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ABSTRACT 
 
This study investigates the decolorization of aqueous solutions of 
malachite green (MG) and natural orange dye using direct and 
indirect treatments with a non-thermal atmospheric-pressure 
plasma jet (APPJ). In the direct treatment, the dye solutions were 
exposed directly to the plasma plume, whereas the indirect 
treatment was carried out using plasma-activated water (PAW) 
generated by exposing water to the plasma jet prior to its 
application to the dye solutions. Dye decolorization efficiencies 
were quantified using UV–Vis spectroscopy by monitoring 
changes in the characteristic absorbance of the dyes, from which 
concentrations were derived, during treatment. The direct plasma 
treatment achieved maximum decolorization efficiencies of 
95.32 ± 0.29% for MG and 92.47 ± 1.29% for natural orange dye 
within 45 minutes. In contrast, the indirect treatment using 60-
minute PAW exposure resulted in decolorization efficiencies of 
19.20 ± 2.60% for MG and 24.90 ± 1.35% for natural orange dye. 
Physicochemical parameters such as pH, conductivity, total 
dissolved solids (TDS), and dissolved oxygen (DO) were 
significantly altered due to the generation of reactive oxygen and 
nitrogen species (RONS) during direct plasma treatment, as 
identified by optical emission spectroscopy. Kinetic analyses 
revealed that the decolorization of MG and natural orange dye 
followed second-order kinetics under direct plasma treatment. 
These findings highlight the potential of APPJ-based treatments as 
a promising strategy for effective dye wastewater remediation.  
 
 
INTRODUCTION 
 
Water resources are increasingly threatened by the rapid growth of 
the global population and industrial activities. Industrial and 
domestic effluents are major sources of water contamination. An 
estimated 56% of global freshwater withdrawals ultimately return 
as industrial, agricultural, and domestic wastewater. 
Approximately 70% of wastewater is discharged directly into the 

environment without proper treatment (Peramune et al. 2022). 
Increasing quantities of wastewater pollutants are produced 
worldwide from the textile, cosmetics, paper, rubber, leather, and 
printing industries (Younis et al. 2021). The textile industry is a 
major contributor to water contamination, particularly through 
effluents generated during the washing and cleaning of colored 
textile fibers. The released wastewater contains not only colored 
dye but also metallic particles, suspended solids, high chemical 
oxygen demand, and extreme pH values. Textile wastewater can 
pose significant health risks to humans due to the carcinogenic 
properties of certain dyes and the toxic compounds they produce, 
raising serious environmental concerns (Pattnaik et al. 2018; Wang 
et al. 2022). 
 
Most textile industries use synthetic colorants such as azo, 
anthraquinone, triarylmethane, and reactive dyes. These dyes are 
chemically stable under both aerobic and anaerobic conditions, 
making them difficult to degrade and a significant environmental 
concern (Vasu et al. 2020). One of these triarylmethane dyes is 
malachite green (MG), commonly used in the dyeing and printing 
of fibers, coloring paints, plastics, among other applications. It is 
also used in aquaculture as an effective biocide. In the Philippines, 
MG has been used as a disinfectant in grow-out ponds for Penaeus 
monodon (the giant tiger prawn) by aquaculture operators (Cruz-
Lacierda et al. 2000). However, it has been banned in several 
countries, particularly in the Philippines, due to its harmful effects 
on the immune and reproductive systems of mammals and other 
animals. Its carcinogenic potential is of significant concern, as MG 
has been identified as a tumor promoter (Wang et al. 2020). 
 
The concentration of MG reported near industrial discharge sites, 
aquaculture facilities, and polluted water bodies ranges from 0.1 to 
5 mg/L. This is concerning because concentrations exceeding 2 
µg/g (equivalent to 2 mg/L) can pose health risks to humans. The 
low biodegradability and intense coloration of MG significantly 
impede photosynthesis in aquatic ecosystems, potentially leading 
to severe ecological imbalances (Ouzar et al. 2024). 
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Due to the environmental issues caused by commercially available 
synthetic dyes, the demand for using natural dyes as an alternative 
is increasing. Natural dyes are preferred because they are 
inexpensive, widely applicable, and extractable using 
environmentally benign methods from natural resources (Bhandari 
et al. 2020). Color intensity depends on which part of the plant is 
used. Lighter hues are extracted from fruits and leaves, while the 
darker colors are derived from the seeds, roots, and barks. Abra, a 
province in the Cordillera region of the Philippines, is noted for its 
production of natural dyes, such as the orange dye derived from 
annatto seeds. Annatto dye has an enormous number of 
applications in food, cosmetic, and textile industries (Devi et al. 
2013). Although natural dyes are generally considered safe and 
eco-friendly, the chemical compounds used in textile dyeing and 
processing can still generate pollutants (Ouzar et al. 2024).  
 
Several methods have been employed to eliminate the dye effluent 
from the wastewater such as ultrafiltration, coagulation, membrane 
separation, and biological treatment. However, these conventional 
wastewater treatment methods are often ineffective against these 
dyes due to their stable chemical structures and may generate 
harmful by-products. Advanced oxidation processes that generate 
reactive oxygen species (ROS) and reactive nitrogen species (RNS) 
have achieved more effective dye removal (Vasu et al. 2020; 
Kumar et al. 2022; Attri et al. 2016). 
 
