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ABSTRACT

Non-thermal plasma (NTP) has emerged as a promising, electrified technology for
the degradation of pharmaceutical pollutants in wastewater. In this study,
ambient air NTP was employed to degrade sulfadoxine (SDX), a sulfonamide
antibiotic, using a pin-to-water dielectric barrier discharge (DBD). Plasma
treatment alone achieved complete SDX degradation within 45 minutes, with only
33% mineralization after 90 minutes. To enhance performance, a hybrid plasma-
assisted Fenton process was developed by introducing Fe?* ions, enabling total
SDX removal in just 20 minutes and achieving 33% mineralization in 30 minutes.
The hybrid system also reduced nitrate (NOs”) accumulation by over 75%
compared to plasma alone. Long-lived reactive species including H202, NO2~, and
NOz~ were quantified over treatment time. High-resolution mass spectrometry
(HRMS) identified six transformation products (TPs), four of which are reported
for the first time contributing new mechanistic insight into plasma-based
sulfonamide degradation pathways. These were primarily formed through
desulfonation, aromatic bond cleavage, and hydroxylation pathways. In silico
ecotoxicity screening using ECOSAR revealed that several TPs were as toxic or
more toxic than the parent compound, particularly under chronic exposure to
aquatic organisms. These results underline the effectiveness and relevance of
plasma/Fenton processes for the treatment of sulfonamide-contaminated water,
while also highlighting the need for ongoing assessment of TPs' toxicity.
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1. Introduction

Water pollution has emerged as a prominent research field, due to the escalating ecological pressure coming
from the increased human activity. The active compounds of the pharmaceutical products, such as antibiotics, are
among the greatest contributors to this issue. The widespread usage of antibiotics has resulted in their pervasive
presence within the environment, inflicting considerable harm upon aquatic ecosystems [1-4]. The profoundly
toxic nature of these compounds, even at minimal concentrations, has aroused the necessity for extensive
research over their environmental fate [5, 6]. Sulfadoxine (SDX), a sulfonamide used for the treatment of malaria,
has gained significant attention from regulatory bodies due to the looming risks associated with the development
of antibiotic resistance [7-9]. This has aroused the necessity for the development of novel water treatment
technologies, spurring the exploration of Advanced Oxidation Processes (AOPs) as a promising and
environmental-friendly approach for degrading persistent organic pollutants. [10-13]. The core principle of AOPs is
the generation of oxidative hydroxyl radicals (-OH) that can react, effectively and non-selectively with all the
organic pollutants in water [10, 11, 14, 15].

Recent advancements in AOPs have proposed the use of non-thermal plasma (NTP) as a green, electrified
alternative [16-20]. While NTP is known for generating a broad range of reactive oxygen and nitrogen species
(RONS), its mechanisms of antibiotic degradation, the nature of transformation products formed, and their
ecotoxicity implications remain underexplored. Recent studies have expanded on this, showing that atmospheric
plasma discharges produce a wide spectrum of reactive oxygen and nitrogen species that contribute to both
oxidative and nitrosative degradation of contaminants [21, 22]. NTPs in air-rich atmosphere are capable of
generating reactive oxygen and nitrogen species (RONS) with varying oxidative potential [23, 24] and are thus a
promising technology for water treatment [25, 26]. Short-lived species (e.g. ‘OH, ‘O and ‘HOO), produced by
plasma systems exhibit high reactivity, triggering mechanisms that lead to the degradation and transformation of
organic contaminants [27]. Despite their brief lifespan, hydroxyl radicals emerge as the dominant species within
this system, typically oxidizing the majority of organic compounds present in the aqueous solution, while also
engaging in recombination reactions to form H,O; [28, 29]. In addition to hydroxyl chemistry, plasma-water
systems generate nitrogen-based radicals (e.g., NO,:, NO*, N,Os), which may participate in side reactions such as
nitrosation under acidic conditions [30, 31]. The long-lived RONS formed in water upon interaction with air
plasmas, i.e., e.g., H,O,, NO2 and NOs, generally exhibit mild reactivity. H,O, does not react with organic
pollutants directly but serves as a valuable source of hydroxyl radicals when acting synergistically with other
reagents, catalysts, or radiation [32]. Furthermore, NOx species have been observed to interact with organic
species, initiating transformative mechanisms [24, 26, 33, 34]. The generation of hydroxyl radicals, alongside
secondary RONS, underscores the potential of plasma-assisted AOPs [21, 35-40]. Notably, the absence of
additional reagents or produced waste in plasma-based processes indicate the green character of such systems
[41-43].

Fenton process represents one of the most commonly employed AOPs in the wastewater treatment field due
to its conceptual simplicity and modest equipment requirements [44-46]. However, it presents notable limitations,
such as the generation of substantial quantities of chemical sludge (iron sediment) and increased consumption of
chemicals like H,O, and acids for pH adjustment [44]. Recent efforts have proposed hybrid plasma-assisted
Fenton systems as a way to address these limitations, leveraging plasma-generated H,O, and HNO; to sustain
radical production and maintain acidic conditions without external dosing [38, 47-51]. Despite these promising
developments, most studies to date have focused on model dyes or general organics, with limited exploration into
pharmaceutical pollutants, especially sulfonamides, and scarce attention to mechanistic insights, transformation
product formation, or ecotoxicity implications.

While AOPs offer significant benefits in terms of degrading target contaminants, achieving total mineralization
(removal of Total Organic Carbon, TOC) is often limited. This limitation is indicative of the formation of secondary
intermediates known as Transformation Products (TPs), which are categorized as emerging contaminants [52-54].
It is typically assumed that TPs are less toxic than the parent compound, although this isn't always the case [55,
56]. Given the promising potential of plasma-assisted applications, it is important to elucidate the mechanism of
degradation, as well as the toxic potential of generated TPs, from such processes. This aspect has been
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investigated extensively in various organic contaminants, including sulfonamides, with a range of mechanisms
reported, including hydroxylation, bond cleavage, oxidation, reduction, and nitration [57-60].

