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ABSTRACT

The pollution of natural effluents caused by the fabric dyeing process and inefficient treatment
is an environmental problem that affects many sectors, such as agriculture. This work shows the
results of the degradation process by plasma at atmospheric pressure of Basic Red 46 organic dye
at an initial concentration of 0.1 mM in a volume of 500 mL in aqueous solution, adding FeSO,
in acid solution as an accelerating agent of the degradation process. During the treatment, the
change in pH, electrical conductivity, total organic carbon, chemical oxygen demand, and tur-
bidity are monitored as a function of the treatment time. The absorption spectrum was obtained
every 20 min, during the 100 min of treatment, achieving a removal of the dye greater than 90%
in the first 20 min. In addition, the optical spectrum of plasma emission was analyzed, identify-
ing the presence of species such as CO, OH, N,, H, and H, mainly. The chemical and electrical
cost of the treatment was studied, finding that the highest cost lies in the use of chemical agents in
the treatment (approximately 70 dollars per m?) while the electrical cost is less than 2 dollars.

Keywords: Plasma; Degradation; TOC; Energy efficiency; Dye

1. Introduction need to solve a huge list of natural and technical difficul-
ties. Besides, climate change is contributing to the short-
age of drinking water, in terms of the shorter periods of
rain, which can be so intense that the soil cannot absorb
the water, or in terms of the lack of rain, that supplies
the tributaries. While an alteration physical and chemi-
cal condition of fresh drinking water requires only a few

The increase in the global population has resulted in
a corresponding demand for freshwater. This allowed
making harder access to freshwater to homes, hindered
by geographic factors like distance between the reservoirs
or water tributaries and the cities, in consequence, the

* Corresponding author.

1944-3994/1944-3986 © 2021 Desalination Publications. All rights reserved.



260 M.J.R. Albarrin et al. / Desalination and Water Treatment 222 (2021) 259-270

seconds, returning them to an appropriate state for con-
sumption requires a quite time-consuming process. The
water pollution sources are numerous and include human
activities related to personal and domestic use, industrial
activity, especially that oil or textiles refer to lack of con-
trol in the management of pharmaceutical waste from the
general population, and the activity of farming industry,
which often involves inefficient methods with open chan-
nels where many evaporated water is lost. Azo-type dyes
are especially toxic, mutagenic, and carcinogenic when
dissolved in water causing serious environmental issues.

The main feature of azo type dye is the presence of
chromophores on these; also, this type could contain one
or more aromatic rings inside its molecular structure
making it difficult to degrade [1,2]. An example of the azo
type dye is the BR46 dye. All these specific areas require
a specific wastewater treatment, which makes the whole
process problematic. In short, the issue of water stress has
to be addressed using new technologies and techniques
that involve advanced oxidation processes that target
each problem, given conditions in terms of pH, electri-
cal conductivity (EC), turbidity, dissolved solids, chem-
ical oxygen demand (COD), total organic carbon (TOC),
and absorbance tend to be different. Also, each process
must be efficient and economically viable, that is, no more
waste should be generating that requires alternative treat-
ment or storage. These are all essentially scientific chal-
lenges that need to be addressed [3].

The use of plasmas at atmospheric pressure has proven
to be an excellent physical tool for wastewater treatment,
especially in terms of textile dyes [4,5]. Plasmas can be
largely classified as thermal or non-thermal; with the first
characterized by having thermodynamic equilibrium, that
is not the case with the latter. Plasmas could be classified
into two, cold and hot. The hot plasmas have the particu-
larity of almost completely ionizing while their particles
remain in thermal equilibrium, with electron temperatures
greater than 10 eV. Meanwhile, the main characteristic of
cold plasmas is that the temperature of their electrons does
not exceed 10 eV, while the degree of ionization is gener-
ally less than 10%. Also, the ions and heavy particles tem-
peratures are different, which provides many advantages
in terms of their application. Furthermore, plasmas could
be classified as spontaneous/self-sustained or non-sponta-
neous/non-self-sustained. In the case of the former, once
the medium is ionized, the plasmas do not need additional
external energy to maintain their state, while in the case
of the latter, these require continuous changes in terms of
electric power, since their degree of ionization and stabil-
ity cannot be maintained for long period. In both types of
discharge, ionization phenomena occur, that is, the atoms
and molecules lose their electrons either due to a heat
source or through photoionization [6].