Non-thermal plasma is an alternative tool for the oxidation of 
organic contaminants from water due to the generation of various 
ROS and RNS. Plasma in contact with water can effectively treat 
various organic pollutants, including synthetic dyes. During direct 
treatment, the dye solution is exposed to plasma factors such as 
high-energy electrons, short- and long-lived ROS and RNS, UV 
emission, and electric fields, which play a significant role in dye 
decolorization and degradation. For example, needle-type non-
thermal direct atmospheric-pressure plasma jets have been widely 

employed for the treatment of dye-contaminated solutions, 
including methylene blue, methyl orange, and Congo red. These 
plasma jets generate a variety of ROS, which play a crucial role in 
the decolorization and degradation of dye molecules (Attri et al. 
2016). On the other hand, indirect treatment using plasma-activated 
water (PAW) emerged as a promising medium for wastewater 
treatment and dye decolorization and degradation due to its ability 
to generate a diverse range of ROS and RNS without the addition 
of chemical oxidants. These reactive species promote the oxidation 
and breakdown of organic pollutants such as dyes, pesticides, and 
pharmaceutical compounds present in wastewater. Previous studies 
have demonstrated that PAW can effectively degrade dye 
molecules when mixed with contaminated solutions, achieving 
substantial pollutant removal over extended treatment periods 
(Kumar and Saxena 2026, preprint; Kumar, 2023; Kumar et al. 
2022; Zhou et al. 2020). 
 
Efficient removal of dyes from wastewater is essential for 
mitigating adverse environmental impacts, reducing the persistence 
of colored effluents, and improving water quality. Accordingly, 
this study investigated the potential of both direct atmospheric 
pressure plasma jet (APPJ) treatment and indirect plasma-activated 
water (PAW) treatment for the decolorization of MG and natural 
orange as a step toward developing an effective, environmentally 
friendly, and sustainable plasma-based technology for dye 
wastewater treatment.  
 
 
MATERIALS AND METHODS 
 
Atmospheric Pressure Plasma Jet (APPJ) System 
The APPJ system used in this study is a modified version of that 
described by Malapit and Baculi (2022). The schematic 
representation and actual set-up of the APPJ are shown in Figure 1. 
 

 
(a)      (b) 

 
Figure 1: (a) Schematic diagram and the (b) APPJ experimental setup for direct treatment and PAW generation 

An atmospheric pressure plasma discharge was generated in a 
customized glass chamber equipped with two gas inlets and two 
openings for a pair of 1.5 mm electrodes, each made from 6-inch 
silver rods (99.5% purity) and secured with rubber stoppers. The 
electrodes were powered by a 60 Hz, 450 W neon-sign transformer 
delivering 15 kV and 30 mA. To ensure reproducible experimental 
conditions, the transformer was connected to a variable 
autotransformer (variac) to precisely control the input voltage and 
maintain a stable, uniform plasma plume throughout the direct 
treatment and PAW generation. A controlled mixture of argon and 
oxygen gases (99.9% purity) served as the feed gases, with flow 
rates regulated by a flowmeter. The plasma plume was emitted 
from a nozzle with an inner diameter of 5 mm. 
 
 

Plasma Discharge Characterization 
An Ocean Optics optical emission spectroscopy (OES) setup was 
used to analyze the plasma and identify reactive species generated 
during treatment. The OES system was calibrated for both 
wavelength and relative intensity response using a broad-spectrum 
reference light source to ensure consistent detector sensitivity and 
alignment across the measured range. Plasma emission was 
collected via an optical fiber mounted on a holder, with the lens 
positioned directly in front of the plasma discharge region. The 
optical spectrometer transmitted the acquired data to a PC, where 
spectral lines were displayed using OceanView software. 
Subsequently, plasma species were identified using Spectrum 
Analyzer 1.97, a software program developed and designed for 
optical spectra display, recognition, and analysis. Species 
identification was performed by matching the observed emission 
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peaks to the software’s integrated database, which includes the 
National Institute of Standards and Technology (NIST) 5.1 
database for atomic lines and a dedicated database for molecular 
bands (e.g., OH, N2, O2) (Navrátil et al., 2006).  
 
The electron temperature was calculated using the built-in function 
of Spectrum Analyzer, based on the intensities of selected spectral 
lines. Plasma gas temperature was measured with a Cooper-Atkins 
K-type thermocouple (50332-K) positioned at the periphery of the 
plasma plume which is approximately 5mm from the discharge axis 
to minimize errors due to charged particle interactions and 
electromagnetic interference. Temperature readings were recorded 
once they reached a steady state to confirm whether the gas 
temperature was consistent with that of a cold atmospheric pressure 
plasma. 
 
