatment� �
� �

a
U I t

v
  (23)

where U is the voltage discharge (V), I is the current (A), 
ttreatment is the time needed to degrade the sample (h), v is 
the volume of the sample (m3), and a is related to the cost 
in USD/kWh (0.04 USD/kWh in Mexico). Given a current 
of 80 mA, a discharge voltage of 1.0 kV, and a volume of 
250 mL, the related costs were calculated, as shown in 
Table 2, in accordance with the treatment time.

The use of chemical agents during the treatment of water 
that has organic contaminants increases the cost substan-
tially, and this occurs in other AOPs, where an iron sulfate 
catalyst is used in acid solution. In this study, 250 mL of 
water with dye was used, requiring only 5 mL of the reactive 
agent used as an accelerator for the reaction (FeSO4 in acid 
solution). However, upon extrapolating the values for 1 m3, 
it would be necessary to use 20 L of catalyst, ~278 g of iron 
sulfate with an approximate cost of $60, 110 mL of sulfuric 
acid that would cost ~$2, and distilled water that would cost 
$10, which would give a total cost of ~$72.

By comparing these data with those reported in Table 2, 
we found that the highest cost for the treatment would be 

the consumption of chemical reagents and not the electrical 
consumption, which makes the use of plasma more conve-
nient as an effective treatment for elimination of organic 
contaminants compared to the Fenton or photo-Fenton 
process, among others, where a greater amount of chemical 
reagents is used and the efficiency in the degradation of 
dyes is similar [8].

4. Conclusions

The efficiency of treatment with plasma and iron filings 
for DO39 dye removal was demonstrated, and after 45 min, 
the percentage of dye mineralization was greater than 50%, 
which allowed us to propose the serial combination of 
plasma treatment with another efficient treatment at lower 
dye concentrations. The absorbance reduction was 94.2% 
after 120 min, and the COD was 98.6% and TOC was 98.7%. 
The percentage of mineralization was 98.5% after 150 min of 
treatment. These results indicate that the use of iron filings 
as a catalyst accelerates the degradation process and facili-
tates the mineralization of the colorant. The concentrations 
of nitrates and nitrites were 214 and 32 mg/L, respectively, 
after 150 min. These values indicate that Plasma generates 
a significant number of nitrates and nitrites in the water, 
which would allow the treated water to be used in any agri-
cultural application. 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 G50 value was 0.825 g/kWh, this result is acceptable 
considering the values obtained in the degradation of this 
colorant by other processes; the electrical cost calculated 
for the treatment of 1 m3 of water with this colorant using 
plasma was found to be $3.20 for 150 min of treatment, 
which, compared to other advanced processes, is a lower 
cost, these costs would allow this method to be used in the 
mineralization of organic compounds in larger volumes.
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Table 2
Electrical costs (USD per cubic meter of water treatment)

Treatment time 
(min)

Energy consumption 
(kWh/m3)

Electrical costs 
(USD/m3)

15 8 0.32
30 16 0.64
60 32 1.28
90 48 1.92
150 80 3.2
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