In terms of the electrical discharges used in the present
experiment, the plasma is generated by a regulated direct
current power supply. This process generates two reac-
tions, one mainly in the air (e-+ Air - N, + O, + H_+ H|3
+ e7) and one in the luminous part of the corona plasma in
the water. Nitrogen (N,), oxygen (O), and hydrogen (H)
bands were observed through optical emission spectros-
copy, which involves determining the electron temperature

via the Boltzmann equation and the ionic density via the
Saha-Boltzmann equation. In the liquid phase, another main
reaction occurs that produces free radicals, H, ions, and free
electrons (plasma + HO — *OH + H* + e). Here, the *OH
radicals are responsible for the processes that lead to the
discoloration and degradation of the solution, which mani-
fest themselves in the form of bubbles (Fig. 1). The present
work focuses on the interactions of a cold, non-thermal, self-
sustained, corona-type plasma at atmospheric pressure in
the interface between a liquid sample of Basic Red 46 (BR46)
and air. The degradation of the dye is found to determine
physical variables such as current, voltage, optical emission
spectra, and absorption spectra, as well as chemical vari-
ables such as pH, EC, total TOC, COD, dissolved solids,
and turbidity, as well as the determination of the rate con-
stant for to kinetic study of the sample. Overall, the inter-
action of the corona with the sample produces *OH free
radicals, which are responsible for the degradation process.

2. Experimental setup

The experimental system used for the degradation pro-
cess of the Basic Red 46 organic dye is shown in Fig. 2 [4].
It consisted of both moving and fixed parts. A 500 mL bea-
ker (8) containing the sample was close using an airtight
lid (5) with ISO seals and three crosspieces. The beaker
was placed in the center of a rectangular chamber with no
base and an upper mobile lid (4) constructed from translu-
cent acrylic (16). Optical emission spectroscopy was used
to characterize the plasma. We placed an optical fiber on a
side of the chamber/beaker fixed with a special setup. Fiber
connected to an Ocean Optics spectrometer (FLAME-T-UV-
Vis). A mobile cover (13) incorporating three ports with ISO
neoprene seals was attached. Here, a tube-like condenser
(1) with a diameter of 3 cm and a length of 10 cm connected
to condense the formation of steam when the sample was
heated, which ensured that the volume loss was less than
10%. A thermometer placed in the port (2) to monitor the
temperature of the system, while a rod of tungsten (10 cm
in length and 0.2 cm in diameter) served as an electrode
(anode) (6) through which high voltage was applied (3) to
generate the plasma. This electrode was lower using a ratchet
(10) and guide support (12) held by four guides (11) and by
springs (14) that stabilized the anode coupling such that it
takes place at the appropriate distance where the plasma
zone, which was 0.5 cm from the surface of the liquid and
the tip of the electrode, occurred. The beaker had a tungsten
electrode (cathode) (9) placed at the base (3 cm in length
and 0.2 cm in diameter), which was immersed in the solu-
tion at all times. The electrodes used were both tungsten,
one of which had a 111.5 mm long anode and a 23 mm long
cathode, while both had a water contact area of 4.71 mm?.
The resulting voltage and current generated the plasma.
The discharge into the atmosphere, the liquid interface was
achieved through dispersing a flow of electrons through a
high-voltage source (KEYSIGHT N8937A), which was mon-
itored throughout the discharge process via a Tektronix
TDS 3014B (United States), while the current was simultane-
ously measured using a multimeter (BK Precision 5491B).

A sample of BR46 was prepared at a concentration of
0.1 mM using 9,800 mL of distilled water (pH = 5.3) and
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200 mL of FeSO,. The solution was stirred to obtain a homo-
geneous solution before 500 mL samples were extracted for
treatment at different times. The process was conducted at
room temperature, while the baseline and the after-treatment
parameters, including pH, EC, and volume, were continu-
ously monitored. Following the treatment, we ensured that
the samples were not exposed to natural light since any inter-
action with natural light could have resulted in more colorant
degradation than generated via the plasma treatment. The
plasma was generated at a constant voltage of 1.0kV and a con-
stant current of 130 mA. To monitor the decomposition of the
dye at different times, a spectrophotometer (DR3600 HACH,
United States) was used alongside reagents for the COD and
TOC. The entire analysis was performed in the Laboratory
of Analysis and Environmental Sustainability (UAEMOR).

2.1. Solution analysis
2.1.1. pH and EC measurements

The pH and the EC of the solution were determined
using a HACH HQ40d (United States) with a precision of
+0.002 for pH and +0.5 for EC, while the range was 1 uS/
cm-200 mS/cm. Measurements were performed both before
and after the plasma treatment. The initial conditions in the
laboratory were determined to be room temperature, which

HV/DC

e +Air > Ny + 0, +Hy+Hp+e”
Air

Corona plasma N,

GND

Fig. 1. Principal reactions corona-type plasma.
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Fig. 2. Experimental system type batch.

remained constant. Following the treatment, we cooled
the samples via thermal equilibrium to room temperature.
It is important to take measurements before and after to
study the behavior of the sample, how these changes affect
the rest of the measured parameters.