Preparation of Dye Aqueous Solutions 
A 100 ppm malachite green (MG) solution was prepared by 
accurately weighing 100 mg of MG on an analytical balance and 
dissolving it in distilled water to obtain a final volume of 1000 mL 
at room temperature. The solution was stored in a sealed container 
and wrapped in aluminum foil to prevent light exposure. The 
natural orange dye from annatto seeds was procured from Revival 
Dye, a natural dye supplier based in Abra, Benguet. To remove 
coarse particles that could introduce impurities during solution 
preparation, the dye powder was passed through a 100-micron 
sieve. A 600 ppm orange dye stock solution was prepared by 
dissolving 600 mg of dye in 50 mL of boiling distilled water and 
stirring for 20 minutes with a magnetic stirrer. The solution was 
then diluted with distilled water to a target concentration of 750 
ppm, followed by an additional 10 minutes of stirring at room 
temperature. The prepared solution was stored in a sealed container 
and wrapped in foil to protect it from light. 
 
Production of Plasma-Activated Water for Indirect Treatment 
To generate plasma, argon (Ar) and oxygen (O₂) gases were 
supplied at flow rates of 2.5 and 1.0 L·min⁻¹, respectively. The 
Ar/O₂ gas mixture was selected based on both plasma stability 
considerations and reactive species generation efficiency (Pineda 
et al. 2025). Argon, a noble gas, was used as the primary carrier gas 
because its chemical inertness and low breakdown voltage are 
critical in maintaining stable and uniform plasma discharge. The 
addition of oxygen promotes the generation of highly oxidative 
reactive oxygen species (ROS), which are primarily responsible for 
dye molecule decolorization and degradation. The selected flow 
rates were determined through preliminary optimization 
experiments, where multiple gas ratios were evaluated. The chosen 
mixture yielded the highest decolorization efficiency (calculated 
using Eq. 1; Silva et al. 2021) while maintaining discharge stability.  
 

𝐷𝑒𝑐𝑜𝑙𝑜𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛	𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦		(%) =	
𝐶! − 𝐶"
𝐶!

	× 100	

(Equation 1) 
 
where Co is the initial concentration at time zero and Ct is the final 
concentration of the samples at time t. 
 
A 20 mL beaker containing 15 mL of distilled water was positioned 
10 mm below the APPJ nozzle and exposed to the plasma plume. 
The plasma plume was in direct contact with the surface of the 
water to facilitate the treatment process. Treatments were 
conducted for 5, 10, 15, 25, 35, and 60 minutes, with three 
replicates for each duration. Following each treatment, 
physicochemical characterization was performed on the generated 
PAW. Immediately thereafter, an 8 mL aliquot of the characterized 
PAW was combined with 8 mL of dye solution in a test tube. The 
mixture was manually agitated for 1 minute using a consistent up-
and-down motion to ensure immediate and uniform mixing. This 
method was chosen to allow reactive species to interact with the 
dye instantly while avoiding the introduction of excess air. The 

prepared mixtures were then stored for 10 days to monitor changes. 
The initial storage temperature was recorded at 21°C, consistent 
with the ambient room temperature of the laboratory at the time of 
measurement. Moreover, all samples were kept inside a light-proof 
box to prevent possible structural modifications. 
 
Direct Plasma Treatment 
For the direct treatment of both MG and natural orange dye 
aqueous solutions, the same parameters as those used for PAW 
generation were applied. Argon (Ar) and oxygen (O₂) gases were 
supplied at flow rates of 2.5 and 1.0 L·min⁻¹, respectively. A 15 
mL beaker containing 15 mL of dye solution was positioned 10 mm 
below the APPJ nozzle and exposed to the plasma plume. The 
surface of the dye solutions was in direct contact with the plasma 
plume to ensure that reactive species were transferred directly and 
interacted with the samples. Treatments were conducted for 5, 10, 
15, 25, 35, and 45 minutes, with three replicates for each duration. 
All treated solutions were stored in a light-proof box to prevent 
light-induced degradation. 
 
Physicochemical Properties of Direct Plasma-Treated Dye 
Solutions 
The pH, electrical conductivity, total dissolved solids (TDS), and 
dissolved oxygen (DO) of direct plasma-treated dye solutions were 
measured before and after the decolorization process to assess the 
effects of plasma on their physicochemical properties. 
 
pH was measured using a benchtop pH meter to evaluate its 
influence on dye decolorization, while electrical conductivity was 
determined using a LAQUAtwin conductivity meter to assess how 
plasma discharge enhances ionic mobility in the solution. TDS was 
measured with a portable TDS meter to quantify dissolved 
inorganic salts and organic matter, and DO was determined using 
a dissolved oxygen meter to evaluate oxygen concentration in the 
samples. All measurements were performed in triplicate to ensure 
reliability and reproducibility. 
 
Measurement of Dye Decolorization using UV-Vis 
Spectroscopy 
A Shimadzu UVmini-1240 UV-Vis spectrophotometer was used to 
determine the concentrations of MG and natural orange dye 
solutions before and after decolorization. For PAW–dye mixtures 
(1:1 ratio), measurements were taken after 10 days of storage for 
each treatment time. For direct plasma treatment, concentrations of 
untreated and treated solutions were measured immediately to 
evaluate treatment effectiveness. Standard calibration curves were 
used to determine sample concentrations from absorbance values, 
with the absorbance–concentration relationship expressed in Eq. 2. 
 

𝑦 = 𝑚𝑥 + 𝑏 
(Equation 2) 

 
where y is the absorbance, m is the slope of the calibration curve, 
x	is the concentration of the dye solution, and b is the y-intercept 
of the calibration curve. Additionally, the decolorization efficiency 
was calculated using Eq. 1. 
 
