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A B S T R A C T

This study evaluates reactive species generation in two transient spark plasma reactors producing plasma- 
activated water from deionized water, tap water, and simulated wastewater. Plasma was applied above the 
liquid surface using a high-voltage source, and physicochemical changes were monitored during treatment and 
over two weeks post-treatment. Reactive species (nitrate, nitrite, ammonium, ozone, and hydrogen peroxide) 
were quantified, and tetracycline and Enterococcus faecalis were targeted. Complete pollutant removal was 
achieved in the 200 mL reactor across all water matrices, whereas the 1000 mL reactor required longer treatment 
times and exhibited reduced efficiency with wastewater. In the 200 mL reactor, energy efficiency per order was 
higher; ozone and hydrogen peroxide reached up to 1.5 ppm and 8 ppm, respectively; nitrate stabilized after 
15 min, nitrite showed transient behavior, and ammonium increased continuously. The larger reactor exhibited 
similar but slower trends. Over two weeks, in both reactors, nitrate and ammonium remained stable, while ozone 
and hydrogen peroxide decayed rapidly. Plasma exposure caused an initial pH drop and an increase in con
ductivity, which subsequently stabilized. These findings underscore the critical role of reactor volume and water 
composition in PAW chemistry, pollutant removal, and reactive species stability, confirming plasma treatment as 
a sustainable, by-product-free technology for water remediation.

1. Introduction

Overpopulation has had a direct impact on water resources. In recent 
years, these resources have become increasingly exploited and contain 
higher concentrations of contaminants compared to previous decades 
(United Nations Educational Scientific and Cultural Organization, 
2021). Additionally, the exponential growth of urban populations has 
led to an increased volume of wastewater, highlighting the urgent need 
for improving purification processes. Owing to the overexploitation of 
freshwater sources, the regeneration of wastewater has emerged as a 
critical alternative to reduce the demand for natural water supplies.

However, regeneration of wastewater has challenges that may dif
ficulty the complete implementation in all the sectors. The main com
plications are: (1) the generation of disinfection by-products (DBPs), 
which result from the interaction between disinfectants and organic 

matter (Qadafi et al., 2023; Postigo et al., 2021); (2) the incomplete 
removal of contaminants of emerging concern (CECs), which are 
recently identified pollutants detected in aquatic environments at low 
concentrations (µg/L–ng/L) and are only partially regulated, although 
regulatory attention is increasing (Nathanael et al., 2024); (3) the need 
to ensure that pathogens have been properly removed, and the water 
reach the minimum quality standards to prevent environmental and 
human harm. In Spain, the composition of regenerated wastewater for 
different uses like agriculture, industrial activities or recreational pur
poses is regulated with the Royal Decree 1085/2024 (Real Decreto 
1085/2024, 2024), preceded for the regulation EU 2020/741 
(REGULATION (EU), 2020).

DBPs pose significant health risks, including increased cancer inci
dence, reproductive disorders, and hepatic and renal damage (Kali et al., 
2021; Lou et al., 2021; Benson et al., 2017; Kalita et al., 2024; Grellier 
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et al., 2015). The most common DBPs are chlorine-derived tri
halomethanes (THMs), such as chloroform, bromodichloromethane, 
dibromochloromethane, and bromoform. Chloroform and several 
brominated THMs exhibit carcinogenic, mutagenic, and cytotoxic effects 
in experimental studies (Kalita et al., 2024; Grellier et al., 2015; Wang 
et al., 2025). THMs also pose environmental risks, as many of these 
species can be bioaccumulated along the trophic chain, affecting aquatic 
ecosystems. In Spain, THMs concentrations in treated effluents are not 
yet regulated; however, their discharge into hydraulic systems repre
sents a health risk, since this water may subsequently be abstracted for 
human consumption. The maximum permissible concentration in 
drinking water after potabilization is 100 μg/L for the sum of all THMs 
(Real Decreto 3/2023, 2023). Other DBPs include haloacetic acids 
(HAAs), such as dichloroacetic acid (DCAA), trichloroacetic acid 
(TCAA), and bromochloroacetic acid (BCAA), which are primarily 
formed through reactions between chlorine and various organic pol
lutants. Several HAAs display genotoxic, cytotoxic, and carcinogenic 
effects, with DCAA and TCAA among the most potent (Grellier et al., 
2015; Wang et al., 2025; Shi et al., 2024). Additional DBPs include 
cyanogen halides (formed from reactions involving nitrogen, chlorine, 
and organic matter), bromate (produced during ozonation), and other 
chlorine-based inorganic oxyhalides such as chlorite, chlorate, and 
perchlorate (Kali et al., 2021; Lou et al., 2021). Bromate is a recognized 
carcinogen and nephrotoxic (Benson et al., 2017). Chlorite and chlorate 
can affect red blood cells and thyroid function and are primarily formed 
during the oxidation of chlorine-based disinfectants (Benson et al., 2017; 
Wang et al., 2025). Nitrogenous DBPs can also be detected. They are 
mainly formed when disinfectants react with organic nitrogen in 
wastewater, during chloramination, and in other nitrogen-rich matrices. 
These compounds are often more cytotoxic than regulated THMs and 
HAAs, and some have been reported to be more carcinogenic to humans 
(Kimura and Ortega-Hernandez, 2019; Krasner et al., 2013; Bond et al., 
2015).

CECs refer to a broad range of chemical and biological substances 
that may pose risks to human health and ecosystems. These substances 
are widespread throughout the water cycle and include pharmaceuticals 
and personal care products, endocrine-disrupting compounds, per- and 
polyfluoroalkyl substances (PFAS), nanomaterials, antibiotics (like 
tetracycline), industrial chemicals and byproducts, pesticides, herbi
cides, microplastics, cyanotoxins, and heavy metals (Postigo et al., 2021; 
Guerra-Rodríguez et al., 2023).

There are lots of dangerous microorganisms or parasites that can be a 
high risk for the water use. Among pathogen microorganisms can be of 
different types like bacteria, viruses, protozoa or parasites. Some of the 
most common bacteria in urban wastewaters are Escherichia coli, that 
can cause severe diarrhoea and kidney damage. Salmonella spp. which 
can cause typhoid fever, gastroenteritis and septicaemia. Shigella spp, 
that causes shigellosis (severe diarrhoea, often bloody). Campylobacter 
jejuni, which causes bacterial gastroenteritis or Enterococcus faecalis, 
which also causes gastroenteritis and is an indicator of faecal contami
nation (McCarthy et al., 2025; Smith and Grimason, 2003; Hao, 2003; 
Behruznia and Gordon, 2022; Jang et al., 2017). Some of the most found 
viruses are Hepatitis A, responsible of liver inflammation, Rotavirus, 
causing severe diarrhoea. Protozoa like Cryptosporidium parvum of 
parasite like Taenia spp., are also common in wastewater (McCarthy 
et al., 2025; Hao, 2003).

Conventional sanitation methods such as chlorination often result in 
DBP formation (Qadafi et al., 2023; Postigo et al., 2021; Morrison et al., 
2022). Other techniques, such as UV-C irradiation, offer limited 
post-treatment effects and cannot guarantee water potability; and may 
also contribute to DBP formation (Xu et al., 2021). A major challenge for 
modern water purification systems is the simultaneous removal of CECs 
and antibiotic resistance genes, effective disinfection, and minimization 
of harmful DBP production. One promising approach involves advanced 
oxidation processes (AOPs) (Pandis et al., 2022). Among them, 
non-thermal plasma technologies have emerged as effective AOPs due to 

its ability to generate highly reactive species capable of degrading 
persistent pollutants without the necessity of additional chemical re
agents (Thirumdas et al., 2018).

