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Effect of electrode configuration on physicochemical parameters during textile dye
degradation by plasma in an air-water system
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Abstract

The influence of electrode configuration on a plasma generation system
operating at atmospheric pressure for the degradation of the commercial
textile dye Dark Blue 628 in aqueous solution was investigated. The
initial dye concentration was 1600 mg/L, and 350 mL of the solution was
exposed to plasma treatments using four different -electrode
configurations [parallel point-to-point, opposing point-to-point, vertical
point-to-surface, and horizontal point-to-surface] for 100 minutes. The
plasma generation parameters were kept constant [S000 V, 50 mA]. Dye
degradation was assessed using UV/VIS spectrophotometry [absorbance
after plasma treatment and absorbance after plasma treatment and
filtration], as well as chemical oxygen demand [COD], pH, electrical
conductivity, total dissolved solids, and temperature. Dye degradation
occurred with all electrode configurations, but was more significant,
based on absorbance and COD values, for plasma treatments using
tungsten-aluminium combined electrodes.
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Resumen

Se analizo la configuracion de electrodos en un sistema de generacion de
plasma de aire a presion atmosférica para degradar el colorante azul
oscuro 628 en solucion acuosa. La concentracion inicial de la solucion fue
de 1600 mg/L y fue expuesta [350 ml] a tratamientos de plasma realizados
con cuatro configuraciones de electrodos diferentes [punta-punta paralelas,
punta-punta encontradas, punta-superficie vertical y punta-superficie
horizontal], con una duracion de exposicion de 100 minutos por tratamiento.
Los parametros de generacion del plasma fueron constantes [5000 V, 50 mA].
La degradacion del colorante se determindé mediante espectrofotometria
UV/VIS [absorbancia- tratamiento de plasma y absorbancia-tratamiento de
plasma y filtracion], asi como demanda quimica de oxigeno, pH,
conductividad eléctrica, solidos disueltos totales y temperatura. La
degradacion del colorante se manifiesta para todas las configuraciones de
electrodos. Es mayor [absorbancia y DQO] para los tratamientos de
plasma con electrodos combinados de tungsteno-aluminio.
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Introduction

The presence of persistent organic compounds
and synthetic dyes in wastewater poses a
significant environmental problem, as these
pollutants are toxic, reduce sunlight penetration,
and disrupt the ecological balance of water
bodies. Furthermore, conventional wastewater
treatment processes, such as coagulation-
flocculation, biological filtration, or activated
carbon adsorption, are often insufficient for the
complete removal of these compounds, which
frequently have complex aromatic structures and
high resistance to biodegradation.

To address this limitation, Advanced
Oxidation Processes [AOPs], including those
based on plasma discharges, have gained
increasing importance due to their ability to
generate reactive oxygen species [ROS] and
reactive nitrogen species [RNS], which can
mineralise pollutants into less toxic byproducts
such as CO2, H20, and N2z [Acharya et al., 2024].
Plasma is characterised by the presence of free
electrons, positive and negative ions, radicals,
and UV photons, which collectively promote
high-energy oxidation reactions [Liu et al., 2014;
Baeza, 2017].

Its application for wastewater treatment
has been extensively studied, demonstrating
high efficiency in degrading textile dyes such as
methylene blue, methyl orange, and Congo red,
even at low concentrations and in complex
matrices [Attri et al., 2016; Vo et al., 2025]. One
of the primary advantages of using plasma is that
it eliminates the need for chemical reagents,
thereby reducing the generation of secondary
sludge and lowering final disposal costs [Zhong
et al., 2018; Kusumandari et al., 2021].

Additionally, = non-thermal  plasma
systems operate at atmospheric pressure,
facilitating their integration into wastewater
treatment plants without requiring extreme
pressure or temperature conditions [Diamond et
al., 2019; Sutjitjoon et al., 2024].

In this context, research on electrode
configurations has gained particular interest, as
the geometry, material, and arrangement of the
electrodes directly influence the stability of the
discharge, current density, and energy efficiency
of the process [Zhao et al., 2020].
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Related studies have shown that
variations in electrode polarity, geometry, or
spacing can modify the spatial distribution of the
plasma, the breakdown voltage, and the
generation of reactive species, which in turn
affects the degradation rate of pollutants
[Nippatlapalli et al., 2020; Panov et al., 2021].
However, systematic comparisons of different
geometric  configurations under  similar
operating conditions are still limited, hindering
the optimal design of reactors for industrial
applications.