Dye Decolorization Kinetic Models 
Dye decolorization kinetics describe the rate at which 
decolorization reactions proceed and provide a framework for 
assessing how quickly a dye is removed during treatment. Kinetic 
analysis describes the time-dependent behavior and breakdown of 
dye molecules during direct plasma treatment.  
 
The kinetic study was evaluated using the zero (Eq. 3), first (Eq. 
4), and second (Eq. 5) order kinetic models of the linear type. 
 

𝐶" =	−𝑘!𝑡 +	𝐶! 
(Equation 3) 

𝑙𝑛 	𝐶" =	−𝑘#𝑡 +𝑙𝑛 	𝐶! 
(Equation 4) 
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𝐶"
= 𝑘$𝑡 +	

1
𝐶!

 

(Equation 5) 
 
where Co and Ct are the initial concentration and final concentration 
after time t, respectively. k0, k1, and k2, are the rate constants for 
zero order, first order, and second order equations, respectively. 
Graphs of 𝐶"  vs. t, ln 𝐶"  vs. t, and #

%!
 vs. t were plotted to check 

whether the dye decolorization of each dye solution obeys zero, 
first, or second order kinetics. The half-lives of MG and natural 
orange dye solutions during the direct treatment were also 
calculated using the order of kinetics equation. All measurements 
were performed in triplicate to ensure reliability and 
reproducibility. 
 
Statistical Analyses 
Statistical analyses were performed using the Statistical Tool for 
Agricultural Research (STAR) software. One-way analysis of 
variance (ANOVA) was employed to evaluate significant 
differences among treatment times. When the ANOVA indicated 
significant effects, Tukey’s Honest Significant Difference (HSD) 
post hoc test was conducted to identify pairwise differences 
between treatment means. Results are presented as mean ± standard 
deviation, and all statistical tests were evaluated at a significance 
level of p < 0.05. 
 
 
RESULTS AND DISCUSSION 
 
Plasma Generation and Characterization 
A plasma jet was generated using a gas mixture of argon (Ar) and 
oxygen (O₂) gases. The plasma exhibited a bluish-pink, nearly 
uniform glow, attributed to the higher argon content. This 
observation is consistent with the findings of Jitsomboonmit et al. 
(2012), who reported similar filamentary discharges and arc 
currents around electrode edges under comparable operating 
conditions. 
 
The reactive species generated in the plasma discharge were 
identified using optical emission spectroscopy (OES), with the 
wavelength–intensity profiles shown in Figure 2. Excited species 
such as hydroxyl radical (OH), atomic nitrogen (N I), atomic 
oxygen (O I), and neutral argon (Ar I) were observed. For example, 
OH I radical peaks were observed at 306.36 nm and 308.90 nm. N 
I was observed at 737.85 nm and 810.57 nm while Ar I was 
detected at 772.42 nm and 791.64 nm. O I was also observed at 
210.08 nm and 842.62 nm. These ranges of observed emission lines 
are consistent with previously reported optical emission spectra of 
reactive oxygen and nitrogen species in atmospheric pressure 
plasma (Vasu et al. 2020; Kumar et al. 2022). 
 

 
Figure 2: Optical Emission Spectra of the Argon-Oxygen Plasma 

Using the built-in function of the spectrum analyzer software, the 
electron temperature was calculated to be 12,655 K (1.09 eV), 

while the gas temperature, measured with a Cooper-Atkins 50332-
K thermocouple (probe diameter: 3.2 mm) positioned at the plume 
periphery (5 mm from the discharge axis), was 434.85 K (0.04 eV). 
The high electron temperature promotes plasma chemistry and 
reactive species generation, while the low gas temperature 
minimizes thermal effects (Baculi et al. 2023). This thermal non-
equilibrium, characteristic of cold atmospheric pressure plasma, is 
key to introducing reactive species into aqueous solutions without 
causing thermal damage to the target molecules. 
 
Dye Decolorization under Direct Plasma Treatment 
For the direct plasma treatment, the initial concentrations (C0) of 
the dye solutions were 750 ppm and 100 ppm for natural orange 
dye and malachite green, respectively. These concentrations were 
determined from the calibration curve using Eq. 2, which estimates 
the concentration from the measured absorbance. Figure 3 presents 
the decolorization efficiency of direct plasma treatment for each 
dye solution. After 45 min of treatment, the highest decolorization 
efficiencies were achieved, reaching 92.47 ± 1.29% for the natural 
orange dye and 95.32 ± 0.29% for MG. These values were 
statistically significantly different from those observed at the 
earlier treatment times. During direct plasma exposure, both long-
lived and short-lived reactive species were generated, including 
hydroxyl radicals (•OH), singlet oxygen (O), atomic nitrogen (N), 
nitrate (NO₃⁻), nitrite (NO₂⁻), ozone (O₃), and hydrogen peroxide 
(H₂O₂). These reactive species dissolved into the solution to form 
potent acids and highly oxidative agents, attacking the chemical 
bonds of the dye molecules and leading to their decolorization and 
possible structural modifications. This process is confirmed by the 
OES results presented above and is consistent with previous reports 
(Vasu et al., 2020; Kumar et al., 2022). Figure 4 presents the visible 
color changes in the dye solutions following treatment. The 
pronounced decrease in color intensity corresponds to the high 
decolorization efficiencies, further confirming the effectiveness of 
direct plasma treatment in decolorizing both dyes and potentially 
altering their molecular structures.  
 