In this study, we delve into the efficacy of NTP in degrading SDX, exploring various operational parameters of
NTP including the kinetics of long-lived RONS such as H202, NOz" and NOs'. Additionally, we significantly enhance
the process efficiency, targeting higher degradation rates and improved mineralization, while mitigating the
presence of dissolved N-containing compounds in treated samples, by employing a synergistic Fenton reaction
through a hybrid plasma-assisted Fenton oxidation process. Furthermore, we conducted an investigation into the
degradation mechanisms, which involved identifying 6 TPs, 4 of which are reported for the first time filling the
research gap of occurring transformation mechanisms. To assess the ecotoxicity (both acute and chronic) of the
generated TPs on fish, daphnids and green algae organisms, we employed a Quantitative Structure-Activity
Relationship (QSAR) software named ECOSAR. Thus, this study aims to fill the gap in mechanistic understanding by
investigating the detailed transformation pathways and ecotoxicological risks associated with plasma-based and
plasma/Fenton SDX degradation. The identification of four novel transformation products, the time-resolved
analysis of long-lived RONS, and insights into potential nitrosation pathways distinguish this work from earlier
studies and contribute to the responsible development of AOP-based treatment systems.

2. Methods

2.1. Standards, Reagents and Chemicals

An analytical grade standard (>95%) of Sulfadoxine was supplied by Supelco, USA. For the experiments,
synthetic samples of 5 mg/L SDX were employed, in ultrapure water (18.2 MQ x cm) from a purification system
(MilliQ, Millipore, USA). FeS04-7H,0 supplied by Sigma-Aldrich, USA, was used for the Fenton related experiments,
with a concentration of 2.6 mg/L FeSO4-7H,0. For the HPLC mobile phases, HPLC grade Water and Methanol were
supplied by Merck, Germany.

2.2, Plasma Processing and Diagnostics

The plasma treatment of aqueous solutions was conducted in ambient air using a non-thermal, dielectric
barrier discharge (DBD) plasma reactor with a pin-to-water configuration (Fig. 1). The aqueous solutions (100 ml)
were placed inside a cylindrical glass container of 100 mm diameter that was positioned on top of a stainless-steel
grounded electrode, while a pin electrode connected to a high-voltage (HV) power supply was facing the water
surface. The glass bottom along with the water medium serve as the dielectric barriers and the electrode gap was
fixed at 20 mm. The electrode gap here is defined as the distance between the pin's tip and the grounded
electrode. The discharge gap i.e. the distance between the pin’s tip and the water surface is approximately 4 mm.

power supply 4 < i
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pmhp

high voltage
electrode

oscilloscope

g )

glass

Voltage-current
measurements
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resistor

grounded
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Figure 1: Experimental set-up for plasma processing of the aqueous solutions of sulfadoxine.

3



Bizirtsakis et al. Journal of Chemical Engineering Research Updates, 13, 2026

The plasma was generated by supplying sinusoidal AC high-voltage signals (PVYM500) of around 6 kV peak-to-
peak at a fixed frequency of 19.4 kHz. The voltage and current signals were recorded using a high-voltage probe
(TT-HPV 2739, Testec) and a shunt resistor (1 kQ), respectively. The signals were monitored via a Rigol DS2202A
digital oscilloscope. The discharge power was calculated from the product of the time-dependent voltage v(t) and
current i(t) integrated over one period (T). Optical emission spectroscopy (OES) measurements were performed
using a wideband UV-Vis-NIR spectrometer (FR-Mini, ThetaMetrisis) connected to a 400 pm optical fiber adjusted
to a 25 mm collimating lens.

To prevent localized oxidation at the discharge site, continuous stirring was applied.
2.3. Instrumental Analysis

Sulfadoxine was determined using a CBM-20A HPLC (Shimadzu Europa GmbH, Germany), coupled to a Diode
Array detector set at 215 nm. For the analysis, a Shim-pack GIST C18 reverse phase column, 5 pm, 150 x 4.0 mm
(Shimadzu, Japan), was employed similar to previous work [61]. For the detection and identification of Sulfadoxine
TPs, a Q Exactive™ Focus Orbitrap LC-MS/MS (Thermo Fisher Scientific, Germany), was used as described in a
previous study [52]. The H,O, concentration was determined using the iodide method [62], while the NOy species
concentration was measured spectrometrically using Nitrate Test kit method (109713, Superlco, USA). For the Total
Organic Carbon (TOC) measurements, a TOC-5000A Analyzer system (Shimadzu Europa GmbH, Germany) was
utilized. The limit of detection (LOD) of the analysis was 0.1 mg/L. For the Total Nitrogen (TN) measurements, a
TOC-L Analyzer system (Shimadzu Europa GmbH, Germany) was utilized. The LOD of the analysis was 0.02 mg/L.
Prior to HPLC, TOC and TN analysis, all samples were filtered with Nylon syringe 0.22 pym filters supplied by
LabSolutions, Greece. The pH and electrical conductivity of the samples were measured with a digital pH-meter
(InoLab 750, WTW). No additional preservation measures were taken after sampling, as samples were analyzed by
HPLC within minutes of collection. Furthermore, a previous study [61] demonstrated that SDX does not degrade in
the presence of H,O, alone, in the absence of UV light. To minimize light exposure, dark-colored sampling vials
were used during the process.