Considering the above, this research adds
value by comparatively evaluating the effect of
different electrode geometric configurations on
key physicochemical parameters [pH, electrical
conductivity, total dissolved solids, temperature,
chemical oxygen demand, and absorbance]
during the degradation of a commercial textile
dye using plasma in an air-water system. While
other studies have focused on optimising
individual operating conditions, such as the type
of gas, flow rate, or treatment time [Vo et al.,
2025; Aloui et al., 2024], this study integrates
the analysis of several electrode configurations,
allowing us to identify the arrangement that
maximises degradation efficiency with minimal
energy consumption and without compromising
discharge stability.

The characteristics of each evaluated
electrode configuration include wvariations in
geometry [parallel point-to-point, opposing
point-to-point, vertical point-to-surface,
horizontal point-to-surface] and material.

The aim is to correlate these variables
with the changes induced in the physicochemical
properties of the treated solution, which will help
elucidate the role of the electric field
distribution, electrode geometry, and material
[Panov et al., 2021; Li et al., 2021; Chanan et al.,
2018; Nurcahya et al., 2025; Uriarte., 2025].

In this context, the objective of this
research is to evaluate the effect of different
electrode geometries on the degradation
efficiency of the target textile dye.

For this purpose, a solution of the
commercial dark blue 628 textile dye was
prepared and exposed to air plasma generated
using each of the four different electrode
configurations.
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Methodology
Preparation of the test solution

A commercially available dark blue household
dye solution [code 628] was used, with an initial
concentration of 1600 mg/L and a working
concentration of 1600 mg/L. A total of 2800 mL
of this solution was prepared and stored at 14 °C
for later use. Each experiment required 350 mL
per replicate [two replicates were performed for
each electrode configuration]. The values
presented as results are the averages obtained
from the replicates for each configuration.

Experimental system and plasma treatment
of the solution.

The experimental system is similar to that used
in our previous studies [Alarcon et al., 2019;
Alarcon et al., 2022a; Alarcon et al., 2022b;
Alarcon et al., 2022¢]. A modification was made
to the electrode configuration. Figures 1, 2, 3,
and 4 illustrate the experimental system used to
expose the solution to air plasma, along with the
corresponding electrode configurations.

The device consists of a 1.0 L airtight
glass chamber, two electrodes [depending on the
configuration], a mercury thermometer, and a
high-voltage power supply. In this system, one
electrode is submerged in the liquid [the solution
to be treated], while the other remains in the gas
phase [in this case, air].
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Figure 1
Experimental setup. Configuration 1. Parallel
point-to-point electrodes. Tungsten tips.

Source: Own elaboration
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Figure 2
Experimental setup. Configuration 2. Converging
point-to-point electrodes. Tungsten tips.

Source: Own elaboration
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Figure 3

Experimental setup. Configuration 3. Point-to-vertical

surface. Tungsten tip, aluminium surface [24.5 cm?].
Source: Own elaboration

High

voltaje

Mobile
electrode
[Phase]

Thermometer

Reaction

Plasma chamber

Study .
solution

Circular
aluminum
surface

Figure 4
Experimental setup. Configuration 4. Point-to-

horizontal surface. Tungsten tip, aluminium surface
[19.6 cm?).

Alarcon-Hernandez, Fidel Benjamin, Prada-Gavifia, Kleber, Fuentes-
Albarran, Maria del Carmen and Gadea-Pacheco, José Luis. [2025]. Effect
of electrode configuration on physicochemical parameters during textile dye
degradation by plasma in an air-water system. Journal of Chemical and
Physical Energy. 12[31]1-14: ¢21231114
https://doi.org/10.35429/JCPE.2025.12.31.2.1.14


https://doi.org/10.35429/JCPE.2025.12.31.2.1.14
https://www.ecorfan.org/handbooks/Handbook_Ciencias_e_Ingenieria_de_Materiales_TI/Handbook_Ciencias_e_Ingenieria_de_Materiales_TI_9.pdf
https://onlinelibrary.wiley.com/doi/10.1155/2022/4486227
https://rmiq.org/iqfvp/Numbers/V21/No2/IA2793.pdf
https://www.ecorfan.org/handbooks/Ingenier%C3%ADa_y_materiales_aplicados_al_medio_ambiente_TI/Handbooks_Ingenier%C3%ADa_y_materiales_aplicados_al_medio_ambiente_TI_6.pdf