Plasma state is achieved by applying high-voltage electric fields, 
allowing plasma discharges to be generated in various ways, making this 
a versatile technology (Rezaei et al., 2019; Perinban et al., 2019; Mer
opoulis and Aggelopoulos, 2023; Quintana-Terriza et al., 2025). Plasma 
treatments are effective through two primary mechanisms: (1) direct 
interaction of the plasma discharge with pollutants, leading to their 
decomposition; and (2) the formation of reactive species in the water 
due to gas molecule decomposition and recombination. Water treated 
through this method is referred to as plasma-activated water (PAW).

When air is used as the discharge gas, reactive oxygen and nitrogen 
species (RONS) are primarily formed, many of which possess high 
oxidative potential. These include short-lived species such as hydroxyl 
radicals (•OH) (E⁰ = 2.8 V), singlet oxygen (¹O₂) (E⁰ = 2.42 V), super
oxide (O₂⁻) (E⁰ = 0.93 V), and peroxynitrates (ONOO⁻) (E⁰ = 0.35 V) 
(Andrés et al., 2023; Van Gils et al., 2013). Additionally, more stable 
species such as hydrogen peroxide (H₂O₂) (E⁰ = 1.78 V) and ozone (O₃) 
(E⁰ = 2.07 V) are also generated (Machala et al., 2013; Wong et al., 
2023). Nitrogen-derived species tend to enter the water more slowly via 
diffusion and mainly exist in stable forms such as nitrate (NO₃⁻), nitrite 
(NO₂⁻), and ammonium (NH₄⁺) (Rezaei et al., 2019; Perinban et al., 
2019; Lee et al., 2021; Wang et al., 2022; Maniruzzaman et al., 2017; 
Khlyustova et al., 2019; Zhao et al., 2020). The generation of these 
reactive species alters the physicochemical properties of the water, 
reducing the pH, and increasing conductivity and oxidation-reduction 
potential (ORP) (Thirumdas et al., 2018; Zhao et al., 2020; Calvo 
et al., 2020; C. et al., 2015).

In this study, the evolution during treatment of the more stable 
species generated in the water (nitrates, nitrites, ammonium, ozone, and 
hydrogen peroxide) were analysed. One experimental plasma reactor 
based on transient spark discharge was used. Two different reactors 
volumes (200 and 1000 mL) and different aqueous matrices (deionized 
water (DW), tap water (TW), and simulated wastewater (SWW) were 
compared. While the pollutant removal efficiency changes due to the 
chemical variations was evaluated with Enterococcus faecalis as an in
dicator of faecal contamination in water and tetracycline as a CECs 
target. Lastly, the formation of organic and inorganic DBPs under each 
condition was assessed to determine the technology’s capacity for effi
cient pollutant removal without harmful by-product formation. This 
work has focused on the limited information available on low- 
consumption transient spark plasma discharges. One main difference 
of the reactor used in this work was that it does not require an external 
gas flow to induce plasma discharge, unlike most current data (Rezaei 
et al., 2019; Machala et al., 2013; Bruggeman et al., 2016; Zhang et al., 
2023; Zhong et al., 2023) Additionally, an extensive study comparing 
the influence of aqueous matrix effects was provided. Lastly, the scal
ability of this type of plasma reactor has not yet been extensively stud
ied, as most recent literature focuses on a fixed volume (Rezaei et al., 
2019; Panchal et al., 2024; Komarudin et al., 2023; Ma et al., 2020).

2. Methodology

2.1. Chemicals reagents

Throughout this work, various reagents were used. Meat peptone 
(CAS 91079–40–2), meat extract (CAS 68920–68–7), urea (CO(NH₂)₂, 
CAS 57–13–6, synthesis grade), NaCl (CAS 7647–14–5, synthesis grade), 
CaCl₂⋅2H₂O (CAS 10043–52–4, extra pure powder), MgSO₄⋅7H₂O (CAS 
7487–88–9, extra pure), and K₂HPO₄ (CAS 7758–11–4, extra pure) were 
purchased from Scharlau. Slanetz-Bartley Medium ISO and Luria Broth 
(Miller's LB Broth) were obtained from Condalab. Sodium carbonate 
(anhydrous, CAS 497–19–8, for analysis ISO-ACS), sodium bicarbonate 
(CAS 144–55–8, for analysis ACS), and oxalic acid dihydrate (CAS 
6153–56–6, for analysis ACS) were acquired from Carlo Erba Reagents. 
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Titanium (IV) oxysulfate solution (1.9–2.1 % for H₂O₂ determination, 
CAS 56391–06–1) was sourced from Supelco. Ultrapure pentane (CAS 
109–66–0) was obtained from Sigma Aldrich. Nitrate, nitrite, ozone, 
ammonium and chemical oxygen demand (COD) reactive packs were 
obtained from Hanna Instruments.

2.2. Water preparation and experimental procedure

Three aqueous matrices were tested: deionized water (DW), tap 
water (TW), and simulated secondary wastewater (SWW). DW was pu
rified using a PURELAB QUEST system (VEOLIA), ensuring removal of 
all dissolved ions and substances. TW was obtained from the laboratory 
tap and allowed to stand for 24 h to allow chlorine dissipation. This 
matrix contains higher concentrations of dissolved compounds 
compared to DW (details in Table S1 from Supplementary Material). 
SWW was prepared using tap water and the following composition per 
litre: 32 mg of meat peptone, 22 mg of meat extract, 6 mg of urea (CO 
(NH₂)₂), 7 mg of NaCl, 4 mg of CaCl₂⋅2H₂O, 2 mg of MgSO₄⋅7H₂O, and 
28 mg of K₂H₂PO₄. This formulation simulates the composition of ef
fluents after secondary treatment at a municipal wastewater treatment 
plant and was adapted from (Polo-López et al., 2012). Among the three 
matrices, SWW had the highest concentration of both inorganic and 
organic compounds, particularly total organic carbon. Full water 
composition and initial physicochemical characteristics are presented in 
Table S1. To assess pollutant removal efficiency, 25 ppm of tetracycline 
and 10⁶ CFU/mL of Enterococcus faecalis were added to each matrix. 
Although these concentrations exceed those typically found in real 
wastewater, they were selected to facilitate precise laboratory analysis.

The preparation procedures for the two reactor volumes were 
similar. For 200 mL treatments, a 250 mL beaker was used, while a 
larger beaker of one litre was used for the 1000 mL treatments. Electrode 
supports were scaled accordingly for each reactor. Initially, each 
aqueous matrix was characterized (time 0). The beaker was then placed 
on a magnetic stirrer, filled with the tested matrix (DW, TW, or SWW), 
and subjected to plasma discharge for varying durations (15, 30, 45, and 
60 min). After treatment, the discharge was stopped, and the water was 
immediately characterized. Aliquots were collected for the quantifica
tion of target reactive species, as will be described in Section 2.4. Each 
experiment was conducted by triplicate. Error bars have been calculated 
using Excel with a significance level of α = 0.05 and following a T-stu
dent distribution. All the data have been represented with Origin.