2.4. Toxicity Assessment

For the acute and chronic toxicity assessment of the generated TPs across three trophic levels (fish, daphnids,
and green algae), the software ECOSAR v2.2 (Ecological Structure Activity Relationships) was employed. The
molecular structures of the TPs were input using the SMILES notation. Acute toxicity was assessed on the basis of
LC50/EC50 values generated by the program, while chronic toxicity was assessed on the basis of Chronic values
(ChV). Toxicity levels provided ranged from 0.0 to >100, categorizing substances as (i) very toxic (0.0-1.0), (ii) toxic
(1-10), (iii) harmful (10-100), or (iv) non-toxic (>100). The approach of this analysis was based on previously
reported studies [52, 61, 63, 64].

2.5. Statistical Analysis

After normalizing all values to their respective t,, we used a two-tailed unpaired t-test assuming unequal
variances (Welch's t-test) to compare groups at each time point (excluding to, where no variance remained).

3. Results and Discussion
3.1. Plasma Characterization

Characteristic voltage and current waveforms for the conditions applied herein are shown in Fig. (2a). A stable
discharge is generated at applied voltages around 6 kVpp. For these conditions, the calculated discharge power
ranges between 9 and 10 W, as the plasma properties slightly change over time (see below). Consistent with the
detailed analysis of [65], the discharge current exhibits a strong peak during the positive-going and rising phase of
the AC cycle, when the pin electrode is acting as an anode. A filamentary microdischarge is clearly visible, bridging
the discharge gap and forming an anode spot at the liquid interface, which has been already attributed to the
accumulation of surface charges at the dielectric (liquid) interface [66]. The plasma spreading at this interface, has
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also been observed in DBDs involving solid dielectrics [67]. We note here that we follow the convention of [68],
where a streamer (cathode or anode directed) discharge is denoted as a propagating ionization front which
transits to a non-equilibrium microdischarge or filamentary discharge upon impact to the dielectric (or electrode)
surface. The maximum current corresponding to the positive microdischarge formation is around 250 mA. During
the negative-going phase of the AC waveform (pin acting as cathode), we note that there is no sharp current peak,
which suggests a less intense discharge formation during this phase and under the specific experimental
conditions. Similar observations for the negative going cycle have been reported in [65]. A small current jump (to
negative current values) occurs very close to the voltage reversal time-instant, which indicates that surface
charges accumulating on the liquid surface strongly alter the potential distribution and trigger the reversal of
charged species drift even at very low applied voltage. Such current signal reversal has been observed in various
DBD configurations and it is typically seen in surface-DBDs [69-71] where the dielectric material is heavily charged
under each sub-cycle. We note here that the complex plasma spatiotemporal dynamics inside the AC cycle which
involve plasma-dielectric-liquid interaction phenomena, play a vital role in the overall balance of active species and
their diffusion inside the liquid. Moreover, the water activation by the plasma-induced effects (modifying water
conductivity, surface tension etc) can in turn modify the plasma properties leading to the alteration of electrostatic
potential distribution, species fluxes in the gas-liquid interface and electron energy levels [72].
Electrohydrodynamic phenomena (which also are affected by the transient plasma-liquid system behavior) can
also modify the plasma properties due to the induced deformation of the liquid surface, leading to a non-constant
discharge gap during plasma treatment [73]. Such detailed analysis of plasma transient properties and mutually
interactions between unsteady plasma and water properties is outside the scope of the current work but it
explains the unsteady behavior of the discharge power during the various treatment times.
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Figure 2: (a) Voltage-current signals of the plasma discharge. (b) Optical emission spectrum of the air plasma in contact with
aqueous solutions of SDX.

To complement the plasma characterization, we report on the characteristic emission spectrum of the air
plasma, which is presented in Fig. (2b). The spectrum is typical of air plasmas in contact with water [74, 75]. The
emission spectrum is dominated by the peaks related to the N, Second Positive System (SPS) that corresponds to
the C3M,—B3Mg electronic transition with several vibrational bands (Av = v' - v") appearing at 315 nm (Av = +1), 337
nm (Av = 0), 357 nm (Av = -1), 380 nm (Av = -2), 405 nm (Av = -3), and 434 nm (Av = -4) [76, 77]. The Ny* First
Negative System (FNS) corresponding to the transition B2Z," — X?%* with Av = 0 is also visible at 391 nm. Despite
the low intensity compared to N2 SPS bands, the line ratio of 391/337 is still quite significant, indicative of the high
reduced electric field that is typical of DBDs [78]. The OH(A-X) molecular band in the 306-309 nm range is detected
as well but its signal overlaps with the N»(C-B) transitions near 315 nm. However, its presence is still indicating a
high density of OH radicals that play a major role in the oxidation reactions taking place in the gas-liquid interface.
Considering also that the optical emission spectroscopy measurements are space averaged, we can expect a much
higher OH contribution to the emission intensity near the water surface [74]. The peak appearing at 777 nm is
attributed to the atomic oxygen transition (3p°P-3s°S%. The low intensity of atomic oxygen band is also
characteristic of the air plasma emission spectra at atmospheric pressure where the main depopulation
mechanism of excited atomic oxygen species is through quenching with N> and O, with radiative processes being
much less significant [18].
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3.2. Plasma and Plasma/Fenton oxidation

OES analysis reveals a rich plasma chemistry, typical of air discharges that generate a multitude of gaseous
reactive oxygen and nitrogen species (RONS). The plasma generated RONS interact with the liquid water and
cause further reactions in the gas-liquid interface and in the bulk liquid [79]. Among the dominant reactive oxygen
species that are implicated to oxidative reactions with organic molecules in the liquid phase are the hydroxyl
radicals (-OH) and hydrogen peroxide (H.0;). The former are short-lived species produced mostly in the gas-phase
via electron impact dissociation of water molecules that escape the liquid (R1) and they are rapidly quenched
(upon collisions with other species in the plasma) or absorbed in the liquid water where they can directly interact
with organic molecules or recombine towards formation of H,0, (R2) [28, 80, 81]. The stable (long-lived) H,0, can
also be formed through recombination of -OH radicals in the gas-phase and subsequently absorbed in the liquid.
H.O;is accumulated in the liquid phase and despite its limited reactivity with sulfadoxine, it is critical in the Fenton
process for its activation towards -OH. An important aspect in the case of -OH diffusion in the liquid is that the SDX
oxidation and the H,O, formation are competing reactions that both consume -OH radicals.