 
Figure 3: Dye decolorization efficiency of direct plasma treatment on the 
natural orange dye and MG aqueous solutions 

 

 
Figure 4: Actual color changes of the natural orange dye and MG 
aqueous solutions after direct plasma treatments 
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The short- and long-lived ROS and RNS generated during the 
direct treatment of the dye solutions, along with their possible 
reaction pathways, are presented below (Vasu et al., 2020; Kumar 
et al., 2022). 
 

∙ 𝑂𝐻 +	∙ 𝑂𝐻	 →	𝐻$𝑂$ (Hydrogen Peroxide) 

2𝑁𝑂$ +𝐻$𝑂	 →	 NO₃⁻	+	𝑁𝑂₂⁻ + 2𝐻& (Nitrate) 

𝑁𝑂 +	∙ 𝑂𝐻 →	 𝑁𝑂₂⁻ (Nitrite) 

𝑂 + 𝑂$ +𝑀	 →	𝑂' +𝑀 (Ozone) 

𝐻$𝑂	 +	𝑒( 	→	 ∙ 𝑂𝐻 +𝐻& +	𝑒( (Hydroxyl Radicals) 

𝑁𝑂 + 	𝑂₂⁻ → 𝑂𝑁𝑂𝑂(	(Peroxynitrite Acid) 

𝑂𝑁𝑂𝑂( +	𝐻& ↔ 		𝑂𝑁𝑂𝑂𝐻	(Peroxynitrous Acid) 

The primary carotenoids in annatto orange dye are bixin and 
norbixin. Bixin, the most abundant pigment in annatto seeds 
(Aluko, 2024), is highly sensitive to light, with a reported half-life 
of 462 days in the dark and only 6 days under visible light. Norbixin 
has also been reported to be light-sensitive (Gallardo Cabrera & 
Rojas Barahona, 2015). Carotenoids possess a system of 
conjugated double bonds, making them susceptible to degradation 
under various factors such as temperature, light, oxygen, and pH 
(Gallardo Cabrera & Rojas Barahona, 2015). These factors 
contribute to the breakdown or rearrangement of the dye’s 
chemical bonds. Furthermore, UV emission during plasma 
treatment increases the vulnerability of carotenoids to photo-
oxidation. In addition, based on previously reported pathways, it is 
proposed that key reactive species, such as hydroxyl radicals 
(•OH), singlet oxygen (O), atomic nitrogen (N), nitrate (NO₃⁻), 
nitrite (NO₂⁻), ozone (O₃), and hydrogen peroxide (H₂O₂) attack 
dye molecules and promote decolorization and structural 
modifications (Vasu et al., 2020; Kumar et al., 2022). 
 
On the other hand, based on the degradation pathways previously 
proposed by Oladoye et al. (2023), two ozonolytic mechanisms 
may be involved: (1) the generation of reactive radicals, 
particularly hydroxyl radicals, which attack the dye molecules, and 
(2) the direct reaction of molecular ozone with the dyes. These 
processes are believed to disrupt the chromophoric structure of MG 
and potentially alter other chemical bonds within the molecule. 
Ozone and hydroxyl radicals with high oxidation potential of 2.0 V 
and 2.8 V, respectively, are powerful enough to attack the C=C 
segment, resulting in the breakdown of the chemical structure of 
MG. Reportedly, when the hydroxyl radical attacks the central 
carbon of MG, this leads to the cleavage of the C-C bond and the 
N,N-dimethylaminobenzyl group, and intermediate compounds 
form (p-dimethylamino phenol and 4-(N,N-dimethylamino) 
methylbenzylone). The continued attack of hydroxyl radical on 
these intermediates leads to the formation of compounds such as 
benzoic acid, p-(dimethylamino) benzoic acid, and hydroquinone 
(Imtiaz et al. 2022). When ring opening occurs, these intermediates 
turn into simple organic acids and produce CO2 and H2O (Imtiaz et 
al. 2022; He et al. 2023).  
 
Plasma treatment has been widely demonstrated to enhance the 
decolorization and degradation of MG dye in aqueous solutions 
through various mechanisms and system configurations. For 
example, a gas-phase discharge-based non-thermal plasma system 
achieved a decolorization efficiency of 99.74% under optimized 
conditions, while the addition of potassium persulfate promoted 

sulfate radical generation, enabling 96% removal within just 10 
minutes (Kumar et al. 2025). This underscores the role of catalytic 
oxidants in accelerating the degradation process. Similarly, pulsed 
discharge plasma applied on the water surface system (WSP), when 
combined with Fe²⁺ and peroxymonosulfate (PMS), reached a 
degradation efficiency of 97.9% for MG and improved energy 
efficiency by 9.7% compared to WSP alone (Hua et al. 2024). In 
these systems, active species such as hydroxyl radicals and sulfate 
radicals were key drivers of MG breakdown, emphasizing the 
critical role of reactive species in plasma-based dye removal. These 
findings align with the present study, supporting plasma treatment 
as a viable and effective approach for mitigating the environmental 
impact of synthetic dyes in wastewater. 
 