2.3. Plasma system

Plasma discharge was generated using an experimental system pre
viously described on (Quintana-Terriza et al., 2025). The reactor was 
designed to produce a low-consumption discharge between a 
high-voltage electrode positioned at the centre of the reactor and the 
liquid surface, which was connected to the low-voltage electrode. A 
vortex, created by a magnetic stirrer, maintained separation between the 
high-voltage electrode and the water surface. Both electrodes were made 
of tungsten doped with 0.5 % lanthanum and were mounted using a 
3D-printed PLA (polylactic acid) support. This support was specifically 
designed to minimize condensation of evaporated water on its surface. 
Fig. 1A illustrate the scheme of the electrical discharge and Fig. 1B the 
support or the electrodes and the plasma discharge.

The distance between the high-voltage electrode and the water sur
face was maintained at approximately 8 mm, regulated via the vortex 
generated by external stirring. Plasma was produced using a high- 
voltage DC power supply (Heinzinger, 30 kV, 20 mA). Discharges 
were initiated when the applied voltage exceeded the breakdown 
threshold of 4 kV. The operating voltage ranged from 4 to 8 kV, with 
medium current of 4 mA. With a cycle time of 25 ms (40 Hz) resulting in 
an average power input of 23 W.

The plasma discharge has been considered as a transient spark, based 
on the literature (Bruggeman et al., 2016; Janda, 2011; Akishev et al., 
2010) and due to the geometry of the electrodes, where the high voltage 
electrode had higher curvature in proportion to the collector electrode. 
The plasma discharge is produced on the tip of the needle as seen in 
Fig. 1B.

2.4. Physico-chemical characterization

Physical-chemical characterization of water samples was performed 
through different equipment. Parameters like pH, ORP and conductivity 
were measured using a Metrohm pH/conductometer model 914 with 
different probes (pH PT1000/B/2/3 M KCl from 0 to 14; ORP Pt/3 M 
KCl; conductivity Pt 1000/B). For organic and inorganic concentration 
carbon, a total organic carbon analyser Teledyne TOC-TORCH was used. 
While a multiparametric photometer, model HI83399 from Hannah 
Instruments was used for evaluating the chemical oxygen demand 
(COD), ammonium, nitrate, nitrite and ozone concentrations. For the 
hydrogen peroxide evaluation, the colorimetric method (Eisenberg, 

Fig. 1. Schematic representation of the experimental setup. voltage ranged 4–8 kV, current of 2–4.5 mA. Frequency of the plasma discharges of 40 Hz. Medium 
power of 23 Wh.
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1943) of reaction with titanium (IV) oxysulfate was used. This method 
was based on the absorbance change at 407 nm in the solution after 
adding the titanium sulphate reagent. The absorbance was measured 
using a UV5 spectrophotometer from METTLER TOLEDO.

Inorganic DBPs were measured with ionic chromatography ECO IC 
from Metrohm, with 8 mM of sodium carbonate and 0.25 mM of sodium 
bicarbonate as eluent, in a flow rate of 0.7 mL/minute with a column 
Metrosep A Supp 19 250/4.0 and a precolumn Metrosep A Supp 19 
Guard/4.0. THM were analysed with a gas chromatography mass spec
trometer PerkinElmer Clarus 600 GC-MS, equipped with TurboMass 
software version 5.4.0. Following Method 6232 B 35 mL of the sample 
and 2 mL of pentane was added. After 1 min of mechanical shaking at 
100 rpm the sample was injected in the GC column (30 m × 0.25 mm, 
0.25μm, Elite-5MS, PerkinElmer). With a split ratio of 50 % and an in
jection volume of 0.25 µL, respectively. Helium was used as carrier. The 
oven, source and the inlet line temperatures were set at 200ºC. For the 
MS detection, selective ion recording (SIR) was employed targeting the 
m/z values of the specific THMs and their retention times. Table S2
(Supplementary Material) shows the different methods followed for 
chemical determinations in this study.

The different parameters were evaluated at time 0, 15, 30, 45 and 
60 min during the activation time. And characterized 7 and 14 days after 
the activation to know the evolution of the different chemical species. 
The samples analysed for evolution where storage on a close flask at 4 ºC 
in a freezer. Before the characterization, the samples were left to reach 
environment temperature.

2.5. Microbiological procedure

Samples were inoculated with a commercial strain of Enterococcus 
faecalis (ATCC® 29212™). A fresh liquid culture was prepared by 
incubating E. faecalis in Luria-Bertani (LB) broth for 24 h at 37 ◦C under 
orbital shaking conditions. Following incubation, the bacterial suspen
sion was harvested via centrifugation at 4500 rpm for 15 min. The 
resulting bacterial pellet was resuspended in sterile saline solution 
(0.9 % NaCl) and subsequently diluted in the experimental reactor to 
achieve an initial concentration of 10⁶ CFU/mL.

Quantitative analysis of bacterial populations in the collected sam
ples was performed using both the drop plate and spread plate methods 
after serial decimal dilutions in sterile saline solution (0.9 % NaCl). For 
the drop plate method, three aliquots of 10 µL from each dilution were 
plated onto Slanetz & Bartley Medium ISO agar. In the spread plate 
method, a 100 µL aliquot of each diluted sample was uniformly 
distributed on agar plates using sterile glass beads. Plates were incu
bated at 37 ◦C for 48 h, after the colony-forming units (CFUs) were 
enumerated. The detection limit (DL) for each experiment was deter
mined using the spread plate method and was established at 10 CFU/mL.

2.6. Tetracycline measurement procedure

Tetracycline analysis was performed using a High-Performance 
Liquid Chromatography (HPLC) system (Agilent Series 1100). The 
chromatographic separation was achieved using a KromaPhase C18 
precolumn (5 µm particle size, 100 Å pore size, 10 × 4 mm; Scharlau), 
connected in series to a KromaPhase C18 analytical column (5 µm par
ticle size, 100 Å pore size, 150 × 4.6 mm; Scharlau). The mobile phase 
consisted of acetonitrile and 2 % acetic acid in a volumetric ratio of 
15:85 (v/v). The flow rate was maintained at 1.0 mL/min, with an in
jection volume of 5 µL.

The tetracycline degradation was analysed as the Eq. (1), where C0 is 
the initial tetracycline concentration, and Ct concentration at each time. 
This equation has been taken from (Meropoulis and Aggelopoulos, 
2023). 

D(%) =
C0 − Ct

C0
⋅100 (1) 

2.7. Process energy efficiency

The energy efficiency is an important factor in plasma systems. For 
this reason, the energy efficiency of the plasma system was calculated in 
terms of energy per order (EE0). That represents the amount of energy 
required for reducing the contaminant concentration in one order of 
magnitude (90 %) in 1 m3 of water, this energy efficiency factor, has 
been obtained from (Triantaphyllidou and Aggelopoulos, 2025) and is 
defined in Eq. (2). 

EE0 =
P (kW)⋅t(h)
V(m3)⋅log(C0

Ct
)

(2) 

Where “P” is the medium power consumption in kilowatts, “t” is the 
treatment time required for at least one order reduction in hours, “V” is 
the volume treated in cubic meters, “C0” is the initial concentration and 
“Ct” is the concentration at the time required for one order reduction. 
This efficiency was used for comparing both the biological inactivation 
and tetracycline degradation.