Journal of Chemical and Physical Energy

4
12[31]1-14: 21231114

Article

The solution is exposed to air plasma by
placing 350 mL in the reaction chamber. One
electrode is fixed and submerged in the solution.
The other electrode is movable and positioned at
a distance of 2 to 5 mm from the surface. The
plasma is generated at this second electrode due
to the movement of the electrode.

During the treatment, the plasma
continuity is monitored.

The plasma treatment is generated using
a high-voltage power supply [Spellman SL600]
by adjusting the voltage and current values
[5,000 V, 50 mA]. These values were used for
each repetition of each electrode configuration
tested. The plasma treatment lasts a total of 100
minutes for each configuration.

Measurement of parameters of interest.

Once the plasma exposure begins using the
corresponding electrode configuration, the
parameters of interest are measured at regular
10-minute intervals.

For this, the plasma treatment is
temporarily interrupted, the temperature is
recorded using a mercury thermometer
immersed in the solution, and a sample is taken
for absorbance determination using a Hach DR
3900 spectrophotometer. Additionally, pH, total
dissolved solids [TDS], and electrical
conductivity are measured using a HydroMaster
HM-200 potentiometer. Once the measurements
were completed, exposure to the plasma was
resumed, repeating this procedure until a total
exposure time of 100 minutes was reached, at
which point the plasma treatment was
considered complete.

Twenty-four hours after the plasma
treatment, the solutions were filtered [ Whatman
filter paper, medium pore size], and absorbance
measurements were taken. Chemical oxygen
demand [COD] was determined using the Hach
method, with measurements taken at the
beginning and end of each treatment.

A Hach DRB 200 digester and a Hach
DR 3900 spectrophotometer were used,
employing vials designed for low concentrations
[1-40 mg/L]. All solutions were prepared using
analytical grade reagents.
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Results and Discussion

The physicochemical changes observed in the
aqueous solution of the commercial household
dye, Dark Blue 628, resulting from its exposure
to non-thermal plasma of fixed power generated
at atmospheric pressure with different electrode
configurations [Configuration 1, Configuration
2, Configuration 3, and Configuration 4] are
presented. The results were analysed considering
parameters such as absorbance, chemical oxygen
demand, pH, total dissolved solids, electrical
conductivity, and temperature.

In this experiment, tungsten and
aluminium electrodes were used. Tungsten is a
highly resistant material, whereas aluminium is
not. Tungsten has a high melting point [~3422
°C] and a low erosion rate, making it an ideal
electrode in atmospheric cold plasma reactors, as
it offers both thermal and electrical stability. In
contrast, aluminium degrades rapidly due to its
low melting point [~660 °C] and high surface
reactivity. In  atmospheric cold plasma
applications, aluminium electrodes tend to
degrade rapidly due to erosion by charged
particle flow and the formation of surface oxides,
which can introduce metal ions into the reaction
medium [Fridman, 2008].

The release of aluminium species leads to
the formation of flocs during the degradation of
contaminants, such as organic dyes. In aqueous
solutions, AI** ions can react with intermediate
products or byproducts of plasma-induced
oxidation, forming colloidal aggregates that
promote coagulation and flocculation processes
[Mensah et al., 2022].

This phenomenon can contribute to the
physical removal of pollutants from the
environment, acting synergistically  with
chemical  degradation. =~ However, using
aluminium as an electrode carries the risk of
uncontrolled degradation and may affect the
reproducibility and efficiency of the treatment.
On the other hand, using inert electrodes such as
tungsten ensures greater stability, although it
does not contribute any coagulating species to
the system [Fridman, 2008].