2.1.2. COD and TOC

We analyzed the dye degradation process in the sam-
ples in terms of COD and TOC. We used the COD test
to measure the oxygen equivalent of the organic mate-
rial wastewater that can be oxidized chemically using
dichromate in an acid solution, while the TOC test deter-
mined the organic carbon levels in an aqueous sample.
The color removal of the BR46 solution was monitored
quantitatively by measuring the decrease in absorbance
at A__ = 520 nm using a spectrophotometer. The COD
was determined using the methodology described in the
Standard Methods of Environmental Protection Agency
(EPA): Method 410.4 (EPA, 1993).

Using a spectrophotometer HACH DR6000 UV-vis (United
States), we could determine the absorption peaks of each of
the samples treated by the plasma. The kinetics of the degra-
dation was determined in terms of COD and absorbance for all
the samples and all the different treatment times. For the TOC
and COD measurements were used vials of low-range HACH
(United States). The degradation efficiency was calculated
using the relationship between the COD and the color removal
rates were calculate according to the following equations [7]:

(o (cop, -cop,) 100

con (%)= —6p o
(Toc, -TOC, )

YRyoe (%) = e x 100

i

where COD, and CODf are the COD values before and after
treatment, respectively, with the same applying for the
TOC values, and:

10. Handle

11, Beacon

12. Fixed platform

13, Mabile platform

-3
b
B im— i

- 14. Spring

P
= 15. Support fiber optic

———————+ 16, Acrylicguard



262 M.J.R. Albarrin et al. / Desalination and Water Treatment 222 (2021) 259-270

(ABS, - ABS, ) 100

Rcolur (%) = ABS. (2)

where ABS is the maximum peak on the absorbance spec-
trum in the interval of the visible length wave, and ABS,
and ABS, are the ABS values before and after treatment,
respectively [2].

2.1.3. Turbidity

The turbidity resulting from the treatment of the sam-
ples with the plasma was determined via a HACH 2100Q
turbidimeter (United States), which uses the turbidimetric
determination between a nephelometric primary signal
of scattered light (90°) and the transmitted scattered light
signal. The measurement was performed according to
EPA Method 180.1, with an accuracy of +2% in the range
of 0-1,000 NTU. This parameter is important in the identi-
fication of dissolved solids when the plasma is decompos-
ing the dye molecule and later the elimination of these, this
leads to the analysis of the quality of the resulting water.

2.1.4. Ultraviolet-visible spectroscopy

We used a HACH DR6000 spectrophotometer (United
States) to determine the absorption spectra of the dye in an
aqueous solution. This had a maximum absorption wave-
length of 520 nm, with measurements performed on both the
untreated samples and the samples exposed to the plasma
at time intervals of 20 min up to a maximum of 100 min.

2.2. Plasma characterization
2.1.1. Optical emission spectrometry

The plasma optical emission spectra in the dye degra-
dation were obtained using an Ocean Optics FLAME-T-
UV-vis spectrometer with a resolution of 0.1-10 nm and an
optical fiber with an efficiency of 90% in the visible spec-
trum. Optical-emission-spectroscopy values were obtained
in a range of 200-850 nm. Subsequent analysis of the plasma
spectra was conduct regarding the National Institute of
Standards and Technology (NIST) database. By obtain-
ing this analysis, the hypothesis raised about hydroxyl
radicals can be verified, in addition to obtaining the spe-
cies generated during discharge and thus calculating the
temperature and electron density.

2.2.2. Electron temperature

To describe the Plasma, the electron temperature was
determined. This parameter could be determined from the
optical emission spectra. In this case, the intensities of sev-
eral spectral lines with different threshold excitation energies
were employed to determine the electron temperature by
assuming that the population of the emission levels followed
the Boltzmann distribution [8] and that the system had a local
thermodynamic equilibrium in a small fraction. We used
the following equation to calculate the electron temperature:

- _E(2)-E, <1>[1n[mgm (2)4, (Z)H] o

¢ k Lg, (1)A, (1)

where E (i) are the energies of the upper levels of the lines,
k is the Boltzmann constant, g (i) is the statistical weight of
the upper levels, and A (i) are their corresponding transi-
tion probabilities. Values are taken from NIST’s atomic spec-
tra database lines [9]. I, and I, are the relative line intensities
of the lines in question, while A, and A, are the wavelengths
of the lines, which were experimentally measured.