3. Results and discussion

The results are presented in two main sections: first, the chemical 
comparison between reactors and water matrices in terms of species 
generation and evolution in plasma-activated water (PAW). Second, a 
comparative analysis of pollutant removal efficiency, including disin
fection by-product (DBP) formation evaluation.

Unless stated otherwise, the data are represented using the following 
notation: DW (blue square), TW (red circle), and SWW (black triangle). 
Data from the 200 mL reactor are shown as dotted lines and hollow 
symbols; data from the 1000 mL reactor are shown as continuous lines 
and filled symbols. Pseudo–first-order kinetic constants for species 
generation are listed in Table S3, Table S4 provides an extended list of 
PAW-related reactions and last Table S5 shows the calculation of the 
energy efficiencies, all of them in the supplementary material.

3.1. Physical characterization of PAW

Due to the plasma treatment an increase in the concentration of 
different species was generated in the PAW, inducing the change of 
physical parameters of the samples. Some of them, like the pH have a 
direct impact on the PAW reactivity, not only in the pollutant removal 
but also in the reactions that take place (Lukes et al., 2014; Naítali et al., 
2010) as it will be discussed along the text. In Fig. 2A, the pH evolution 
shows a rapid decrease in the 200 mL reactor, reaching a pH of 3 withing 
15 min for DW and SWW. In contrast, this decrease was slower in the TW 
matrix, requiring 30 min. This slower kinetics (Table S3) can be attrib
uted to the presence of buffering substances, such as carbonates. Species 
like carbonates delay the pH reduction process induced due to the 
plasma treatment (Papalexopoulou et al., 2025). In the case of the 
1000 mL reactor the pH reduction was lower, for DW, it was stabilized in 
pH 4 after 30 mins of treatment. For SWW there was a slight reduction to 
pH 5 and in the case of TW there was no significant reduction after 
60 min of treatment. pH reduction is related with the increase in the 
nitrogen derived species (Machala et al., 2013; Lukes et al., 2014), as it 
will be discussed later, the nitrite and nitrate concentration increase 
with the treatment time, being responsible for the pH reduction.

The conductivity, shown in Fig. 2B, is directly related with the pH 
value. As some authors have previously reported (Ma et al., 2020; Naí
tali et al., 2010), a decrease in the pH is related to an increase in the 
electrical conductivity in the sample. In the 200 mL reactor, a rapid 
decrease in pH was observed, leading to an increase in the concentration 
of various dissolved species in the PAW. This is also reflected in the 
increased conductivity of the samples. There is not a significance dif
ference between aqueous matrices. In the case of the 1000 mL reactor, 
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the increase in the conductivity was lesser, with a lower kinetic rate 
mainly due to the less ratio plasma energy/volume (Table S3). Dissolved 
species in the PAW are directly related with the variations in the pH and 
conductivity values. It is known that higher values of nitrates reduce the 
pH values (Lukes et al., 2014; Bruggeman and Leys, 2009) and increase 
the conductivity (Figure S1 from supplementary material).

3.2. Chemical comparison between activation volumes in different 
reactors

Plasma treatment applied to the water, produce the generation of 
reactive species in the water. ROS will not only be generated in the water 
but also due to the interaction with the reactive species generated in the 
air. In the case of the nitrogen, reactive species generated in the water 
comes strictly from the nitrogen contained in the air (Machala et al., 
2013; Lee et al., 2021; Wang et al., 2022). Nitrogen species present in 
the plasma air phase like N2, NO2, NxOx (Bruggeman et al., 2016; 
Bruggeman and Leys, 2009) diffuse inside the water producing NO2 (aq) 
then, nitrogen species reacts in the water to generate nitrates and nitrites 
following the Eqs. (3− 4) (Lukes et al., 2014). 

NO2 (aq) +NO2 (aq) +H2O(l)→NO−
2 + NO−

3 +2H+ (3) 

NO(aq) +NO2 (aq) +H2O(l)→2NO−
2 +2H+ (4) 

The Fig. 3 presents the concentration changes of various chemical 
species over time during plasma treatment in two different volumes 
reactors. In Fig. 3A, the generation of nitrate is shown. In the case of the 
reactor of 200 mL, there was an increase of nitrate species during the 
first 15 min to reach a plateau for the rest of the treatment time in the 
different aqueous matrices. In the case of the 1000 mL reactor, the sta
tionary phase of formation and consumption of the nitrate was not 
reached, being necessary longer treatment times for reaching the 
plateau than in the smaller reactor. This difference was mainly to the 
increase of the reactor volume, while the plasma discharge was in the 
same range. In both reactors the concentration of nitrate reached was 
higher in TW then SWW and lastly DW. This difference could be 
explained for the initial concentrations in the samples, while in TW and 
SWW there were some dissolved nitrates in DW there were any. It is also 
possible to see how in the case of the DW the plateau in the 1000 mL 
reactor was appearing near the minute 45/60. This required time for the 
reactor of 1000 mL was near 5 times more than the required time for the 
200 mL reactor to reach the plateau. This additional required time will 
be seen along the discussion of the different species and pollutant 
removal and is mainly due to the increase of the volume of the reactor.

In Fig. 3B the nitrite generation in the reactor is shown. In this case 

there was a higher discrepancy between water matrixes. In the case of 
DW and the 200 mL reactor, it was seen that was produced for the first 
minutes, after 15 min of treatment it started to decompose, this effect is 
due to the Eq. (5) (Lukes et al., 2014; Anbar and Taube, 1954). The 
reaction rate of Eq. 5 is increased when the pH is reduced (Anbar and 
Taube, 1954). As seen in Fig. 2A, the pH for DW was reduced below 3 
after 15 min of treatment, moment where the nitrite concentrations 
decompose (Wang et al., 2022). In the case of the nitrite generation in 
TW in the reactor of 200 mL a similar effect occurred but after 30 min, 
required time for a pH lower than 3 (Fig. 2A). For SWW the concen
tration of nitrite in the water entered in constant value after 15 min, 
moment when the pH was near 3. For the reactor of 1000 mL, the 
concentration of nitrite generated was near 100 times lower than in the 
200 mL reactor, again due to the less ratio of energy per volume in this 
reactor. In this case, the Eq. 5 had importance mainly in DW, due to this 
was the only aqueous matrix in the 1000 mL reactor that achieve a pH 
lower than 3. In SWW and TW, as the pH was higher, the decomposition 
of nitrite was also lower, being the concentration of nitrite increased 
with a higher kinetic than DW (Table S3), and it was not produced the 
decomposition of the nitrite seen in the 200 mL reactor. Eq. 7 also 
participates in the consumption of the nitrite, as later will be discussed, 
but occurs in a much lower reaction rate than Eq. 5. 