e +H,0 — H +-OH +e (R1)
‘OH + -:OH — H20;, (R2)

As the plasma processing takes place in open air, several N-containing reactive species are also formed in the
plasma and interact with the liquid water as well. NO species are initially formed in the plasma following several
pathways, from the Zeldovich to the direct oxidation of atomic nitrogen upon interaction with O and OH radicals
[74, 82, 83]. NO can be further oxidized towards higher oxides. The NOx species can also interact with -OH both in
the gas and liquid phase leading to the formation (and absorption) of nitrous (HNO,) and nitric (HNOs) acid. Such
species participate in further interactions in the bulk liquid that lead to formation of other RONS (e.g., ONOOH),
water acidification, and also possible interactions with the organic molecules [80, 84, 85].

The main long-lived RONS that accumulate in the plasma treated aqueous solutions of SDX, i.e., H,0,, NO, and
NOs were measured and the evolution of their concentration as a function of the plasma processing time is
presented in Fig. (3). A simultaneous increase in H,O, and NO; concentration is observed for the first 10 min of
plasma treatment. The concentration of NO, steadily decreased after 10 min till total elimination after 60 min,
while H,0, showed a rapid increase till 40 min and then rapidly decreased. This drop in the concentration of H,O;
and NO2 may be partially explained by their mutual interaction at low pH values leading to the formation of
peroxynitrous acid (ONOOH) [82, 86]. Other degradation mechanisms are also possible considering the complex
pathways incorporating the organic molecules (SDX and transformation products). In contrast, NOs  generation is
constantly increasing almost linearly throughout the entire process, reaching concentration levels as high as 250
mg/L after 90 minutes.
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Figure 3: Concentration of long-lived reactive oxygen and nitrogen species in aqueous SDX solutions as a function of plasma
treatment time.
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In the Plasma/Fenton process, no NOs was detected after 20 min processing. After that point, their
concentration increased, reaching a level of 55.5 mg/L after 30 minutes. This observation can be elucidated by
considering the interactions between iron complexes and the produced anions. In Fenton systems, iron species
tend to form complexes, and their surface becomes charged based on the pH [87-89]. Under acidic conditions,
negative species become adsorbed on the surface of these complexes, inhibiting their availability in the solution
[87, 90]. The sharp increase in dissolved NOz between the 20 and 30 min treatment can be attributed to the
saturation of ferric complexes under the specific conditions. This is further supported by the presence of H;0;
after 30 minutes of processing (Table 1), as saturation with NOs can impede the activation of H,O; by the catalyst
[87].

Table 1: Concentrations of long-lived RONS (NOs, NOz2 and H20:) in aqueous SDX solutions at different plasma
treatment durations in the plasma/Fenton process.

Time (min) NO; conc (mg/L) NO; conc (mg/L) H,0; conc (mg/L)
0 <0.4 <0.5 <0.1
20 <0.4 2.1+£05 <0.1
30 55.5+2.6 14.0+1.1 3.2+0.2

TN measurements confirmed that nitrogen was not fully mineralized during the treatment period, consistent
with the accumulation of NOs and NO; and species quantifies in Fig. (3) and Table 1. The incomplete TN balance
suggests the possible formation of small nitrogenous transformation products (e.g. nitriles, amines etc.), that fall
below the detection capabilities threshold of HRMS.

The formation of RONS in the plasma-treated liquid induces alterations to the conductivity and pH of the
solution (Table 2). In the plasma process, the formation of NOx ionic species leads to drastic increase in the water
conductivity, from 7 pS/cm for the SDX solution in MilliQ water to >1600 pS/cm after 90 min of treatment. The
acidic species, mainly HNOs, are responsible for the rapid drop in the pH (lower than pH 3 after 30 min). The same
trend is observed in the plasma/Fenton process, with the increase of conductivity and corresponding drop of the
pH being more pronounced. The initial conductivity of these solutions was higher, due to the presence of the
FeSO. salt, affecting the discharge behavior at the initial stages and causing alterations to the kinetics of RONS
species. It should be noted that Fe?* was introduced as a one-time reagent at t=0 rather than as a catalytic species.
Under the acidic conditions generated by the plasma, Fe?* is progressively oxidized to Fe3*, which may precipitate
as iron hydroxide upon pH neutralization post-treatment. Given the low Fe?* concentration employed (2.6 mg/L
FeSO,'7H,0), however, sludge generation remains minimal compared to conventional Fenton processes, while the
enhancement in degradation efficiency and NOx mitigation justifies its use at this concentration.

Table 2: Electrical conductivity and pH alteration with plasma treatment time in the plasma and plasma/Fenton

processes.
Time (min) pH E. Conductivity (uS/cm)
Plasma
0 54 7
30 2.9 446
60 2.7 980
90 2.4 1625
Plasma / Fenton
0 4.4 227
20 2.6 550
30 2.5 733
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The absence of detectable H,0, at 20 min in the plasma/Fenton process, despite the simultaneous presence of
NO,™ at 2.1 mg/L, can be attributed not only to the expected rapid Fenton reaction kinetics, but also to the
limitation that a short but finite interval between collection and measurement is present, leading to any residual
H,O, present at the moment of sampling to be further consumed during this period, falling below the LOD of the
iodide method. The transient accumulation of NO,~ at this timepoint is consistent with the early-stage plasma
chemistry, prior to its subsequent consumption via interaction with H,0, and acidic species as described above.