Aluminium electrodes can dissolve
during plasma treatments, forming coagulating
species [Ali et al., 2013]. When aluminium
electrodes are wused, the electrochemical
reactions occurring in the solution are as follows
[Sahu, 2019]:
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Al = AP [aq] T 3€ [1]
2H20p1) + 2¢” = Hapg) #20Haq) [2]
2Hpaq) + 2¢ = Hapg) [3]
AP + H,0 - AI[OH]> + H* [4]
AI[OH]*"+ H,0 - AI[OH],*+H" [5]
AI[OHL" + H20 — AI[OH]s+ H' [6]
AI[OH]; + H20 - AI[OH] 4+ H* [7]

On the other hand, since the plasma is
generated with air, mainly composed of nitrogen
and oxygen [Jiménez, 2001], the primary
chemical reactions that likely have the most
significant influence on the experiments and
degrade the contaminants are [Safenraider,
2020]:

H.O+e->OH +H [8]

O,+e - 20 [9]

0,+0-0;3 [10]
Ny +e —» N+N [11]
O+ N2> NO +N° [12]
NO"+ O" - NO» [13]
N'+02,—- NO+0 [14]
NO'+N" -»> N+ 0O [15]

These species migrate to the liquid phase,
where they become stabilised in the water
[Lukes et al., 2014; Cadorin et al., 2015], giving
rise to the following secondary species that also
contribute to the degradation.

H,O + e —» H, 0" + 2¢ [16]
H,O" + H,O— H30" + OH’ [17]
OH" + OH' = H202 [18]
205 + H202 - 30, + HO' [19]
O3 + HO2" -» 0" + HO™ + O2 [20]
2NO’+ O; = 2NO; [21]

2NO; + 2H" & NO" + NO; + [22]
H>O

2NO2 + H,O 2 2NOs3 + NO2 +  [23]
2H"

NO; + H,0, +H30" -» ONOOH [24]
+ 2H,O

ONOOH = NO,+ HO’ [25]
ONOOH — HNOs [26]
ONOOH + H,O = ONOO + [27]
H;0"

Absorbance

Absorbance measurements were taken at a
wavelength of A = 707 nm. At this wavelength,
absorbance decreased continuously as the
exposure time increased for the different
electrode configurations.
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Figure 5 shows the absorbance behaviour
of the solution as a function of exposure time and
electrode configuration.
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Figure 5
Variation of the absorbance of the aqueous dye solution
after exposure to atmospheric pressure air plasma as a

function of exposure time and electrode configuration.
Source: Own elaboration

Analysis of the temporal evolution of the
absorbance of the dye exposed to atmospheric
pressure air plasma shows a general decrease in
all the evaluated -electrode configurations,
confirming the effectiveness of the treatment in
degrading the chromophore compound.
However, significant differences were observed
in the rate and magnitude of decolouration
depending on the electrode geometry.

Configuration 1, consisting of two
parallel tungsten tips, exhibited the smallest
absorbance change, remaining above 1.9 after
100 minutes of exposure. This result indicates
significantly lower degradation efficiency
compared to the other configurations, likely due
to the limited contact area and less effective
electric field distribution in the solution.

Configuration 2, characterised by the use
of two opposing tungsten tips, showed a gradual
and sustained decrease in absorbance, reaching
values close to 1.75 at the end of the treatment
period.

Although its efficiency was lower than
that of configurations 3 and 4, the stability of the
discharge generated between the tips seems to
ensure a continuous supply of reactive species to
the system, thus promoting constant dye
degradation.
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Configuration 3, consisting of a tungsten
tip and a vertically submerged aluminium
electrode, exhibited a rapid decrease in
absorbance during the first 20 minutes, followed
by a period of relative stability between 40 and
70 minutes, with a slight transient increase
before dropping sharply after 80 minutes. This
non-linear behaviour could be associated with
the formation of intermediate products that
absorb in the same spectral region, which are
subsequently oxidised, leading to the final
decrease in absorbance. In this configuration, the
absorbance decreased to a value of 1.592 at the
end of the treatment.

Configuration 4, composed of a tungsten
tip and a horizontally submerged circular
aluminium electrode, presented the highest
efficiency in absorbance reduction, reaching
values close to 1.25 in approximately 100
minutes. This behaviour suggests that the larger
active surface area of the submerged electrode,
along with the more homogeneous distribution
of the electric field, favours the generation and
transport of reactive species into the solution,
thus accelerating the breakdown of the
chromophore bonds.