NO−
2 + H2O2 +H+→NO−

3 + H2O+H+ (5) 

Water treated with plasma can also get enriched in ammonium. 
However, its formation from the nitrogen present in the water is more 
complex as it is required the reduction of the nitrogen from valence 6 +

(NO3
- ) or 4 + (NO2

- ) to valence 3- (NH4
+), following the Eqs. (6, 7), (Yang 

et al., 2021; Ren et al., 2015; Guo et al., 2015). In Fig. 3C, the ammo
nium production in the reactor is shown. As it can be seen the generation 
was slower but constant for all the conditions. The higher increase, in 
the case of the SWW, in comparation with DW and TW in both reactors, 
was due to the presence of the initial ammonium cation in different 
components of the SWW formulation (urea, meat extract, and meat 
peptone). However, most of the ammonium generated in SWW is coming 
from the urea hydrolyzation following the Eq. 8 (Schuchert-Shi and 
Hauser, 2008). In this reaction the generation of the ammonium was 
increased for an acid pH. The differences in ammonium production 
between the reactor of 200 mL and the 1000 mL were due to the pH 
difference (Fig. 2 A) while in the reactor of 200 mL was around 3 after 
15 min, in the reactor of 1000 mL reactor was 5 after the 60 min of 
treatment. 

NO−
3 +8e−(aq) +10 H+→NH+

4 +3H2O (6) 

Fig. 2. Evolution during plasma activation. Reactor of 200 mL discontinuous line, reactor of 1000 mL continuous line. DW (blue), TW (red), SWW (black). A)pH. B) 
Conductivity (μS/cm).
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NO−
2 +6e−(aq) +8 H+→NH+

4 +2H2O (7) 

NH2CONH2 + H2O+ H+→2NH+
4 +HCO−

3 (8) 

Plasma interaction with the water also generates oxygen reactive 
species. These ROS can be generated i) directly in water or ii) in air and 
then diffuse into water. This work focused on the study of more stable 
ROS like ozone and hydrogen peroxide dissolved on the bulk water. 
Fig. 3D illustrates the ozone concentration in both reactors along the 
treatment time. Based on the preliminary statement, the ozone was 
generated through two mains different vias, firstly, the ionization of the 
air generates it directly following Eqs. (9-10) (Amsalu et al., 2024), for 

later diffuse into the water. And secondly, it is possible to generate the 
ozone inside of the water due to reaction between short live reactive 
species derived from the oxygen, following the Eq. (11) (Lukes et al., 
2014; Papalexopoulou et al., 2025). Ozone dissolved in the water, not 
only can act as a precursor of other RONS (Eqs. 12–14) (Papalexopoulou 
et al., 2025; Zoumpouli et al., 2020; Von Gunten, 2003) but also can 
react directly with organic material dissolved (Eqs. 15–16) 
(Papalexopoulou et al., 2025; Von Gunten, 2003) or some metallic cat
ions present in the water (Eq. 17) (Wei et al., 2017). This reactivity was 
the reason for a low concentration in the reactor after treatment as will 
be discussed later. When working with 200 mL volume reactor the ozone 

Fig. 3. Evolution of the main species analysed during plasma treatment. Reactor of 200 mL discontinuous line, reactor of 1000 mL continuous line. DW (blue), TW 
(red), SWW (black). A) Nitrate (mg/L). B) Nitrite (µg/L). C) Ammonium (mg/L). D) Ozone (mg/L). E) Hydrogen peroxide (mg/L).
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concentration was proportionally increased along the treatment time, 
having a higher generation rate at the first 30 min, for this point the 
decomposition and generation rates were similar. The equilibrium be
tween formation and consumption of ozone in the DW, was mainly due 
to Eqs. (12–14), in the case of TW also had importance the Eq. (17)
where previous authors have reported the influence of the metal cations 
in the decomposition of oxidant species (Papalexopoulou et al., 2025). 
In the reactor of 1000 mL, the reaction rates (shown in table S3) were 
much lower passing from values of 0.055 down to 0.005 mg/L and not 
achieving 0.5 mg/L after 60 min of treatment in any of the aqueous 
matrices due to the scaling of the reaction volume. 

O2 + e− →2O+ e− (9) 

2O+2O2→2O3 (10) 

O(aq) +O2 (aq)→O3 (aq) (11) 

O3 (aq) +OH− →HO−
2 +O2 (12) 

O3 (aq) +HO−
2 → • OH+ O−

2 +O2 (13) 

O3 (aq) +O−
2 → O−

3 +O2 (14) 

O3 + OM1→OM1(ox) (15) 

O3 + OM2→OM+
2 +O−

3 (16) 

O3 + Fe2+→Fe3+ +O−
3 (17) 

Besides, in Fig. 3E, the evolution of hydrogen peroxide in both re
actors is also shown. Once again, the H2O2 generated in the 200 mL 
reactor (maximum values near 7 mg/L) was again higher than in case of 
the 1000 mL reactor (maximum values near 1 mg/L). This can be 

explained due to the fact that the same source of energy was employed 
and so the energy/volume ratio was diminished. The low-rate formation 
of hydrogen peroxide was related with the high reactivity of the mole
cule with the rest of the components in the PAW. Hydrogen peroxide was 
mainly produced following the Eqs. (18, 19) (Kooshki et al., 2024; Rocha 
et al., 2025). The Eq. (19) can occur either in gas state or in liquid phase. 
Hydrogen peroxide has a high reduction potential (E0 = 1.76 V), 
reacting quickly with other components form the PAW, some reactions 
had already been discussed, like in Eq. (5). But also, can experience a 
similar reaction process with organic matter than ozone (Kooshki et al., 
2024) (Eqs. 15–16), or being induced a Fenton effect in the presence of 
metallic anions like Fe (Kooshki et al., 2024). Lastly the mutual reaction 
between hydrogen peroxide and ozone Eq. (20) (Zhang et al., 2025) 
known as peroxone reaction can produce hydroxyl radicals capable of 
high degradation rates. Hydrogen peroxide is also decomposed into 
water by thermal decomposition. 

2H2O→H2O2 +2H+ +2e− (18) 

•OH(g,aq) + • OH(g,aq)→H2O2 (19) 

O3 +H2O2→H2O+ O2 + • OH (20) 

Table 1 compiles information on the characterization of chemical 
species carried out in studies conducted by other authors. As it can be 
seen, in the final chemical composition of the PAW, there are some 
variables that exert a more notable influence, like the gas ionized, the 
type of the water or the type of plasma employed. For instance, tech
nologies where argon or oxygen are ionized, higher concentration of 
oxygen derived species are produced (Meropoulis and Aggelopoulos, 
2023; Papalexopoulou et al., 2025) and less of nitrogen derived species, 
while air produced lower rates of ROS and higher concentration of ni
trogen species than argon plasmas. Additionally, technologies based on 
dielectric barrier discharge (DBD) or plasma bubbles induced higher 

Table 1 
Recopilation of chemical species characterized in other works.