Both the RONS and the -OH radicals actively interact with the SDX, resulting in its transformation. According to
the RONS kinetics, H,O, was rapidly produced even in the starting minutes of the simple plasma process. H>O>
does not directly react with SDX, meaning that its accumulation in the treated solution acts as a scavenging effect,
reducing the degradation rates. Total removal of SDX is achieved after 45 min. As depicted in Fig. (4), the
plasma/Fenton process turned out to be superior, with total removal being achieved in only 20 min of treatment.
These can be attributed to the activation of the formed H,0,, resulting in the increase of oxidative -OH radicals in
the solution.

A kinetic analysis of SDX degradation showed that it followed pseudo-first-order kinetics in both NTP and
NTP/Fenton processes. For the NTP process, a rate constant of k NTP = 0.040 min~" (R2 = 0.929, t%2 = 17.2 min) was
obtained over the treatment period (t = 0-30 min). The NTP/Fenton process yielded a significantly higher rate
constant of k_Fenton = 0.263 min™ (R2 = 0.953, t/2 = 2.6 min), corresponding to an enhancement factor of 6.5
relative to the NTP process alone. This enhancement is consistent with the activation of plasma-generated H,0,
by Fe?* via the Fenton reaction, which substantially increases the -OH radical concentration available for SDX
oxidation. Notably, the NTP/Fenton degradation profile exhibited a biphasic character, with an initial rapid phase
in which approximately 70% of SDX was removed within the first 2 minutes of treatment (Fig. 4). This burst is
attributed to the availability of Fe2* in excess of the initially plasma-generated H,0,, enabling an intense Fenton
reaction. As Fe2* is progressively oxidized to Fe3* and depleted below a critical threshold, the process transitions to
a rate governed by the availability of plasma-generated H,0,, consistent with the pseudo-first-order behavior
observed from t = 2 min onward.

—v— Plasma
—e— Plasma/Fenton

=}
1

o
®
1

0.6

04

0.2

0.0

Sulfadoxine normalized concentration (C/C)

0 10 20 30 40 50
Time (min)

Figure 4: Normalized concentration (C/C,) of SDX as a function of plasma treatment time for both simple NTP and NTP/Fenton
processes.

The energy efficiency of both processes was evaluated using the Electrical Energy per Order (EEO) figure-of-
merit, as defined by Bolton et al. [91) for batch systems operating under pseudo-first-order kinetics (Eq. 1):

EEO=384-P/(V-k) EqQ.1

where P is the rated power [kW], V is the treated volume [L], and k is the pseudo-first-order rate constant [min~].
Using P = 9.5 W (average discharge power), V = 0.1 L, and the experimentally determined rate constants, the EEO
values were calculated as 90.7 kWh/m3/order for the NTP process and 13.9 kWh/m3/order for the NTP/Fenton
process, representing an 84.7% reduction in energy demand upon addition of Fe2*. These values are consistent
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with the range reported in the literature for plasma-based degradation of sulfonamide antibiotics (EEO values of
22.4 and 7.5 kWh/m3/order have been reported for NTP degradation of sulfamethazine and sulfathiazole
respectively under comparable DBD conditions) confirming that the hybrid plasma/Fenton approach offers a
meaningful improvement in energy efficiency over plasma-only systems, while remaining within the performance
range of optimized plasma-AOP configurations for this class of contaminants [92].

Despite the complete removal of the contaminant in both plasma systems, mineralization rates, as presented
in Table 3, were notably slower. Specifically, 90 min were required in order to remove 33% of the TOC content in
the simple plasma process, whereas the hybrid plasma/Fenton system achieved the same rate in just 30 min, a
behaviour aligned with letarature discussions [93, 94]. Interestingly, substantial mineralization rates seemed to
occur only following the complete degradation of SDX, in both systems.

Table 3: Mineralization rates as obtained by Total Organic Carbon (TOC) measurements at different plasma
treatment durations in the plasma and plasma/Fenton processes.

Time (min) TOC (C/Cy)
Plasma
0 1
30 0.98
60 0.8
90 0.67

Plasma / Fenton

0 1
20 0.89
30 0.67

All statistical comparisons were conducted using a two-tailed unpaired t-test assuming unequal variances
(Welch's t-test) after normalization to the initial concentration, with all post-t, differences found to be significant (p
< 0.001, ranging from 5.27x1077 to 4.21x1075; detailed results in Supplementary Information, Table S1).

3.3. SDX Transformation Products

Since achieving total mineralization was not feasible despite the complete degradation of SDX, the
identification of the generated transformation products using Orbitrap HRMS could provide valuable insights into
the existing degradation mechanisms.

Prior research has been done in investigating certain degradation pathways of SDX through photocatalytic,
solar photolysis and microbial treatment methods [61, 95, 96]. However, only 2 of the total 6 identified
transformation products (TPs) generated from NTP have previously been reported. This suggests that distinct
mechanisms occur in a NTP-assisted process, resulting in entirely different intermediate pathways.

SDX's MS? spectra fragmentation mechanisms are presented in Fig. (5), corroborating previously published data
[61]. These results play a crucial role in identifying the detected TPs.

As presented in Fig. (6), a total of 6 TPs were identified, indicating distinct mechanism of formation. It is
proposed that their generation involves the combination of 3 main transformation mechanisms, desulfonation,
bond cleavage and hydroxylation. The proposed mechanisms have already been reported in a study involving
heterogeneous photocatalysis [61], suggesting that such mechanisms primarily arise from the interaction between
SDX and hydroxyl radicals.
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Figure 5: Proposed mechanism for the oxidative fragmentation of sulfadoxine.

However, plasma generates a broader range of RS beyond just hydroxyl radicals, with significantly more
intense generation rate. The harsh conditions that were formed, due to the interaction of various oxidative ions
with SDX, could lead to more rapid degradation pathways, further explaining the limitations in detecting more TPs,
as explained in the following paragraphs.