Overall, the results allow us to establish
an order of efficiency for dye decolouration,
following the sequence: configuration 4 >
configuration 3 > configuration 2 >
configuration 1. These findings confirm that the
electrode geometry plays a key role in the
plasma-liquid interaction, modulating both the
energy density of the discharge and the flux of
oxidising species into the medium.

In particular, configurations that
maximise the contact area between the plasma
and the solution, as well as the uniformity of the
electric field, promote a faster and more efficient
dye degradation kinetics.

On the other hand, for configurations 3
and 4, where a tungsten electrode was used in
combination with an aluminium electrode [the
latter immersed in the treated solution], the
formation of a sediment was observed after
plasma treatment. This phenomenon can be
attributed to corrosion and oxidation processes
of the aluminium, which led to the release of
species such as metal oxides and hydroxides
capable  of  inducing  flocculation-like
mechanisms.
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These solid products not only promoted
the coagulation and subsequent precipitation of
dye fragments or their degradation byproducts
but also contributed to an additional reduction in
absorbance after filtration, as shown in Figure 6.

2.736

EPlasma treatment

OPlasma treatment and filtration

1.935
e 1.756

1.592

1.251

Absorbance

Initial solution Configuration Configuration Configuration Configuration
1 2 3 4

Figure 6

Comparison of the final absorbance values of the
plasma-treated solution versus the plasma-treated and
filtered solution, both as a function of the respective
electrode configuration.

Source: Own elaboration

These values suggest that the presence of
aluminium in the electrodes introduces a dual
effect: on one hand, it promotes the generation
of reactive species in the plasma; and on the
other hand, it contributes compounds capable of
participating in heterogeneous separation
processes, improving the overall decolourisation
efficiency through a combination of oxidation
and physicochemical removal.

Figures 5 and 6 illustrate the variation in
absorbance of the initial dye solution before and
after exposure to plasma, as well as the
additional effect of filtration in each of the
analysed configurations. The initial absorbance,
which was 2.736, decreased significantly after
plasma treatment in all configurations,
demonstrating the effectiveness of the process in
degrading the dye. The degree of decolourisation
depended directly on the type of configuration
used, indicating that both the geometry and the
material of the electrodes play a crucial role in
generating reactive species and in the
degradation processes.

In particular, configurations 3 and 4
achieved the highest decolourisation efficiencies,
with final absorbances of 0.046 and 0.063,
respectively, which corresponds to a removal of
more than 95% of the dye present.
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These results suggest that these
configurations promoted a greater generation of
reactive oxygen and nitrogen species [RONS],
facilitating the breaking of chromophore bonds
and the fragmentation of the dye molecules.

The absorbance values after filtration of
the plasma-treated solution revealed an
additional reduction in absorbance in all the
configurations evaluated. This effect was
particularly noticeable in configurations 1 and 3,
where the absorbance decreased from 1.935 to
0.523 [1.412] and from 1.592 to 0.046 [1.546],
respectively. This behaviour suggests that a
significant portion of the remaining dye, as well
as its degradation byproducts, was associated
with suspended particles or sediments generated
during the process. Direct observation of
sediments in configurations 3 and 4 supports this
interpretation.

It suggests the possible occurrence of
corrosion or partial dissolution of the aluminium
electrodes, followed by the precipitation of
metal oxides or hydroxides. These solid
compounds could have contributed to dye
removal through mechanisms such as adsorption
or coprecipitation. In this sense, filtration not
only removes solid particles that can influence
the apparent absorbance of the solution, but also
allows a more accurate estimation of the truly
soluble fraction of the residues remaining after
treatment.

Taken together, these observations
demonstrate that the achieved decolourisation is
not solely due to a homogeneous process in the
liquid phase, but also involves heterogeneous
mechanisms related to the interaction between
the dye [or its fragments] and the products
derived from electrode corrosion. Therefore, the
evaluation of the effectiveness of plasma
treatment must comprehensively consider both
the oxidising action of reactive species and the
physical processes of solid phase separation.

Chemical Oxygen Demand

Figure 7 shows the chemical oxygen demand
[COD] values of the solution under study before
plasma treatment, as well as the final values after
plasma treatment, depending on the different
electrode configurations.
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Figure 7

Comparison of the final chemical oxygen demand
[COD] values of the plasma-treated solution, depending
on the electrode configuration, compared to the
untreated solution.