Plasma system Treatment 
time

Volume 
treated

Solution pH Gas H2O2 NO2
- NO3

- O3 NH4
þ Units Ref

Pulsed 
discharge

​ ​ Phosphate 
buffer

3.30 O2/N2 0.20 0.09 0.13 ​ mmol/ 
L

(Lukes et al., 2014)

Pulsed 
discharge

​ ​ Phosphate 
buffer

6.90 O2/N2 0.21 0.10 0.14 ​ mmol/ 
L

(Lukes et al., 2014)

Microjet 20 min 20 mL ​ 4.50 air 21.00 37.00 ​ ppm (Liu et al., 2010)
Micropulsed 

plasma 
bubbles

20 min ​ DW 3.0 air 1.50 ​ 200.00 1.75 mg/L (Papalexopoulou 
et al., 2025)

Micropulsed 
plasma 
bubbles

20 min ​ TW 7.50 air 0.50 ​ 175.00 0.10 mg/L (Papalexopoulou 
et al., 2025)

gas-liquid DBD 20 min ​ DW 1.50 O2/air 420.00 ​ 1650.00 15.00 mg/L (Papalexopoulou 
et al., 2025)

Plasma 
microbubles

20 min ​ DW 6.20 air 2.00 0.50 25.00 0.15 mg/L (Meropoulis and 
Aggelopoulos, 
2023)

gas-liquid DBD 20 min ​ DW 3.50 AIR 23.00 3.00 275.00 1.00 mg/L (Meropoulis and 
Aggelopoulos, 
2023)

DBD-Cu 
electrode

30 min ​ TW 3.10 ​ 0.10 17.00 ​ ​ mg/L (Kooshki et al., 
2024)

DBD-Ce 
electrode

30 min ​ TW 3.10 ​ 15.00 2.00 ​ ​ mg/L (Kooshki et al., 
2024)

Plasma jet 1 min 0.1 mL DW 4.0 argon 8.00⋅10− 6 1.00⋅10− 4 2.9⋅10− 6 mol/L (Van Gils et al., 
2013)

Plasma jet 15 ​ TW Air 8.70 10.00 23.00 ​ Ppm (Ma et al., 2017)
Plasma jet 15 ​ TW Nitrogen 1.70 2.50 0.15 ​ ppm (Ma et al., 2017)
Pulsed plasma 60 min 200 DW 2.60 air 2.50 1.17 89.45 1.32 0.87 ppm This work
Pulsed plasma 60 min 200 TW 2.70 air 3.30 15.00 112.30 1.53 0.97 ppm This work
Pulsed plasma 60 min 200 SWW 2.60 air 7.74 19.00 114.75 2.00 3.02 ppm This work
Pulsed plasma 60 min 1000 DW 3.50 air 0.11 5.33 53.35 0.32 0.30 ppm This work
Pulsed plasma 60 min 1000 TW 6.40 air 0.00 12.66 99.40 0.54 0.38 ppm This work
Pulsed plasma 60 min 1000 SWW 4.80 air 0.91 11.67 110.40 0.59 0.63 ppm This work

J.I. Quintana-Terriza et al.                                                                                                                                                                                                                   Process Safety and Environmental Protection 207 (2026) 108353 

7 



concentrations of oxygen derived species than other technologies based 
in the generation of the plasma discharge above the water surface, like 
spark or pulsed discharge which produce higher concentration of ni
trogen derived species.

3.3. Physicochemical evolution of water composition after plasma 
treatment

After analysing the species generated during the treatment time, the 
evolution of them through two weeks was studied. Physicochemical 
values are constant after the treatment as it is shown in Figure S2
(Supplementary Material). Previous studies (Lukes et al., 2014) had 
demonstrated that PAW does not have a significant change in the 

Fig. 4. Evolution after activation for two weeks. Reactor of 200 mL discontinuous line, reactor of 1000 mL continuous line. DW (blue), TW (red), SWW (black). A) 
Nitrate (mg/L). B) Nitrite (mg/L). C) Ozone (mg/L). D) Ammonium (mg/L); E) Hydrogen peroxide (mg/L).
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physicochemical properties. However, it can be a variation in the water 
composition and in the concentrations of the different species during the 
first minutes after the treatment (Lukes et al., 2014). The stability of the 
pH was mainly produced for the generation of nitrogen acidic species 
which are stable, like nitrates dissolved in the water (Machala et al., 
2013; Lukes et al., 2014). Besides, the pH stability is also responsible for 
the conductivity constant value (Thirumdas et al., 2018).

In Fig. 4 the evolution of every analysed specie is shown. In the case 
of the nitrate Fig. 4A, the concentration remained stable for most of the 
samples treated in the 200 mL reactor. Previous studies (Lukes et al., 
2014) have reported similar results where the nitrate concentration was 
usually stable, while nitrite concentration was reduced along the time to 
nitrate. In the 1000 mL reactor, TW displayed similar behaviour to the 
analogous of 200 mL reactor, but for those cases of SWW and DW, there 
was a reduction in more of the half of the concentration after one week 
of the treatment and in the case of the SWW, was even lower two weeks 
later. It has not been possible to find a proper explanation for the 
reduction of the nitrate concentration under these circumstances. 
However, some possible justifications have been theorized but require 
further analysis for confirmation. I) Biological process of denitrification 
where some bacteria in presence of organic or inorganic carbon can 
reduce nitrate to nitrogen in absence of oxygen. Some of these bacteria 
are Pseudomonas stutzeri or Bacillus subtilis, both can be in airborne state 
and do not suppose a risk for human health, being possible to be in the 
lab during the experimental sessions and enter in the water sample. This 
will mainly explain the reduction in the case of SWW. In the case of DW, 
as there is not carbon, the nitrification process would not happen, unless 
some carbon contamination of the sample or the reactor has occurred 
(Wang et al., 2024; Zumft, 1997). II) Reduction of the nitrate to nitrite or 
ammonium (in presence of organic matter), this process is the inter
medium phases of the one described previously. However, the concen
tration of both species (nitrite and ammonium) was reduced during the 
post-treatment time as seen in Fig. 4 B, C (Wang et al., 2024; Zumft, 
1997). III) Nitrate could be assimilated by some microorganisms to 
generate amino acids (Wang et al., 2024; Zumft, 1997).

The nitrite concentration was also reduced along the time in all the 
aqueous matrices and in different reactor volumes, mainly due to the Eq. 
(5). In the case of the TW in the 1000 mL reactor the nitrite concen
tration was not reduced due to neutral constant pH of the samples 
(Fig. 2A) and to the lack of hydrogen peroxide after the treatment (Fig. 4
E). The ammonium concentration during the post treatment time was 
constant, suggesting that it was a stable specie. Previous studies (Rezaei 
et al., 2019) showed a 75 % reduction of the nitrite concentration from 
the initial value after a few hours of treatment, and a reduction of more 
than 50 % in the hydrogen peroxide concentration while the nitrate was 
increased. This was correlated with the results obtained where in gen
eral the nitrite was reduced when the pH is acid while the nitrate was 
increased.

In the case of the oxygen derived species (Fig. 4 D, E), both had a 
similar tendency, and after one week there were not any specie detected. 
Despite that, in acidic pH, ozone shows higher lifetime than in neutral or 
basic pH. Normally, dissolved ozone slowly decomposes into oxygen 
with a half-life of 20–30 min (Van Gils et al., 2013; Khadre et al., 2001). 
Ozone in TW was also decomposed by reacting with metallic ions (Eq. 
17), and in the case of SWW, the interaction with the organic material in 
water produces its depletion (Eqs. (15− 16)). The hydrogen peroxide had 
a similar reactivity; it reacts and oxidize fast with the species contained 
in water.

3.4. Pollutant removal efficiency

Pollutant removal efficiency is based on two main factors, on one 
side the direct interaction of plasma with the main pollutant and on the 
other side by the reaction of the species generated by plasma (Van Gils 
et al., 2013). From the species and parameters analysed in this work, the 
main ones that participate in the degradation of the pollutants, usually 

are ozone, hydrogen peroxide, and the short time reactive species 
generated during the discharge like hydroxyl radical, singlet oxygen, 
peroxynitrates (Machala et al., 2013; Wang et al., 2022; Khlyustova 
et al., 2019) among others. Additionally, the pH has a key role in the 
degradation and the chemical species generation rates (Wang et al., 
2022). However, short time reactive species have not been measured in 
this work .