3.3.1. Desulfonation

The mechanism of desulfonation has been previously reported for SDX, along with the TP247 (C12H15N402*, m/z
=247,1190) [61]. In that work, TP247 was one of the major species that were generated, in contrast to the NTP's
case. In this work, TP247 was detected in traces, the signal intensity associated with this TP was insufficient to
trigger a fragmentation. One likely explanation, is that the TP247 follows 2 different transformation pathways, and
transforms rapidly into secondary products.

3.3.2. Bond Cleavage

Bond cleavage is one of the most typical transformation mechanisms observed in AOPs. In the case of
sulfadoxine, such mechanism can take place in the main S-N bond, forming the major product, TP156 (CeH10N302",
m/z = 156.0769), which has also been previously reported in all of the cases involving SDX [61, 95, 96]. TP235
(CeH11N40O4S*, m/z = 235.0494) seems to occur following the cleavage of aromatic bonds. This type of
transformation seems to be possible when oxygen based radicals attack the aromatic ring, destabilizing its bonds
and eventually opening. In similar cases, where this is reported [97-99], variety of groups like alcohols or
aldehydes are generated, which seems to be the case in the TP235. Specifically, 2 hydroxyl groups are added to
the structure, but due to the presence of this TP in trace concentration levels, the collection of fragmentation data
was not possible. Accordingly, TP235 is tentatively identified based on accurate mass measurement only, and its
exact structural assignment remains to be confirmed.

3.3.3. Hydroxylation

Despite, being the most expected mechanism to be observed, the TPs of the hydroxylated-SDX product, was
not detected, like it did in the case of heterogeneous photocatalysis [61]. In contrast, intense hydroxylation
seemed to occur on the structure of TP247, unlocking 2 separate pathways.
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One of these pathways leads directly to the formation of TP248 (Ci2H14N303*, m/z = 248.1034), the least
abundant of the major TPs. Its formation involves the removal of the amine from the aniline ring, followed by a
hydroxyl group is addition on one of the ring’s carbons.

The second pathway includes 2 TPs, the TP277 (C12H13N4O4*, m/z = 277.0935) which is tentatively identified
based on accurate mass only, as its trace-level presence precluded fragmentation, and the TP293 (Ci2H13N4Os",
m/z = 293.0885), which was the dominant TP of this process. TP293 seems to occur by the simple attachment of
an additional hydroxyl group on the TP277's structure, allowing the later’s structure confirmation based on the
structure of TP293. The MS? fragmentation data for TP293 are available in Supplementry information (Table S2),
however, the observed fragment ions do not allow unambiguous assignment of the hydroxylation site on the
TP293's structure. Interestingly, the highly oxidative conditions led to the addition of aldehyde groups, without
causing aromatic ring opening, like in other reported cases [97].
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Figure 6: Proposed transformation mechanism of SDX using plasma treatment. The mechanisms include a) Desulfonation, b)
Bond cleavage, and c) Hydroxylation.

3.4. Evaluation of TP Time Profiles

As mentioned in the previous paragraphs, the conditions developed in this process were highly reactive,
leading to distinct, but rapid transformation pathways, meaning that only few of the TPs dominated the overall
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abudance, while the rest stayed in in trace levels. In order to further understand this behavior, along with the
general degradation mechanism of SDX, it is important to study the time profiles of these TPs. In order to quantify
the generated molecules, that are not commercially available, a semi-quantification approach was utilized,
similarly to previously published cases [52, 61]. By recording the changes in peak areas, over time, we managed to
track the abundance of these species. Specifically, in Fig. (7), the time profiles of TP156, TP248 and TP293 are
visualized. Interestingly, their relative peak areas are observed between 15 to 20 minutes after the beginning of
the process, while they are not detected anymore after 60 minutes.
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Figure 7: Time profiles of the dominant transformation products. Time profiles were constructed using the raw
chromatographic peak areas of each transformation product and are indicative of temporal abundance trends, as no internal
standard was used, for semi-quantification.

3.5. In Silico Assessment of TPs’ Ecotoxicity Using ECOSAR

Given that main purpose of AOPs is the protection of the environment, the toxicity of the emerged TPs should
be assessed, as part of the process's evaluation. The ECOSAR software provides a valuable tool for in silico
assessment of pollutants’ ecotoxicity, based on their structure. Both acute and chronic toxicity on three different
aquatic organisms (Fish, Daphnide and Green algae) were estimated based on criteria established by European
Union (No. 1272/2008/EC) [100], similarly to previously published studies [52, 61, 96]. This analysis was based on
the mathematical relationship between the relative log value of the estimated toxicity (mmol/L), which translates
to the concentration of a substance at which a particular effect (50% mortality) is observed. Additionally, the
logKow values, are also predicted with these models (EPI Suite KOWWIN prediction). As explained in paragraph 2.4,
the toxicity levels ranged from 0.0 to >100, classifying substances as (i) very toxic (0.0-1.0), (ii) toxic (1-10), (iii)
harmful (10-100), or (iv) non-toxic (>100) (Fig. 8). The complete numerical LC50/EC50 and chronic value (ChV)
predictions for all compounds are provided in Supplementary Information (Table S3).

SDX's ecotoxicity when it behaves as an aniline in the environment, was already reported, as mostly concerning
towards daphnides, in long term exposure [61]. TP156 and TP247, both classified as anilines by ECOSAR, have
been previously reported in the context of SDX degradation [61]. TP156 was classified as non-toxic across all
organisms and exposure durations (Fish LC50 = 7.53x10¢ mg/L, Daphnid LC50 = 2.62x106 mg/L), consistent with
the loss of the sulfonamide and aniline moieties upon ring-opening reducing biological activity. TP247 exhibited
similar toxicity to SDX, with a slightly elevated daphnid chronic toxicity (ChV = 0.086 mg/L vs. 0.12 mg/L for SDX),
remaining in the very toxic category for daphnids under long-term exposure.