Source: Own elaboration

The COD results obtained for the dye
solution treated with atmospheric pressure air
plasma clearly show the influence of the
electrode material used in each configuration, as
well as the configuration itself. The initial
solution had a COD of 532 mg/L, which
increased to 584 mg/L after treatment with
configuration 1 [parallel tungsten-tungsten
electrodes], suggesting the formation of partially
oxidised organic byproducts that increase the
total organic load, possibly due to incomplete
dye oxidation and the absence of additional
removal mechanisms.

In configuration 2 [opposed tungsten-
tungsten electrodes], a slight decrease in COD to
480 mg/L was observed, indicating a moderate
improvement in oxidative efficiency, although it
did not achieve substantial degradation. On the
other hand, configurations 3 and 4 [tungsten-
aluminium plate electrodes] showed significant
reductions in COD, with final values of 228 and
232 mg/L, respectively, representing a decrease
of more than 56% compared to the initial value.

This behavior suggests that the use of
aluminum as an electrode significantly promotes
dye degradation, not only due to the increased
generation of reactive oxygen and nitrogen
species [RONS], but also by the possible
contribution of corrosion products from the
aluminum, such as metal oxides and hydroxides,
which could have contributed to the removal of
organic matter through adsorption or
coprecipitation mechanisms [Sahu, 2019].
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The reduction in chemical oxygen
demand [COD] observed in the dye solution
treated with atmospheric pressure air plasma can
be attributed to the intense oxidative activity
generated during the treatment, combined with
the influence of the electrode material,
particularly the aluminium foil wused in
configurations 3 and 4. Plasmas generated in the
presence of air produce a wide range of reactive
oxygen species [ROS] such as ozone [Os],
hydrogen peroxide [H20:], atomic oxygen [O¢],
superoxide radicals [O2¢"], HOz*, and especially
hydroxyl radicals [OH¢], considered some of the
most potent oxidising agents [Mouele et al.,
2021].

These species can attack the chemical
bonds of complex organic compounds present in
the solution, either directly or indirectly,
promoting their breakdown and subsequent
mineralisation  into simpler  inorganic
compounds such as CO: and H:0, which
translates into an effective decrease in COD.

Furthermore, the use of aluminium
electrodes in configurations 3 and 4 provides an
additional mechanism that enhances this
reduction. Under plasma conditions, aluminium
can undergo electrochemical corrosion,
releasing Al** ions into the medium, which form
metal oxides and hydroxides. These compounds
not only participate in the neutralisation of acidic
species generated by the plasma, but can also act
as adsorbents or coagulants, facilitating the
capture and removal of degraded organic
fragments. In this way, not only is advanced
oxidation promoted by ROS, but also
heterogeneous physical separation processes
occur, further contributing to the reduction of the
organic load measured by COD.

This combined effect was clearly
demonstrated in the experimental results: while
the configurations with tungsten electrodes
[configurations 1 and 2] showed little or no
decrease in COD, and even an increase [possibly
due to the generation of partially oxidised
organic byproducts], configurations 3 and 4,
with aluminum, achieved reductions of over
56%, reflecting more complete mineralisation of
the dye. In summary, the significant reduction in
COD can be attributed to the synergistic effect
of the direct action of the oxidising species
generated by the plasma, and the chemical
interaction of aluminium, which promotes both
the decomposition of pollutants and their
physical removal from the system.
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pH.

The changes in the pH values of the test solution
over time, as a function of plasma exposure time
and the electrode configuration used, are shown
in Figure 8.
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Figure 8

Modification of the pH of the test solution as a function
of plasma exposure time and electrode configuration of
the experimental system.

Source: Own elaboration

During atmospheric pressure air plasma
treatment, the pH behaviour of the dye solution
showed a characteristic trend: an initial decrease
followed by a gradual increase, whose
magnitude and duration depended directly on the
type and material of the electrodes used in each
configuration. In all configurations, the initial
pH was approximately 8.0; however, a reduction
was observed within the first 30-50 minutes,
with varying values between configurations,
ranging from a minimum of 7.1 to 7.5.