Correlation Between Dye Decolorization Efficiency and 
Physicochemical Changes in Direct Plasma-Treated Dye 
Solutions 
The strong relationship between dye decolorization efficiency and 
the observed changes in pH, electrical conductivity, TDS, and DO 
following plasma treatment can be attributed to the chemical and 
physical transformations induced by non-thermal plasma. During 
treatment, the plasma generates a variety of reactive oxygen and 
nitrogen species, including hydroxyl radicals (·OH) and ozone 
(O₃), which play a crucial role in the decolorization and structural 
modifications of dye molecules. These oxidative processes not only 
enhance dye decolorization but also alter the physicochemical 
properties of the aqueous solution, resulting in measurable changes 
in pH, conductivity, TDS, and DO (Karimian et al. 2025). 
 
Figure 5 presents the changes in pH (Figure 5a) and electrical 
conductivity (Figure 5b) of the dye aqueous solutions after 
exposure to the plasma plume for varying treatment durations. The 
natural orange and MG dye solutions initially showed a pH of 
7.55±0.01 and 4.73±0.31, respectively. The lowest pH values, 
both of which were statistically significant from their respective 
initial values, were observed after 45 min of direct plasma 
treatment, reaching 7.04 ± 0.04 and 3.74 ± 0.01 for the natural 
orange dye and MG solutions, respectively. This treatment duration 
also corresponded to the highest dye removal efficiencies achieved 
for both solutions. The observed pH reduction reflects the 
interaction between reactive species and the dye molecules during 
plasma treatment. Reactive oxygen and nitrogen species generated 
by plasma can dissolve into the solution and form potent acids, 
accelerating dye decolorization and structural transformations 
(Vasu et al. 2020; Kumar et al. 2022; Quispe-Quispe et al., 2024). 
 
The electrical conductivity of the natural orange and MG solutions 
increased significantly, reaching final values of 596.67 ± 5.77 
μS/cm and 190.00 ± 0.00 μS/cm, respectively, after 45 minutes of 
direct treatment compared with their initial conductivities of 430 
μS/cm and 128 μS/cm. The conductivity increase indicates the 
accumulation of ions in the solution due to plasma discharge. A 
higher ion concentration provides more charge carriers, thereby 
enhancing conductivity. Longer treatment times result in greater 
ion deposition, further increasing conductivity (Thirumdas et al. 
2018). 
 
The highest TDS values were recorded after 45 minutes of direct 
plasma treatment (Figure 5c): initial values were 200 ppm for 
natural orange dye and 52 ppm for MG. The natural orange dye 
solution exhibited a maximum TDS of 344 ± 2.00 ppm, whereas 
the MG dye solution reached 157.33 ± 2.52 ppm. This statistically 
significant increase indicates a greater presence of dissolved ions 
in the solution with prolonged treatment, consistent with the 
observed rise in nitrate and nitrite concentrations (Pal et al. 2024). 
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  (a)                                                                                                        (b)  

 

 
  (c)                                                                                                        (d)  

Figure 5: (a) pH, (b) conductivity, (c) TDS, and (d) DO of direct-treated natural orange and MG dye aqueous solutions 

In terms of DO (Figure 5d), both dye solutions exhibited a 
statistically significant increase following plasma treatment, 
although the overall changes were relatively modest. The MG and 
natural orange dye solutions initially showed DO concentrations of 
3.33 ppm and 4.66 ppm, respectively. After 45 minutes of 
treatment, these values increased only modestly to 5.03 ± 0.08 ppm 
for MG and 5.36 ± 0.43 ppm for the natural orange dye solution. 
The modest increase in DO observed in dye solutions treated with 
plasma can be attributed to the spatial localization and rapid 
consumption of reactive species generated at the plasma–liquid 
interface (Inagaki and Sasaki 2021). Plasma–liquid interactions 
produce a complex mixture of RONS with high oxidation 
potentials that readily react with dye molecules, thereby promoting 
efficient decolorization and structural modifications. However, 
many of these oxidants are short-lived and undergo rapid 
recombination or secondary reactions, limiting their contribution to 
a measurable and sustained increase in bulk dissolved oxygen 
concentration (Kumar 2023). Furthermore, the concurrent 
acidification of the solution and the observed increase in electrical 
conductivity during plasma treatment suggest the formation of 
nitric and nitrous species, along with other ionic byproducts. These 
physicochemical transformations facilitate the continuous 
consumption and conversion of dissolved oxygen into reactive 
intermediates, thereby preventing its accumulation in the aqueous 
phase (Sah et al. 2023). The dynamic interplay between reactive 
species generation, rapid oxidation of dye molecules, and 
secondary chemical processes accounts for the limited net increase 
in dissolved oxygen despite active plasma-induced oxidation. 
 