TP235, resulting from aromatic bond cleavage and ring opening, was classified as non-toxic across all three
trophic levels and both acute and chronic exposure scenarios (Fish LC50 = 1.83x105 mg/L, Daphnid LC50 =
1.15%x10* mg/L, Algae EC50 = 3.37x10% mg/L). The disruption of the aniline and diazine rings appears to
substantially reduce the biological activity of this compound, representing a toxicologically favorable
transformation pathway.
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Figure 8: Toxicity assessment of SDX TPs, generated from NTP treatment, using in silico tool ECOSAR.

Desulfonation was the main mechanism observed in this process. According to previous reports, TPs
generated from the transformation of desulfonation products, tent to exhibit various levels of toxicity, lacking
behaviour patterns [61]. In this work, the TPs originating from TP247 appeared to be equally to more toxic than
SDX, without specific patterns being observed. Interestingly, despite the general reported observation of
hydroxylation products being less toxic, TP248 and TP293 were the most toxic compounds of the group [101, 102].
TP248 displayed close to 44-fold greater acute fish toxicity (LC50 = 22.1 mg/L vs. 967 mg/L for SDX) and ~133-fold
greater chronic fish toxicity (ChV = 0.183 mg/L vs. 24.4 mg/L for SDX). Similarly, TP293 showed 8-fold greater acute
fish toxicity (LC50 = 115 mg/L) and around 35 times greater chronic fish toxicity (ChV = 0.693 mg/L) relative to SDX.
For green algae, TP293 exhibited 18-fold greater chronic toxicity (ChV = 1.79 mg/L vs. 32 mg/L for SDX). These
findings are particularly noteworthy given that hydroxylation products are generally assumed to be less toxic than
their parent compounds [101, 102]. The present results demonstrate that this assumption does not universally
hold, especially when hydroxylation introduces phenolic amine moieties with known aquatic toxicity.

TP277, was classified as an aniline by ECOSAR and exhibited very toxic chronic daphnid toxicity (ChV = 0.155
mg/L), consistent with the aniline structural class. Its toxicity profile is intermediate between SDX and the more
toxic hydroxylated products TP248 and TP293.

Overall, the ecotoxicological assessment reveals that while certain transformation pathways, specifically
aromatic ring opening leading to TP235, result in detoxification, the dominant hydroxylation pathway generates
products of equal or greater concern than the parent antibiotic. This underscores the necessity of transformation
product monitoring in plasma-based AOP systems and cautions against assuming complete detoxification upon
parent compound removal.

4. Conclusions

SDX, as an emerging contaminant, has garnered increasing attention due to its widespread use in malaria
treatment, raising concerns over the development of antibiotic resistance by pathogenic microorganisms. This
study evaluated the degradation of the persistent sulfonamide, using NTP and a hybrid NTP/Fenton process.
While both processes achieved complete SDX removal, the hybrid system significantly improved efficiency,
reducing treatment time to 20 minutes and achieving 33% mineralization in just 30 minutes. It also limited the
accumulation of NOs™ in the treated water, addressing a common limitation of plasma-based methods.

A major contribution of this work is the kinetic analysis of long-lived reactive species (H,02, NO;~, NOs~), which
provided mechanistic insights into how plasma chemistry evolves under Fenton-enhanced conditions. High-
resolution mass spectrometry enabled the identification of six TPs, four of which are reported here for the first
time. Their formation was linked to specific degradation mechanisms such as desulfonation, aromatic bond
cleavage, and hydroxylation.

Finally, a QSAR-based toxicity assessment revealed that several TPs exhibited equal or greater toxicity than
SDX, particularly under chronic exposure. This underscores the need for transformation product monitoring in
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advanced oxidation processes. Overall, this study advances the application of hybrid plasma processes for
antibiotic removal and contributes new understanding of reaction pathways and environmental risks.
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Table S1: Normalized SDX concentration (C/C,) for each replicate at each timepoint for the NTP and NTP/Fenton
processes, and corresponding p-values from two-tailed unpaired Welch's t-test. N/A = not applicable (no

variance at t=0; complete removal at t=45, 60 min).

Time (min) NTP NTP/Fenton t-Test
0 1 1 1 1 1 1 N/A
2 0,930599 0,952681 0,960876 0,310345 0,303571 0,288288 5,27E-07
5 0,910095 0,929022 0,892019 0,224138 0,214286 0,198198 7,39E-07
7 0,891167 0,867508 0,868545 0,086207 0,071429 0,081081 9,16E-08
10 0,818612 0,847003 0,798122 0,068966 0,071429 0,045045 1,33E-06
15 0,619874 0,678233 0,605634 0,034483 0,035714 0,036036 1,12E-05
20 0,51735 0,531546 0,516432 0 0 0 4,63E-08
30 0,242902 0,20347 0,219092 0 0 0 4,21E-05
45 0 0 0 0 0 0 N/A
60 0 0 0 0 0 0 N/A

All values normalized to t=0. p-values compare NTP vs NTP/Fenton at each timepoint. Significance threshold: p < 0.05.
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Table S2: LC-Orbitrap MS/MS data for the identification and structural elucidation of the formed TPs in positive
ionization (ESI+).