In Fig. 5 the pollutant removal efficiency is depicted. For E. faecalis 
inactivation, in the 200 mL reactor, short treatments times were needed 
for reaching at least 5 log reductions, 5 min, 20 min and 10 mins for DW 
Fig. 5A, TW Fig. 5B and SWW Fig. 5C, respectively, when E. faecalis was 
the unique pollutant in the aqueous matrix. The required time was 
increased in most of the aqueous matrices with the 1000 mL reactor, 
requiring 40 min and 20 min for DW and TW. For SWW, no reduction 
was observed in the 1000 mL reactor. The changes between reactors 
were related to the lower generation rate of reactive species for higher 
volumes (kinetics shown in Table S3), and the smaller concentration of 
ozone (0.5 mg/L in the 1000 mL reactor and 1.25 mg/L in the 200 mL 
reactor) and hydrogen peroxide as previously discussed. In the case of 
the TW there were no difference between reactors, mainly associated to 
the presence of low concentration residual chloride (Table S1, Supple
mentary Material). The residual chlorine in the presence of the plasma 
can generate reactive chlorine radicals and hypochlorite radicals 
(Anbar, 1964). Some authors (Papalexopoulou et al., 2025) have 
remarked the enhance that those species produce to the inactivation of 
bacteria and in the pollutant degradation. The increase in the treatment 
time can be also related to the higher pH measured in the 1000 mL 
reactor. Authors like Ikawa et al. (Ikawa et al., 2010) have reported that 
pH must be lower of 4.7 for bactericide effects. Additionally, Ikawa et al. 
study obtains 6 logarithmical reductions in 3 min in a volume of 500 µL, 
supposing a linear scalability, would be required more than 2 h of 
treatment (this estimation is make only having in consideration the 
treatment times and volumes). Ma et al. (Ma et al., 2017) achieved 5 
logarithmical reductions of E. coli in near 35 min on air jets, while using 
nitrogen jets there is not a significance reduction observed after 50 min, 
suggesting that the ROS generated have a key role in bacteria inacti
vation. Van Gils et al. (Van Gils et al., 2013) achieve 6 reductions in 
120 s in a volume of 100 µL with an air plasma jet. The energy efficiency 
per order in previous works is much higher than the obtained in this 
works, calculated in the Table S5. The efficiency for only E. faecalis in 
the reactor of 200 mL was 2.14 kW/m3 while in the 1000 mL was 
7.5 kW/m3.

When tetracycline was added to the reactors (green lines in Fig. 5A, B 
and C), the treatment times to achieve complete inactivation of 
E. faecalis was increased. In the reactor of 200 mL, for DW was required 
25 additional minutes of treatment for reaching the same reduction 
percentage and in the case of SWW 20 additional minutes were needed. 
For TW, a similar behaviour was obtained needing the same time, due to 
the presence of residual chloride, as previously discussed. Something 
similar occurs with the energy efficiency per order, where the addition 
of the tetracycline in the system increased the EEO to 35 kW/m3 for DW. 
For the reactor of 1000 mL in case of DW and TW the treatment time was 
the same than in case of treating a single contaminant, however as the 
volume was larger the efficiency was better in the 1000 mL reactor with 
an efficiency of 7.1 kW/m3 for DW. For SWW, no reduction in 1 h were 
reached. The increase in the reaction time between the presence of one 
or more contaminants and the reduction in the energetic efficiency per 
order reduction (from 2.14 kW/m3 for DW when there is only E. faecalis 
to 7.5 kW/m3 when there are both contaminants in the reactor of 
200 mL) suggested that there was a competition of the reactive species 
between contaminants. Being reduced the depletion efficiency with 
concurrent pollutants in water. This hypothesis was also confirmed with 
the treatment of the samples of SWW. While it was possible to achieve 5 
log reductions in the E. faecalis concentration, there was any reduction 
reached when E. faecalis and tetracycline were dissolved in the sample 
for the 1000 mL reactor.
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In Fig. 5D, E, F, tetracycline removal in the different conditions 
discussed are shown. For the reactor of 200 mL faster rates of tetracy
cline degradation were achieved, reaching between 90 % and 99 % 
removal efficiencies in all the aqueous matrices at 60 min of reaction 
and depicting energy efficiency per order values of 68, 87 and 137 kW/ 
m3 for DW, TW and SWW, respectively, for single tetracycline pollutant. 
In the case of tetracycline removal, there was not a significance differ
ence between the presence of one or two contaminants. However, there 
were differences between reactors. In the reactor of 1000 mL, the 
removal after one hour of treatment was lower, achieving near 30 % for 
DW, 50 % for TW and 15 % for SWW. The presence of E. faecalis in the 
reactor did not make a significance difference in the degradation rates of 

the tetracycline. Once again, the higher degradation rates in TW were 
due to the activation of the residual chloride coming dissolved in the tap 
water. Chloride anions in the presence of the plasma generates reactive 
chlorine and hypochlorite radicals that enhances tetracycline degrada
tion (Fang et al., 2022). Although it is possible to degrade tetracycline 
with direct plasma technologies, the total mineralization was lower. 
Only a reduction of 3.1 % of the total organic carbon conversion was 
observed for DW, 0.8 % for TW, and 12.6 % for SWW. This plasma 
treatment demonstrates good performance in the removal of tetracy
cline but lacks sufficient energy input to achieve complete mineraliza
tion of the pollutant. Previous works (Wu et al., 2025) with a needle to 
plane reactor discharge, have achieved 80 % in tetracycline removal 

Fig. 5. Pollutant removal efficiency, in the reactor of 200 mL (discontinuous line), in the reactor of 1000 mL (continuous line). Treatment for separate (pink colour) 
or in combination (green colour). Control (black) in the different aqueous matrices No plasma with tetracycline and E. faecalis A) E. faecalis inactivation in DW; B) E. 
faecalis inactivation in TW, C) E. faecalis in SWW. D) Tetracycline degradation in DW. E) Tetracycline degradation in TW. F) Tetracycline degradation in SWW.
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with near an 8 % of mineralization. Other studies (Fang et al., 2022) 
have achieved 81.5 % removal with air plasma reactor and 96.5 % 
removal with oxygen plasma reactor. These degradation rates are a bit 
lower than the ones achieved in this work of near 90–99 % for the 
200 mL. Achieving a high mineralization rate is a challenge where 
plasma technologies are increasing its efficiency along the years.

Macroscopic images of the bacterial colonies can be seen in Sup
plementary Figure S3. Controls were performed for each aqueous ma
trix, and 25 ppm of tetracycline and E. faecalis were added.