Overall, the interplay among pH, electrical conductivity, TDS, and 
DO reflects the extent of dye decolorization and possible structural 
modifications occurring during plasma treatment. Higher dye 
decolorization efficiencies are associated with more pronounced 
changes in these water quality parameters, indicating the 
occurrence of active oxidative reactions and the progressive 
breakdown of complex dye molecules. These transformations lead 
to the formation of simpler intermediates and, ultimately, more 
stable and less harmful end products, demonstrating the 

effectiveness of plasma-induced oxidation in the remediation of 
dye-contaminated water (Fahmy et al. 2020; Karimian et al. 2025). 
 
Dye Decolorization Efficiency of Indirect Plasma Treatment 
using PAW 
As shown in Figure 6, indirect plasma treatment using PAW 
resulted in a statistically significant increase in dye decolorization 
efficiency for both dye solutions when evaluated relative to their 
respective initial concentrations. The initial concentrations (C₀) of 
the natural orange dye and MG solutions were 329 ppm and 74 
ppm, respectively. These concentrations account for the 1:1 
dilution applied when mixing dye solution with PAW, and were 
determined from absorbance measurements using Equation 2 and 
the respective calibration curves. For natural orange dye and MG 
solutions, the maximum observed decolorization efficiencies of 
24.90 ± 1.35% and 19.20 ± 2.60%, respectively, were achieved 
with 60 minutes of PAW treatment. As shown in Figure 7, the color 
changes in the dye solutions after 10 days of storage across the 
different PAW treatment durations were minimal. 
 
Meanwhile, based on the degradation pathways previously 
proposed, long-lived reactive species in PAW, including H₂O₂, 
NO₂⁻, and H⁺, contribute to dye degradation primarily through the 
formation of peroxynitrous acid (ONOOH) under acidic 
conditions. ONOOH, a potent oxidizing agent with an oxidation 
potential of 2.0 V, effectively facilitated the breakdown of the 
chemical structures of both dyes. In addition, hydrogen peroxide 
(H₂O₂), with an oxidation potential of 1.77 V, together with short-
lived hydroxyl radicals (•OH), likely attacked the chemical bonds 
within the dye molecules, further promoting degradation (Kumar 
et al. 2022). 
 
The PAW treatment proved more effective in decolorizing natural 
orange dye than MG, which can be attributed to the comparatively 
simpler molecular structure of annatto-derived pigments. Annatto 
dye is composed mainly of bixin and norbixin, both featuring a 
carotenoid backbone with multiple conjugated double bonds. This 
structural arrangement, while imparting color, also makes the 
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molecules more vulnerable to oxidative attack by the long-lived 
reactive species in PAW. As a result, potential oxidative 
degradation proceeds more readily in natural orange dye than in the 
structurally more complex MG, leading to higher decolorization 
efficiency and potential structural transformations. 

 
Figure 6: Dye decolorization efficiency of PAW for natural orange and 
MG aqueous solutions 

 

 
Figure 7: (a) Natural orange and (b) MG dye aqueous solutions following 
indirect plasma treatment after 10 days of storage 

The above-mentioned long-lived ROS and RNS present in PAW, 
which are responsible for dye decolorization and potential 
structural transformations during the indirect treatment, along with 
their possible individual reaction pathways, are presented below 
(Vasu et al., 2020; Kumar et al., 2022). 
 

∙ 𝑂𝐻 +	∙ 𝑂𝐻	 →	𝐻$𝑂$ (Hydrogen Peroxide) 
2𝑁𝑂$ +𝐻$𝑂	 →	 NO₃⁻	+	𝑁𝑂₂⁻ + 2𝐻& (Nitrate) 

𝑁𝑂 +	∙ 𝑂𝐻 →	 𝑁𝑂₂⁻ (Nitrite) 
𝑂 + 𝑂$ +𝑀	 →	𝑂' +𝑀 (Ozone) 

 
The indirect method involved a 1:1 dilution ratio and was evaluated 
only after 10 days of storage. In this method, only long-lived 
species such as hydrogen peroxide, nitrate, and nitrite remained, 
which, although still reactive, acted more slowly and with lower 
oxidative potential. This resulted in dye decolorization efficiencies 
of a maximum of 24.90 ± 1.35% and 19.20 ± 2.60% with 60 
minutes of PAW treatment for natural orange dye and MG 
solutions, respectively.  
 
Decolorization Kinetic Models of Direct Plasma-Treated Dye 
Solutions 
Kinetic analyses of the decolorization of directly treated natural 
orange dye and MG were performed using zero-order, first-order, 
and second-order kinetic models as shown in Figures 8 and 9, 
respectively. These models were selected because they are among 
the most widely used approaches for evaluating the decolorization 
and structural modifications of organic pollutants in advanced 

oxidation processes, including plasma-based water treatment 
systems. Additionally, they provide a basis for assessing the 
relationship between dye concentration and decolorization rate, 
thereby facilitating the identification of the kinetic behavior that 
best describes the plasma-induced decolorization of the dyes (Jiang 
and Zheng 2013; El-Tayeb et al. 2021; Karimian et al. 2025; 
Mohammed et al. 2023; Yin et al. 2014). Zero-order kinetics 
implies that the decolorization rate remains constant and is 
independent of the dye concentration. This model implies a 
constant degradation rate regardless of dye concentration and may 
be applicable under conditions where reactive species are present 
in excess or when the degradation process is limited by factors 
other than dye concentration (El-Tayeb et al. 2021). In contrast, 
first-order kinetics assumes that the decolorization rate is directly 
proportional to the dye concentration, indicating that the reaction 
proceeds more slowly as the dye concentration decreases over time 
(Yin et al. 2014). Second-order kinetics suggests that the 
decolorization rate depends on the interaction between two reacting 
species, such as the dye and a catalyst or another reactive species, 
making the rate proportional to the product of their concentrations. 
 