2.2.3. Electron density

In addition to the electron temperature, it was possible
to obtain the value of the electron density of the plasma
used in the treatment. Electron density refers to the average
value per unit volume of the electrons present in the plasma,
which are responsible for most of the processes taking
place in the discharge. In this case, the electron density
was calculated according to the Saha—Boltzmann equation:

n, =6x10" (T, )% (exp{— kEIi“ D 4)

where T, is the electron temperature, E, is the ionization
energy of the species, and k is the Boltzmann constant [10-12].

3. Results
3.1. Conditions for plasma generation

The corona plasma was generated with a current of
130 mA and a voltage of between 600 V and 1 kV. The
results of the current and voltage measurements obtained
during the entire duration of the electric discharge pro-
duction and its interaction with the BR46 dye samples
are shown in Fig. 3a (current) and Fig. 3b (voltage).
Measurements performed using BK Precision 5491B mul-
timeters with an accuracy of 0.2%. The ionization process
in the interface began with a voltage of 1 kV supplied by
a regulated power supply, while a decrease of between
730 and 709 V was observed. This decrease was due to
the energy required to carry out the electrical break, at
which point, the current suddenly increases to an average
of 130 mA, which was due to the requirement of having
energetic electrons that generate the ionization process of
the medium. In the first 20 min, which the time is taken
for the first sample, the applied voltages decreased to a
minimum value of 746 V.

This correlated with the behavior of the EC, which, in
the same time range, exhibited an increase in value, while
the current remained constant. After the initial 20 min treat-
ment, the voltage exhibited a behavior change, increasing
to 771V, at which point, the conductivity began to decrease
(at approximately 40 min), while the current and the volt-
age experienced fluctuations of around 130 mA and 887V,
respectively. With this energy supply, the sample reached a
temperature of 90°C, which caused a change in the level of
the sample, and, consequently, a change in the separation
distance between the liquid—air interface and the anode.
To avoid these variations and to maintain the current at a
constant value, the anode height was changed manually
(Fig. 2, point 10), which resulted in the aforementioned
fluctuations. Because of this movement, it is possible that
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Fig. 3. (a) DC current and (b) DC voltage for plasma generation.

the discharge was self-sustaining throughout the entire
process. The losses due to evaporation did not exceed 10%
within the maximum interaction time.

3.2. Absorbance spectra

The discoloration of the sample was determined via
absorbance spectroscopy. We measured and monitored
the degradation of the BR46 during the sample treatment
period. The absorbance observed at wavelength A = 520 nm,
which corresponded with the maximum of the absorbance
characteristic peak for this textile dye, accounted for the
functioning behavior during the treatment period. To
quantify the dependence on the discoloration, absorption
spectra were obtain using two methods, the first of which
involved leaving the sample to stand for 24 h following
the plasma process. You can see the results of this method
in Figs. 4 and 5. Meanwhile, the second method involved
mixing the sample for one minute, with the observed spec-
tra presented in Figs. 6 and 7. These two methods for the
absorbance measurements were select since a denser region
had formed at the bottom of the reactor, which differed in
color from the rest of the sample. Figs. 4-7 shows the visi-
ble regions of the spectra, where it was possible to observe
the spectral evolution of the BR46 solution for 0, 20, 40, 60,
80, and 100 min of plasma treatment.

Regarding the absorbance peak that corresponded to
20 min of treatment, a behavior observed demonstrated
that the dye had changed its molecular structure until rapid
degradation occurred in both the mixed and unmixed sam-
ples. The disappearance of the peaks in the absorbance
band at 520 nm shown in Figs. 4-7, suggests that the dou-
ble bonds of the azo group (Fig. 8), responsible for the red
color of the dye, were broken. Within the first 20 min, which
represented a 98.02% decrease in absorbance, compared
to an untreated sample.

To determine the efficiency in the degradation, the
samples were exposed to the plasma for longer periods.
Here, the behavior was found to be similar at 40, 60, 80,
and 100 min. Following treatment at all interaction times,
precipitations of the dye with different tonalities were
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Fig. 4. Absorbance spectra for an unmixed sample, with a
maximum peak of 520 nm.
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Fig. 5. Removal percentage in terms of decrease in the absorption
peak for an unmixed sample.
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Fig. 6. Absorbance spectra for a mixed sample, with a
maximum peak of 520 nm.