This initial pH decrease can be attributed
to three fundamental processes induced by the
plasma: [i] the ionisation and dissociation of
water caused by the local temperature increase
generated during the discharge, [ii] the
formation of acidic species such as HNOs and
HNO: by the interaction of molecules present in
the air [Nz, O2, and CO:] with energetic electrons
and radicals generated in the plasma, and [iii] the
generation of free electrons that, when
interacting with water molecules, induce
dissociation and recombination reactions, such
as the formation of OHe and He radicals, which
can subsequently recombine to generate
hydrogen peroxide [H20:] [Park et al., 2005;
Burlica et al., 2006; Seinfeld et al., 2006; Burlica
et al., 2008; Safenraider et al., 2020; Jiang et al.,
2014; Sarangapani et al., 2016; Mouele et al.,
2021].
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In the presence of CO: and through
interaction with H20, species such as H2COs,
HCOs, and Hs;O" are also formed, which
contribute to the acidification of the medium.
However, after 60 minutes, a gradual increase in
pH was observed, more evident in
configurations 3 and 4, which reached values of
up to 8.0 and 8.4, respectively, at the end of the
treatment.

This upward trend in pH is directly
related to the use of aluminium sheets as
cathodes in these configurations. Under the
influence of the plasma, aluminium can undergo
corrosion reactions and partial dissolution,
releasing Al** ions into the solution.

These ions form aluminium oxides and
hydroxides [AI[OH]s], basic compounds that
tend to neutralise the previously formed acids
and increase the alkalinity of the solution [Ali et
al., 2013; Sahu, 2019; Huang & Keller, 2024].

This neutralisation reaction explains why
the configurations with aluminium electrodes
not only reverse the initial pH drop, but also raise
it above the initial wvalue. In contrast,
configurations 1 and 2, which utilise only
tungsten  tips [parallel and  opposing,
respectively], exhibited more stable behaviour
and less pH variation at the end of the treatment,
indicating a reduced chemical interaction
between the electrode material and the solution.

The pH behaviour during plasma
treatment reflects a dynamic interplay between
acidifying processes [the formation of acidic
species through the interaction of plasma with
air and water] and alkalising processes mediated
by the release of metal compounds from the
aluminium, which act as buffering agents,
stabilising or even increasing the pH. Therefore,
the choice of electrode material not only
influences the generation of reactive species but
also the chemical evolution of the treated
medium.

Total Dissolved Solids and Electrical
Conductivity.

Figures 9 and 10 show the graphs of total
dissolved solids and electrical conductivity of
the solution, respectively. Both show similar
behaviour given the relationship between these
variables.
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In general, a gradual increase in the
values of each of these variables is observed as a
function of exposure time, with the rate of
increase  depending on the electrode
configuration used.
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Figure 9
Change in the total dissolved solids values of the dye
solution under study as a function of plasma treatment
time and electrode configuration.
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Figure 10
Change in the electrical conductivity values of the dye
solution under study as a function of plasma treatment
time and electrode configuration.

Source: Own elaboration

In particular, during the plasma treatment
time, a distinct behaviour of total dissolved
solids [TDS] and electrical conductivity is
observed, depending on the electrode
configuration. In configurations 1 and 2, which
use tungsten electrodes, TDS show a progressive
and sustained increase, reaching maximum
values of 3800 and 3700 mg/L, respectively, at
the end of the treatment, indicating the
accumulation of soluble species generated by the
plasma.
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This trend is also observed in electrical
conductivity, which shows a similar increase,
reaching values of 4930 and 4820 pS/cm,
respectively.

These values indicate a higher ionic
concentration in the solution, likely due to the
absence of significant precipitation reactions. On
the other hand, configurations 3 and 4, which
include aluminium electrodes, show different
behaviour. Initially, the TDS increases slightly,
but after 60 minutes, it stabilises or decreases,
with final values of 3600 and 3570 mg/L,
respectively.

This increment may be due to the
dissolution of aluminium in the medium and the
subsequent formation of aluminium hydroxides
[AI[OH]s], which precipitate and reduce the
concentration of dissolved solids in the solution,
according to the following reactions:

AB* + 30H - AI[OH]3[s]
AI[OH]; + OH" - [AI[OH]]

The formation of solid Al[OH]3 and its
possible transformation into the aluminate ion
[AlIJOH]4]— can decrease the concentration of
free ions, thus limiting the increase in electrical
conductivity. In these configurations, the
conductivity exhibits minor fluctuations and a
lower increase, with maximum values of 4840
uS/cm for configuration 3 and 4850 uS/cm for
configuration 4. The values at the end of the
plasma treatment were 4720 and 4660 uS/cm,
respectively, lower than the values for the other
two electrode configurations.