The correlation coefficients (R2) for the natural orange dye were 
0.7293, 0.9271, and 0.9555 for the zero-, first-, and second-order 
models, respectively. Similarly, the R2 values for MG were 0.5234, 
0.7302, and 0.9312 for the zero-, first-, and second-order models, 
respectively. On the other hand, the best-fit line for the natural 
orange dye is expressed by the equation y = 0.0003x − 0.0011 (R2 
= 0.9555), while for MG, the corresponding fit line is y = 0.0036x 
+ 0.0057 (R2 = 0.9312). Numerous studies have reported that 
organic dye decolorization during plasma treatment followed first-
order kinetics (Jiang and Zheng 2013; Yin et al. 2014; El-Tayeb et 
al. 2021; Karimian et al. 2025). In contrast, the present study found 
that the decolorization of malachite green (MG) and annatto orange 
dye was better described by a second-order kinetic model. 
Nevertheless, second-order kinetics has also been reported in the 
literature for certain plasma-based dye treatment systems. For 
instance, in the oxidative removal of azo and non-azo dyes using a 
gas–liquid interface non-thermal plasma reactor, the second-order 
kinetic model provided a better fit to the experimental data than the 
zero-order and first-order models, yielding high correlation 
coefficients (R² = 0.86–0.99) (Mohammed et al. 2023). The 
applicability of the second-order model suggests that the 
decolorization or degradation rate may depend not only on the dye 
concentration but also on the concentration of reactive species 
generated during plasma treatment (Vasikaran et al. 2022). These 
findings indicate that second-order kinetics can effectively describe 
plasma-induced dye decolorization or degradation under certain 
treatment conditions and reactor configurations.  
 
Determination of the kinetics of plasma-induced dye decolorization 
is essential for elucidating the underlying degradation mechanisms 
and optimizing process performance. Kinetic models provide a 
quantitative framework for describing the temporal evolution of 
dye concentration during plasma treatment and for evaluating the 
efficiency of the decolorization process. Furthermore, kinetic 
analysis enables the prediction of treatment performance under 
different operating conditions, including applied voltage, gas flow 
rate, and treatment time. Such information is fundamental for 
optimizing process parameters, comparing reactor performance, 
and facilitating the design, scale-up, and practical implementation 
of plasma-based technologies for wastewater treatment (Jiang and 
Zheng 2013; Yin et al. 2014; Kasih et al. 2018). 
 
The half-lives of natural orange (4.44 minutes) and malachite green 
(2.81 minutes) dyes were calculated using t₁/₂ = 1/(k[C₀]). Both the 
rate constants (k in ppm⁻¹ min⁻¹) and initial concentrations (C0 in 
ppm) were expressed in compatible ppm-based units. Specifically, 
k values of 0.0003 ppm−1 min−1 for natural orange and 0.0036 
ppm−1 min−1 for MG, as derived from their respective fit lines, were 
applied to their respective concentrations of 750 ppm and 100 ppm.  
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The shorter half-life of MG (2.81 minutes) compared to that of 
natural orange dye (4.44 minutes) further supports its faster 
decolorization or possible degradation under direct plasma 
treatment. These findings demonstrate that direct plasma treatment 
is more efficient for degrading MG, leading to a more rapid 
reduction in its concentration. 

 
 
 
 
 

    
        (a)                                                                                                      (b) 

 
           (c)

Figure 8: (a) Zero, (b) first, and (c) second order kinetic model of natural orange dye decolorization with respect to treatment time 

 

    
  (a)                                                                                                      (b) 

 
     (c)

Figure 9: (a) Zero, (b) first, and (c) second order kinetic model of MG degradation with respect to treatment time 
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CONCLUSION 
 
This study demonstrated the decolorization of MG and natural 
orange dye using direct atmospheric pressure plasma jet (APPJ) 
exposure and indirect treatment using plasma-activated water 
(PAW). The highest PAW-induced decolorization efficiencies of 
24.90 ± 1.35% for natural orange dye and 19.20 ± 2.60% for 
malachite green were achieved using 60-minute PAW, highlighting 
the role of long-lived reactive species, consistent with 
physicochemical changes observed in pH, conductivity, TDS, and 
DO. Meanwhile, decolorization efficiencies of 92.47 ± 1.29% for 
natural orange dye and 95.32 ± 0.29% for MG after 45 minutes 
were observed in direct plasma treatment. These results are 
consistent with the presence of both short- and long-lived species 
and are consistent with observed physicochemical changes. Kinetic 
analyses revealed that both MG and natural orange dye followed 
second-order kinetics. This indicates that their decolorization rate 
is concentration-dependent and involves interactions between dye 
molecules and reactive plasma species. Overall, these findings 
demonstrate that APPJ-based systems provide an effective and 
environmentally sustainable approach for the remediation of dye 
wastewater.  
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