3.5. DBP formation and evaluation

Lastly some inorganic and organic DBPs were analysed. In the 
Table 2 all the measured DBPs in this work are shown. From the organic 
DBPs, bromodichloromethane, dibromochloromethane and bromoform 
have not been detected, being the chloroform the only one observed. 
With a concentration of 2.22, 2.45 and 2.43 µg/L for DW, TW and SWW 
in the 200 mL reactor and with a higher appearance in the 1000 mL 
reactor, showing values of 5.06, 8.62 and 9.51 µg/L for DW, TW and 
SWW. These values were much lower than the legal maximum (100 µg/ 
L) of potable water for consumption in Spain (Real Decreto 3/2023, 
2023). For the inorganic DBPs, mainly the ones derived from chloride 
and bromide were analysed, not being detected any of them. Previous 
studies corroborate that non thermal plasmas treatment does not pro
duce dangerous DBPs (Guo et al., 2025). However, bromate was not 
produced because no bromide was present in the samples before treat
ment. To evaluate whether this transient spark plasma discharge could 
produce bromate, bromide-spiked samples were treated with plasma. 
The results showed an increase in bromate concentration of approxi
mately 1.732 mg/L and a reduction in bromide of 0.973 mg/L. The 
conversion pathway from bromide to bromate can be represented by Eq. 
(21) (Morrison et al., 2023). The concentration of bromate is not yet 
regulated in Spanish wastewater reuse regulations (Real Decreto 
1085/2024, 2024). However, drinking water regulations establish a 
maximum permissible concentration of 10 µg/L (Real Decreto 3/2023, 
2023). 

Br− ̅→O3 OBr
/
HOBr̅→O3 BrO−

2 ̅→
O3 BrO−

3 (21) 

Most of the THMs are generated by reaction of chlorine with the 
organic matter (Kali et al., 2021). Among the main THMs, chloroform is 
the most stable, being the one with a higher persistence in the water 
(Kali et al., 2021), being possible to find it even before the chlorination 
treatment. Some authors (Gao et al., 2023; Breider and Hunkeler, 2014), 
have reported the presence of chloroform before the treatment. How
ever, chloroform could have been generated in the samples due to the 
oxidation of the chloride anion, as previously reported by the authors 
(Breider and Hunkeler, 2014). The main pathway involves the oxidation 
of the chloride anion by plasma-generated oxidative species such as 
ozone, singlet oxygen, or hydroxyl radicals, producing chlorine and 
hypochlorite radicals. These radicals react with the organic matter dis
solved in the water to form chlorinated organic intermediates. This re
action is followed by stepwise halogenation, ultimately producing 
chloroform. Once formed, chloroform can persist in the medium for long 

times.
Non-thermal plasma treatments are a good alternative; not only 

because chlorine is not required for pollutant removal, but also because 
plasma technologies have the ability to degrade certain THMs. Gao et al. 
(Gao et al., 2023) evaluated the ability of a plasma bubble discharge 
system to reduce different DBPs. They also reported initial concentra
tions of certain THMs such as chloroform being reduced from 16 µg/L to 
approximately 3 μg/L in one hour of treatment. Morrison et al. 
(Morrison et al., 2023), reported a 70 % reduction in THMs using a DBD 
discharge. Sarangapani et al. (Sarangapani et al., 2018) used a plasma 
treatment achieving a reduction of near 70 % of total THMs concen
tration after 30 mins of treatment.

Considering previous reports in literature (Guo et al., 2025; Gao 
et al., 2023; Sarangapani et al., 2018) it is likely that the detected 
chloroform was not generated during the process, but it was being 
decomposed and reduced from the one already existing in the water 
samples. Additionally, in some data not published yet by this research 
team, there was reached near a 75 % reduction in the total concentration 
of THMs after one hour with the same plasma treatment in a reactor of 
200 mL. It is possible to conclude that this plasma discharge technology 
not only can remove pollutants in water but also can degrade present 
DBPs like THMs. While no additional THMs were generated. Consid
ering this, the lower concentration observed in the reactor of 200 mL 
comparing to the 1000 mL can be explained by the higher degradation 
of chloroform in the 200 mL reactor as it has been reported along this 
manuscript.

Lastly, after comparing the chemical production, pollutant removal 
efficiency, and DBPs formation in both reactors, it is crucial to evaluate 
the scalability of the technology. This transient spark discharge, char
acterized by low energy consumption, has proven to be an effective 
method for pollutant removal without the need for chemical additives 
and without generating DBPs above regulatory limits. However, the 
primary limitation of this technology lies in the technical challenges 
related to scaling up the treated volume. Although it operates with high 
energy efficiency, the requirement for high voltage and the limitations 
of power supplies constrain the maximum plasma discharge volume. 
Scalability could potentially be achieved through continuous-flow 
treatment modes, processing smaller volumes with treated water stor
age, but this aspect exceeds the scope of the present study.

4. Conclusions

This work demonstrates that this plasma is a viable technology for 
water treatment in different water samples compositions. This technol
ogy can remove different pollutants from the water and being safe due to 
low DBPs detection. Only chloroform was detected but in a very low 
concentration, lower than 2.5 µg/L for the 200 mL reactor and less than 
10 µg/L for the 1000 mL reactor for the same treatment time. Chloro
form is thought to be removed from the water samples due to the plasma 
treatment.

The water composition plays a key role in the reaction between 
RONS altering the concentration in the PAW. The changes in the pH 
during the plasma treatment also have influence in how those species 
evolve after the treatment. Additionally, the volume of the reactor for 

Table 2 
Inorganic and organic DBPs concentrations.

Sample 
code

[Chloroform], (µg/ 
L)

Bromodichloromethane (μg/ 
L)

Dibromochloromethane (μg/ 
L)

Bromoform (μg/ 
L)

Chlorite (mg/ 
L)

Bromate (mg/ 
L)

Chlorate (mg/ 
L)

DW200 2.220 ND ND ND ND ND ND
TW200 2.453 ND ND ND ND ND ND
SWW200 2.433 ND ND ND ND ND ND
DW1000 5.063 ND ND ND ND ND ND
TW1000 8.622 ND ND ND ND ND ND
SWW1000 9.516 ND ND ND ND ND ND

*ND Non-detected
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this type of technology is an important factor. During the treatment the 
nitrate concentration rises, while the nitrite shows an initial increase 
followed by a reduction due to the reaction of this specie with hydrogen 
peroxide to generate nitrate. Ammonium and ozone were also increased 
during the treatment time, and the hydrogen peroxide had a similar 
effect than nitrite. After the treatment, in general nitrate and ammonium 
remained constant for most of the conditions evaluated. Nitrite had slow 
reduction in most of the samples, being the rate higher for samples with 
a lower pH value. Lastly, ozone and hydrogen peroxide are highly 
reactive species; therefore, they were not detected one week after the 
treatment..

There is a clear influence between chemical species generated in the 
PAW and the pollutant removal efficiency in the reactor. Lower con
centrations of reactive species conduct to lower pollutant removal effi
ciency. There is a direct impact in the pollutant degradation efficiency 
and the number of pollutants in the sample. For the degradation of 
E. faecalis, the presence of tetracycline increased the treatment time 
required for complete depletion of the bacteria, also the energy effi
ciency per order was increased from 2.14 to 12.34 kW/m3. So, when 
there was more than one contaminant in the reactor higher treatment 
times for same level of pollutant removal, were required. Implying there 
is a competition between plasma species and the pollutnats removed. 
Although plasma is a good technology for tetracycline degradation, it is 
necessary to combine with other technologies for a proper mineraliza
tion of the totality of organic matter.

In this study, the main chemical changes were evaluated in different 
types of water and reactors of different volumes, showing that higher 
concentrations of reactive species were achieved in the 200 mL reactor. 
In addition, higher pollutant removal efficiencies were achieved in this 
reactor. Finally, the capacity of this technology was evaluated not only 
regarding the absence of THM formation, but also its ability to degrade 
existing THMs.
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