The anterior reflects the neutralising and

precipitating effect of the aluminium compounds.

Overall, these results indicate that the nature of
the electrode material directly influences the
chemical evolution of the solution under plasma
conditions, modulating both the concentration of
dissolved solids and the electrical conductivity
through dissolution and precipitation processes.

Temperature

A significant difference is observed in the
temperature values reached by the solution over
the plasma exposure time and as a function of the
electrode configuration. The four configurations
exhibit very similar behaviour, but with varying
values.
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Configurations 1 and 3 show similar
values between themselves, but lower than the
values of configurations 2 and 4.
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Figure 11

Change in the temperature of the test solution as a
function of plasma treatment time and electrode
configuration.

Source: Own elaboration

All four configurations start with the
same initial temperature [31 °C], but they
quickly diverge as time progresses.

Configurations 2 and 4, which have
opposing electrode arrangements, exhibit greater
energy interaction, resulting in  higher
temperatures that reach maximums of 66 °C and
62 °C, respectively, at the end of the treatment.
In contrast, configurations 1 and 3 exhibit more
moderate temperature increases, with final
temperatures of 56 °C and 57 °C, respectively.

This thermal behaviour may be related to
the geometry of the electric field, the nature of
the electrode material, and its ability to conduct
current or promote exothermic reactions. The
sustained temperature increase intensifies the
chemical reactions induced by the plasma, which
contributes to the changes observed in
absorbance, COD, pH, total dissolved solids
[TDS], and electrical conductivity [EC].

For example, in configurations 2 and 4,
where the temperature reaches its highest values
most rapidly, a maximum pH value is also
observed, suggesting a greater generation of
ionic species in solution, which is favoured by
the higher thermal energy.
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On the other hand, in configurations 3
and 4, where the temperature also rises, but the
electrodes contain aluminium, the temperature
increase contributes to the partial dissolution of
the metal in the solution, followed by the
formation and subsequent precipitation of
aluminium hydroxides, a phenomenon that
moderates both the increase in TDS and EC.
Likewise, the temperature increase promotes the
hydrolysis of Al**, which is consistent with the
pH increase observed in these configurations.
These results demonstrate that temperature is a
crucial factor that modulates the kinetics and
extent of plasma-induced reactions, directly or
indirectly affecting all the physicochemical
properties evaluated in the solution.

Conclusion

This study demonstrates the effectiveness of
atmospheric  pressure non-thermal plasma
treatment in degrading the commercial, dark
blue 628 dye in aqueous solution. Four electrode
configurations with different geometries and
materials [tungsten and aluminium] were
evaluated, showing that both the electrode
arrangement and material significantly influence
the oxidation and removal processes of the
contaminant. A decrease in dye absorbance was
observed in all configurations, with the highest
efficiency observed in configurations 3 and 4,
which used a submerged aluminium electrode.

In these configurations, decolourisation
exceeded 95%, accompanied by a significant
reduction in chemical oxygen demand [COD],
attributed to the synergistic effect of reactive
plasma species and coagulation/flocculation
processes induced by aluminium compounds,
such as AI[OH]s. Parameters such as pH, total
dissolved solids [TDS], and electrical
conductivity [EC] showed different behaviours
depending on the configuration. In the presence
of aluminium, the pH increased due to the
formation of basic species. At the same time,
TDS and EC tended to stabilise or decrease due
to the precipitation of metal hydroxides.

Temperature also played a crucial role,
reaching higher values in configurations with
greater electrical discharge, which favoured both
the generation of reactive species and the
dissolution of aluminium.
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These  results  demonstrate  that
configurations with mixed electrodes [tungsten-
aluminium]| and geometries that maximise
plasma-liquid interaction lead to higher dye
degradation efficiency. These findings highlight
the potential of atmospheric plasma as a water
treatment technology, especially when the
electrode materials and arrangement are
optimised.
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COD Chemical oxygen demand
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uv Ultraviolet
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