100 |-

80 -

R<;c>|or (%)

20 |

0 20 40 60 80 100
Time (min)

Fig. 7. Removal percentage in terms of decrease in the absorption
peak for a mixed sample.

observed according to the duration of the process, which
can be attributed to the precipitation that resulted from
the addition of the oxidizing agent (iron oxide). The pre-
cipitation was not observed under the same physical con-
ditions in Acid Black 52 samples in other works [4,13].
Regarding the unmixed sample, the removal percentage
value decreased until it reached 99.88% at 100 min, while
new species did not form due to the recombination among
the dye components (Fig. 4). When the sample was agitated
(Fig. 6), the same behavior as that exhibited by the sam-
ple at rest was observed, with the discoloration decaying
significantly in the first 20 min of treatment, amounting to
a 94.51% decrease in absorption. Following the subsequent
interaction times, the maximum degradation percentage
at the end was 92.23%. This implies that at times greater
than 40 min, it is not necessary to expose the sample to the
plasma. The discoloration of the sample can be explained as

CH,

~N*

/
hiL?— N—QN\

Fig. 8. Molecular structure of BR46 [C ;N H, I".

follows. Concerning BR46, the peak absorption at 520 nm
was associated with the double N bond, while the soft
absorption spectra without the presence of peaks were due
to the effects of dispersion and not to the absorption that
was dependent on the suspended particles in the solution.
This demonstrates that the chromophores were lost, there-
fore, the absorption decreased with the subsequent decrease
in absorbance peaks. The principal responsible for oxidiz-
ing the chromophores of the dye is mainly the hydroxyl
radical, the plasma generates these OH in a short time,
being the most abundant oxidizing species, in addition to
using Fe ions other species are generated that contribute to
the decomposition of the molecule of the dye, according to:

Plasma+H,O0 - e+H'+ OH (5)
Fe* +H,0, - Fe’* + OH™ + OH (6)
Fe?" +H,0, —»Fe +(OOH)" +H’ @)
Fe(OOH)"" - Fe* +HO, )
Fe* + OH — Fe’" + OH™ 9)
HO+RH—>H,0+R (10)

R+Fe® »>R" +Fe* (1)

where R is used to describe the

compound [14].

reacting organic

3.3. pH and EC behavior

You can see the pH and the EC behaviors with the
treatment time in Figs. 9 and 10, respectively. The interac-
tion of the plasma with the samples affected the pH and
the EC due to the presence of free particles in the sample.
Here, all the samples with and without mixing were ana-
lyzed. The pH behavior is a relevant factor here since the
pH is an important variable in the generation of the *OH
radicals responsible for degrading the organic compo-
nents. The pH was acidic throughout the process, with the
mixed and unmixed cases initially set at 5.3 and 5.0, respec-
tively. We observed at 20 min of treatment, a pH of 3.6 and
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Fig. 9. pH behavior of the samples with and without mixing.

3.7, respectively. The variation was not significant with
the subsequent treatment times, with the value ultimately
reaching 3.5 in both cases. This allowed us to determine
the optimal value in each treatment time, with a pH of 3.65
regarded as optimal for the 20 min treatment regarding the
degradation of the dye.

The treated samples had a BR46 concentration of 0.1 mM
and an initial volume of 500 mL with 1.0 mM of FeSO, under
acidic conditions. The results indicate similar behaviors in
both cases and demonstrate that there was no pH depen-
dence in the treatment form, indicating that the non-ther-
mal plasma performed efficiently in the degradation of the
dye. This degradation can be linked to the oxidative capac-
ity of the "OH radicals under acidic conditions [15]. Fig. 10
shows the values of the EC at all exposure times. Here, the
behavior was similar in both the mixed and unmixed sam-
ples, with the EC rapidly increasing from 320.7 and 328.6 uS/
cm to 696.9 and 721.2 uS/cm, respectively, at 20 min, and
subsequently increasing to the maximum values of 967.82
and 959.74 uS/cm, respectively, by the end of the treatment.

3.4. TOC, COD, and turbidity

According to the data obtained in terms of TOC, COD,
and turbidity, the elimination rate of BR46 would describe
as follows:

ln[co] =kt
Cf

where C, is the initial concentration in mg/L, Cf is the final
concentration in mg/L, f is the treatment time in min,
and k is the degradation rate constant in min™ [16,17].

The absorption results for the mixed sample indicate
that at 20 min, the color removal percentage was 94.51%,
while at the maximum treatment time (100 min); the
removal percentage was 92%. Meanwhile, in the unmixed
sample, the removal percentage at 20 min was 98.02%,

(12)
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Fig. 10. EC behavior of the samples with and without mixing.

while at 100 min, it was 99.88%. The constant k relates to
the speed of reaction and represents how fast a process
or reaction takes place, in this case, the breaking of the
dye molecules, which occurred when interaction with the
electrons of the plasma took place.