Molecular
Formula lonizatio Adduct Elemental
TP_XX tr (min) (neutral 1 Mode lon Composition  Theor. Mass Exp. Mass Structure
molecule) i)
Sulfadoxine 1,1 CioH14N,O,S  ESI+ [M+H]  [Ci,HsN,O,S]7  311,0809  311,0813 7,5 -1,100 .
F_1 C5H13N304S  ESI+ [M+H] [C5H14N304S]+  212,0700 212,0706 0,5 3,145 ,
F2 C4H13N303S  ESI+ [M+H] [C4H14N303S]+  184,0750 184,0746 05 -2,491 ‘ﬁ iz N
F3 C6H70N32 ESI+ [M+H]  [C6H8N302]+ 154,0611 154,0614 45 1,863 5 \ﬁ
F 4 C5H5N302 ESI+ [M+H]  [C5HBN302]+ 140,0455 140,0457 45 1,550 (|)| | P
F5 C4H5N30 ESI+ [M+H] [CAHBN3O]+ 112,0505 112,0511 35 5,458 e
F6 C6H5N ESI+ [M+H] [CBHBN]+ 92,0495 92,0502 45 8,194 | o\
F7 C5H5N ESI+ [M+H] [C5HBN]+ 80,0495 80,0503 35 1,113
TP_156 0,94 CgHgN30, ESI+ [M+H]  [CeH1oN3O,]+ 156,0768 156,0771 35 2,415
F_1 C4H3N302 ESI+ [M+H]  [C4H4N30O2]+ 126,0298 126,0304 45 2,437 N N\\
F2 C4H5N30 ESI+ [M+H] [CAHBN3O]+ 112,0505 112,0511 35 4,744 ‘ W
F3 C3H3N30 ESI+ [M+H] [C3H4N3O]+ 98,0349 98,0356 35 7,667 P N
F 4 C4H3N3 ESI+ [M+H] [CAHAN3]+ 94,0400 94,0406 45 6,872 ?
F5 C3H4N20 ESI+ [M+H] [C3H5N20]+ 85,0396 85,0403 25 8,239 | 0
F 6 C3H60 ESI+ [M+H] [C3H70]+ 59,0491 59,0501 0,5 15,556 ™~

TP_247 0,78  Cy,H14N4O, ESI+ [M+H]  [C4,H4sN,O ]+ 2471190 2471197 7,5 3,188

2

TP_148 0,80  CyH;sN;O;  ESI+  [M+H]  [CipHiN;O5]+ 1481030  148,1034 7,5 1,903 H,N N
F_1 C10HON302  ESI+  [M+H] [C10H1ON3O2+ 2040768 2040771 75 1,651 ~ j
F2 C10HBN202  ESI+  [M+H] [C10H7N202]+  187,0502  187,0499 85 -1,144 \ lN OH
F.3 C8HBN20  ESI+  [M+H]  [C8H7N20]+ 147,0553  147,0554 65 0,752 0 *
F4 CTHBN20 ~ ESl+  [M+H]  [C7TH7N20]+ 153,0553 1350557 55 2,966 | 0
F5 C7H5NO ESI+  [M+H]  [C7HBNOJ+ 120,0444 1200449 55 3,829 ~
F 6 CBH7NO ESH  [M+H]  [CBHBNOJ+ 110,0600  110,0608 35 6,447
TP_277 0,82  CiyHipN,O,  ESI+  [M+H]  [CioHisNsOg+ 277,093  277,0935 8,5 1,366 H,N N\\| o
0 | 2 0
0
~ NH,
TP_293 0,81  CyH;pN,Os  ESI+ [M+H]  [CyHisN,Os]+  293,0885  293,0885 8,5 1,447 OH
F1 C11H8N405  ESI+ [M+H] [C11HON4O5]+  277,0567  277,0572 95 1,603 HoN N
F2 C12H1IN304  ESK  [M+H] [C12H12N304]+  262,0822 2620826 85 1,326 ~ m 0
F3 C10H8N4O4  ESI+  [M+H] [C10HON4OA4]+ 2490618 2490622 85 1,280 0 A 'j 0
F4 C10H7N303  ESI+  [M+H] [C10H8N303]+ 2180560 2180567 85 2,946 |
F.5 C5HEN302  ESI+  [M+H]  [C5HBN302J+ 140,0455  140,0457 45 1,407 SN NH,
F 6 C5H4NO2 ~ ESI+  [M+H]  [C5H5NOZ2J+ 111,0320  111,0319 40 4414
TP_235 0,77  C¢HiN,O,S ESI+  [M+H] [CHN,O,S]+ 2350496 2350494 3,5  -0,860 OH
OH

RT: retention time. Molecular formula refers to the neutral compound; adduct ion [M+H]* used for detection. Mass error calculated as (measured -
theoretical)/theoretical x 108. TP235 and TP277 are tentatively identified based on accurate mass only; MS? fragmentation was not available due to trace-level
concentrations.
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Table S3: ECOSAR-predicted acute (LC50/EC50) and chronic (ChV) toxicity values (mg/L) for SDX and its transformation
products toward fish, daphnid, and green algae. Values represent the most conservative (most toxic) class

prediction.
Fish Daphnid Green Algae
Compound ECOSAR Class
LC50 (mg/L) ChV (mg/L) LC50 (mg/L) ChV (mg/L) EC50 (mg/L) ChV (mg/L)

SDX Anilines 967 24.4 121 0.12 46.4 32.0
TP156 Neutral Organics 7.53x108 4.13x10° 2.62x1098 6.53x104 2.57x105 2.26x104
TP235 Aliphatic Amines 1.83%10° 7.48x104 1.15%x104 510 3.37x104 7060
TP247 Anilines 564 13.1 8.51 0.086 31.5 19.9
TP248 Phenol Amines 22.1 0.183 1.35 0.289 3.25 0.524
TP277 Anilines 2680 92.2 16.8 0.155 73.5 69.2
TP293 Phenol Amines 115 0.693 3.10 0.724 12.7 1.79

ChV: Chronic Value (geometric mean of NOEC and LOEC). LC50/EC50: concentration causing 50% mortality/effect. Lower values indicate higher toxicity.