Thus, the same concentration of this element no lon-
ger existed, and the energy required to carry out this
process was no longer the same as that required with the
initial lower concentration, which means the constant k
decreased following the treatment time. Because of this,
it was possible to characterize the percentage of degrada-
tion through the TOC, COD, and turbidity values, which
can be observed in Figs. 11a—c, respectively. Here, the val-
ues of the velocity constant k for TOC, COD, and turbidity
were obtained for both the mixed and unmixed sam-
ples, with the results presented in Table 1. In both cases,
the k values exhibited similar behaviors and magnitudes.

The TOC value in the solution indicates the number
of dye carbons in the system and in the resulting solu-
tion following the process of removing the contaminant.
Fig. 11d shows the determined behavior of the TOC in both
the mixed and unmixed samples, with an initial value of
around 20 mg/L observed before it gradually decreased as
a function of the treatment time. Also, it was observed that
in the unmixed sample, the TOC value was lower during
the degradation via the plasma process involving the use
of the FeSO, salt as a catalyst. Here, dye sediment was
produced, and, consequently, when taking the sample to
determine the TOC via the HACH method (United States),
the liquid in the central part of the solution had a lower
amount of contaminant. As the graph indicates, 72.22%
of the dye removed in 100 min.

The remainder of the sample treated was pure sedi-
mentation or mineralization solution. Regarding the TOC
measurement after shaking and mixing the sediment,
the solution was found to have a 47.36% removal value.
These results indicate that the treatment was effective
for removing the color from the mixture, while another
physical method, such as decantation, must be used to
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Constant k values for TOC, COD, and turbidity (with and without mixing)

Time k TOC without k TOC with k COD without k COD with k turbidity without k turbidity with
(min) mixing (min™) mixing (min) mixing (min™) mixing (min™) mixing (min™) mixing (min™)
20 0.034657359 0.022976616 0.016725669 0.018903307 0.05291827 0.11187229
40 0.027465307 0.016046347 0.016367022 0.018272188 0.0159797 0.05772499
60 0.018310205 0.010697565 0.012984827 0.012835137 0.01279549 0.03850462
80 0.013732654 0.008023174 0.010228879 0.006737456 0.00374233 0.02876622
100 0.012809338 0.006418539 0.006737291 0.0063908 0.00222117 0.02366158
- 0.96429666 -0.9641661 -0.97764817 -0.96050213 -0.87110228 -0.90568085

remove the precipitate and to ensure the complete removal
of the BR46 dye from the solution.

Meanwhile, in terms of COD, much like in the previous
experiment, the measured value decreased as a function
of treatment time (Fig. 11e), starting at 108 and 102 mg/L,
with and without mixing, respectively, before achieving
a decrease value of 49.01% and 47.22%, respectively. In
both cases, the COD results indicated that while the color
of the solution had already been removed, 0,-demand-
ing by-products were present, which, as indicated by the
TOC behavior, contained carbon. Therefore, complete
mineralization of the BR46 dye was not achieved.

The degradation rate constant value (k) decreased as
the interaction time of the corona discharge increased
with the colorant-containing water sample. The correla-
tion coefficients (r*) between these two variables were
obtained from the velocity constant and treatment time
values. The coefficients indicate how well the results were,
with a coefficient close to 1 indicating a strong correlation
and a coefficient close to 0 indicating a weak correlation.
The results indicated a strong inverse correlation, hence,
when the variable ¢ increased, the variable k decreased
accordingly as shown in Figs. 11d and e.

3.5. Turbidity

Turbidity is a measure of the number of suspended
particles in water, such as suspended sediment, organic
matter, or other pollutants. Suspended particles diffuse
sunlight and absorb heat, which can cause an increase in
temperature and a reduction in the light transmitted in the
water. Here, the amount of light that was scattered when
directed toward a water sample was measured. The tur-
bidity of the textile wastewater was found to be 4.87 and
7.77 NTU before treatment for mixing and without mixing
respectively (Fig. 12). Here, the turbidity was determined
at each treatment time in two different ways, the first of
which involved leaving the sample to rest following inter-
action with the plasma since small amounts of sediment
were found to have formed. The values were 1.69, 2.57, 2.26,
3.61, and 3.9 NTU at 20, 40, 60, 80, and 100 min, respec-
tively. Meanwhile, the second means involved vigorously
shaking the sample following treatment while not allow-
ing the water to rest. Here, the values were 72.8, 78.2, 78.3,
77.6, and 82.8 NTU at 20, 40, 60, 80, and 100 min, respec-
tively. As the concentration of different ions, dyes, and
other polluting agents increases, water becomes more

turbid and polluted. Thus, turbidity is a good parameter
for measuring the degree of pollution in water.

3.6. Optical emission spectroscopy

The plasma was observed like a conical glow start-
ing at the upper electrode and ending at the surface of the
water, which was due to the use of air atmosphere at atmo-
spheric pressure. In this type of electrical discharge, there
is a high generation of active species such as CO, OH, N,,
H,, or H, . The evidence of the formation of these species
comes from the observation of the emission optical spec-
tra. Fig. 13 shows the lines and bands associated with car-
bon monoxide (CO: 282.72, 283.30, 296.85, and 297.8 nm),
which is associated with the electronic transitions b*%L* — a°I1
and N, (315.93, 337.13, 353.67, 357.69, 371.05, 375.54, and
380.49 nm) belonging to the 2PS or second positive system
(C’II, - BIL). Regarding the positive groups or bands pres-
ent between 316 and 380 nm, their appearance is related
to the luminescence in the positive column of the electric
discharge. Specifically, the positive bands were due to the
neutral molecule, while the negative groups were due to
the individually positively charged molecular ions. The 2PS
system corresponds with a transition between the electronic
states C°[1 — B31_I This band dominated the spectral region
at around 300—490 nm, as shown in Fig. 13.

Generally, we found this band in N, discharges or atmo-
spheric discharge plasmas, with the latter possible to obtain
in a laboratory. Using a simplified collisional radiative
model, the reactions were observed and are listed in Table 1.
Hp and H_ hydrogens (486.13 and 656.79 nm), the ionization
processes of which go from n =2 to 4 and n = 2 to 3, respec-
tively [18], are related to the excitation energy of the radi-
ated decay. We show the elements formed in the interaction
process in Table 2, with the observed species depending on
the composition of the atmosphere where the plasma is gen-
erated. Here, the experimental system contained water and
air vapor (N, and O). Unlike the emergence of highly reactive
species, such as the *OH radicals observed in the emission
lines at 307.16 and 309.78 nm, which are related to the oxida-
tion properties of the solution, these elements were formed
by the interaction of the plasma with the dye.

To determine the temperature of the applied plasma in
the degradation process of the dye, the H, and H; values
were to consider and substituted into Eq. (3), which resulted
in a value of 0.786 eV. Meanwhile, considering the value
obtained from the electron temperature and the H ionization
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Fig. 11. (a) TOC, (b) COD, (c) turbidity, (d) %TOC, and (e) %COD of the BR46 dye.

energy using Eq. (4), the value obtained from the electron
density of the plasma was 1.609 x 10" cm?®.

3.7. Electrical and chemical costs

An important parameter to consider is the economic cost
of the treatment. In this work, only the electric consumption
is of relevance because we can ignore, for example, the elec-
trode-wear costs since, given that no process of electrolysis

was involved, there was minimal wear in this work. Thus,
the electric cost can be calculated according to Eq. (13) [19]:

u X I X ttrcat‘mcnt

Electrical cost =ax (13)

[

where U is the voltage discharge (V), I is the current (A),
tcatment 1S the time needed to degrade the sample (h), v is

the volume of the sample (m?), and a is related to the cost
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Table 2
Electronic transitions [8]
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Fig. 13. Optical spectrum of plasma emission in the air-liquid
interface.

Element Theoretical Experimental Energy (eV) Transition
wavelength (nm) wavelength (nm)

Cco 282.72 281.98 Third positive system L - a’ll
CcO 283.30 284.12 Third positive system L - a’ll
cO 296.85 296.3 Third positive system L - a’ll
cO 297.8 297.1 Third positive system L - Tl
OH 307.16 307.17 - A= X1
OH 309.78 309.72 3064 A system A= X1
N, 315.93 315.88 Second positive system CI1, - B,
N, 337.13 337.24 Second positive system CII, - BT,
N, 353.67 353.86 Second positive system CI1, - BT,
N, 357.69 357.64 Second positive system CI1, - BI1,
N, 371.05 371.24 Second positive system CI1, - BI1,
N, 375.54 375.62 Second positive system CI1, - BTI,
N, 380.49 380.41 Second positive system CT1, - BTL,
H, 486.13 486.44 10.19884-2.74854 n=2an=4
H 656.79 656.98 10.19884-2.08750 n=2a,n=3

2

in USD/kWh. Given a current of 130 mA, a discharge volt-
age of 1 kV, and a volume of 500 mL, the related costs could
be calculated as shown in Table 3, per the treatment time.

The use of chemical agents in the treatment of water
with organic contaminants increases the cost substantially;
In this work, 10 L of contaminated water were used, needing
to use only 200 mL of the reactive agent used as an accel-
erator of the reaction (FeSO, in acid solution), however,
extrapolating the values for 1 m? it would be necessary to
use 20 L of catalyst, approximately 278 g of iron sulfate with
an approximate cost of $60, 110 mL sulfuric acid that would
cost approximately $2 and distilled water $10 which would
give a total of approximately $72.

Comparing these data with those reported in Table 3, it
is possible to identify that the highest cost in the treatment
would be in the consumption of chemical reagents and

Table 3
Electrical cost (USD per cubic meter of water treatment)

Treatment Energy consumption Electrical cost
time (min) (kWh/m?) (USD/m?)

20 8.58 0.35

40 17.16 0.70

60 26 1.07

80 33.8 1.39

100 43.16 1.99

not in the electrical consumption, which makes the use of
plasma more convenient as an effective treatment for elim-
ination of organic contaminants compared to the Fenton or
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Table 4
Comparison of the study parameters in the degradation of the dye in this and some previous studies

Dye G, Time to achieve 90% Plasma treatment type Reference

treatment efficiency

RB 46 32.1 mg/L 669.2s Atmospheric plasma 130 W This work

RB 46 20.0 mg/L 393.0s DBD 30-50 kV [20]

AO7 20.0 mg/L >1,500 s DBD 12 kV [21]

AO 142 20.0 mg/L >4,800 s 12.5kV [22]

photo-Fenton process, among others, where a greater amount
of chemical reagents is used.

The comparison of the study parameters in the RB46
dye degradation process with some previous studies is
presented in Table 4.

When making a comparison with the degradation of
dyes with plasmas in the literature, it is possible to identify,
for example, the work carried out by Tichonovas in 2013,
where using a DBD reactor it was possible to degrade 90%
of the RB 46 dye in 393.0 s, however, the amount of energy
used is a lot since it uses between 30 and 50 kV for the gen-
eration of plasma, and its initial concentration is less than
the one studied in this work 20.0 mg/L, this same initial con-
centration is used in the degradation of Acid Orange 7 and
Acid Orange 142 studied by Iervolino in 2020 and Fahmy
in 2020, respectively. In the first case for AO 7, a DBD reac-
tor is used with a smaller studied volume (100 mL) com-
pared to the volume of this study, and the time to achieve
90% removal is more than double. In the case of AO 142,
a batch type reactor is used with a treatment volume of
100 mL, but the time required to have a good degradation
is very large compared to the results shown in this work.

4. Conclusions

This work showed the results of the interaction process
involving a corona plasma and liquid samples of BR46. The
electric discharge was self-sustaining; the voltage was, on
average, 719.5 V, and the current was 130 mA. These val-
ues produced some physical effects, including an increase
in temperature from 19°C to 91°C, and the formation of
reactive species such as CO (284.10, 289.77 nm), N, (315.93,
337.13, 353.67, 357.69, 371.05, 375.54, and 380.49 nm), ‘OH
radicals (307.16 and 309.78 nm), and H, and H_ (486.13 and
656.79 nm). Here, the *OH radicals caused the breaking
of the double bonds of the dye.

The plasma temperature was determined to be 0.786 eV
and the electron density 1.609 x 10™ cm®. We studied the
effects that the physical parameters of plasma have on the
discoloration and degradation of BR46 dye, which, here,
dissolved in 500 mL solutions of water. In the absorption
spectroscopy analysis, the disappearance of the absorp-
tion peak at 520 nm observed at 20 min of interaction,
decreasing to 94.51% and reaching a maximum of 99.88%
absorbance at 100 min. Due to the formation of clusters, it
was found that the turbidity reached a maximum value of
82.8 NTU, while when mixing the solution again, no col-
oration observed, meaning the formation of the clusters
could be attributed to the catalytic agent. The pH and the

EC of the solutions were determined, with an initial pH of
5.3 + 0.3 increasing to 3.5 in both the mixed and unmixed
samples. Here, the optimal pH value for each treatment
time could be determined, with a pH of 3.65 determined
to the optimal value for the degradation of the dye in
a 20 min treatment time. The rate of degradation in the
acidic medium (pH 2 and 4) was explained by the fact that
the *OH radicals were eliminated by the hydroxide ions
in the basic solutions. As for EC, the fastest increase was
observed in the first 20 min of treatment in both the mixed
and unmixed samples (320.7 and 328.6 uS/cm to 696.9 and
721.2 uS/cm, respectively), while this had increased to
maximum values of 967.82 and 959.74 uS/cm, respectively,
by the end of the treatment. The corona discharge gener-
ated with a current of 130 mA, a discharge voltage of 1 kV,
and a volume of 500 mL. Here, the related costs depend-
ing on the treatment time 20, 40, 60, 80, and 100 min were
determined to be 0.35, 0.7, 1.07, 1.39, and 1.99 USD/m’,
respectively, this aspect is significant given the efficiency
of the degradation process using atmospheric plasma.
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