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A B S T R A C T   

UV (254 nm) and UV/VUV (254/185 nm) photolysis, ozonation, and O3/UV combination were investigated and 
compared for the transformation of two sulfonamide (SAs) antibiotics, sulfamethazine (SMT) and sulfame-
thoxypyridazine (SMP). Change in toxicity, the effect of bacteria growth inhibition of the treated solutions, and 
the cost-efficiency of the methods were studied. In UV/VUV radiated solutions, the formation of •OH results in 
the doubled transformation rate. The relative contribution of various ROS (•OH, 1O2, O2

•− ) to the transformations 
were also investigated in the case of UV and UV/VUV photolysis. Both SAs can be eliminated ten times faster 
during ozonation than UV photolysis; but conversion via ozonation is associated with the formation of products 
with low reactivity to ozone and has biological effects. The O3/UV process did not enhance the transformation 
rate but positively affected mineralization and significantly decreased the ecotoxicity of the treated solutions. 
Ozonation was cost-effective, but O3/UV is a much safer technology to minimize environmental impacts because 
it effectively reduces the ecotoxicity and the bacterial growth inhibition effect of the treated solution. The 
observed differences between SMT and SMP are primarily related to the transformation of the N-containing rings. 
Our results showed a correlation between the reactivity of the N-containing groups of SAs, the rate of miner-
alization, and the change in ecotoxicity and antibacterial effect and emphasized the need for toxicological 
characterization of the treated samples. The removal of parent compounds is not sufficient to avoid the release of 
toxic substances into the environment.   

1. Introduction 

Antimicrobial agents have been essential for treating human and 
animal diseases since the 1900s. However, the amount of antibiotics 
consumed for human disease treatment decreased from 2009 to 2018 
[21]. However, total antibiotic consumption has increased significantly 
in recent years due to industrial-scale animal husbandry [16,28,55,75]. 
Furthermore, there is increasing interest in the contribution of hospital 
wastewater to the emerging antimicrobial resistance crisis in the envi-
ronment [72]. As a result, a large amount of drug residues are dis-
charged into wastewater and reach surface waters [8,65], ground waters 
[31,107], and are detected even in tap waters [23]. In recent years, the 

world has faced the COVID-19 pandemic. Although COVID-19 is a viral 
disease, infections often progress to bacterial infections requiring anti-
biotics. This way, the epidemic increased the global use of antibiotics 
and their concentration in wastewater [64,79]. 

The increase in antibiotic-resistant bacterial strains is a dangerous 
consequence of antibiotics in the environment and causes a global 
problem [54,65]. The European Antimicrobial Resistance Surveillance 
Network [21] estimates that more than 670,000 infections are caused by 
antibiotic-resistant bacterial strains in the European Union annually, 
generating approximately 33,000 deaths [21]. Sulfonamides are widely 
used antibiotics in veterinary medicine, accounting for 11% of total 
antibiotic sales [85]. Despite the decline in antibiotic use in the EU over 
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the last decade, sulfonamide consumption increased between 2009 and 
2016 [21]. The extensive use is due to their broad spectrum against most 
Gram-positive organisms [15,20]. In addition to their multifaceted 
antibacterial, antifungal, and antiparasitic activity, sulfonamides and 
their derivatives show antiviral activity, and some of them have been 
tested as SARS-CoV-2 Mpro inhibitors [5]. 

Sulfonamides are poorly absorbed in the body of animals, and a 
significant portion is excreted in urine and feces and enters the soil 
through organic fertilizers [86]. Due to their relatively high solubility in 
water [35,83] and mobility in soils [26], large amounts of drug residues 
penetrate the deep layer of the soil and pollute the groundwater [25]. 
They are detected worldwide in surface waters [71,103], and their 
concentration changes from μg L–1 to mg L–1. 

Complete elimination of sulfonamides is difficult via conventional 
biological water treatment methods [90] partly because of the signifi-
cantly reduced microbial diversity of the sludge culture [48,49]. Several 
publications deal with the photolysis of sulfonamides in various 
matrices using visible or UV light sources. Transformation can occur 
through direct or indirect photolysis; the latter involves (self-)photo-
sensitization [18,59,105] and reactions with reactive oxygen-containing 
species (ROS), such as singlet oxygen (1O2) hydroperoxyl radical and 
superoxide radical ion (HO2

•/O2
•–) and even •OH [11,37]. Direct UV 

photolysis generally results in SO2 extrusion [18,50], while 1O2 oxida-
tion occurs in the amino moiety [37], and reaction with •OH results in 
hydroxylation [51,58]. Primary products often preserve the basic 
structure of the parent compound, so products with ecotoxicity and 
antimicrobial effects are formed [93,101,105]. For sulfonamides, 
ozonation is adequate for their removal [40,41,56,60,106]. 
Radical-based methods are generally more effective for transforming 
and mineralizing organic substances than UV photolysis or ozonation. 
The combination of AOPs (UV/VUV [58], UV/TiO2 [1,67,68], UV/Cl2 
[98], UV/S2O8

2– [33], UV/H2O2 [108], UV/O3, O3/S2O8
2- [46]) can 

further enhance efficacy. 
Although several AOPs have been studied for antibiotic degradation 

[2], the ecotoxicity and antibacterial effect of the products remains 
questionable. The impact of acute toxicity of sulfamethoxazole and 
sulfathiazole for Vibrio fischeri increased [80,81], while that of sulfa-
methazine for P. subcapitata did not change during radiolytic treatment 
[52]. The 254 nm UV photolysis of sulfadiazine, sulfamethazine, sulfa-
methoxazole, and sulfathiazole was studied by Voight et al. [93]. The 
quantitative structure-activity relationship (QSAR) model and the 
determination of the minimal inhibitory concentration (MIC) against 
Bacillus subtilis and Pseudomonas fluorescens were used to assess the 
environmental hazard of the photoproducts. The QSAR model did not 
predict toxic intermediates, although the MIC value of the products was 
higher by factors 2.5 to 5 than the initial sulfonamides. 

This work compares various supplementary water treatment 
methods to eliminate sulfonamide antibiotics, sulfamethazine, and sul-
famethoxypyridazine. The UV photolysis (254 nm), UV/VUV photolysis 
(254/185 nm), ozonation, and O3/UV (254 nm) processes are investi-
gated and compared from various perspectives. The low-pressure mer-
cury vapor lamp is a frequently used UV light source for water 
disinfection, which emits 254 nm UV and 185 nm VUV light. UV light is 
generally used for disinfection, while VUV photolysis efficiently de-
composes hazardous organic substances [57,58,99,100,102]. Ozonation 
is a widely used method for pretreatment of wastewater, disinfection of 
treated waters, and selective oxidation of trace pollutants; its effec-
tiveness is usually increased by 254 nm UV light. All investigated 
methods are used on an industrial scale [6,29,38], so it is justified to 
investigate and compare their effectiveness in removing sulfonamides 
from water. The investigation of the ecotoxicity and bacterial growth 
inhibition effect of the treated samples and the electrical energy 
requirement of the methods were also important aspects. 

2. Materials and methods 

2.1. Materials 

Analytical standards for sulfamethazine (SMT) and sulfamethox-
ypyridazine (SMP) (99%) were purchased from Sigma-Aldrich®. HPLC 
grade methanol (MeOH), tert-butanol (t-BuOH) (>99%), formic acid 
(99–100%), NaCl (99%), NaOH (99%), and HCl solution were purchased 
from VWR. Triethylenediamine (TEDA) (>99%), Furfuryl alcohol (FFA) 
(>98%) and L-histidine (L-his) (>99%), and 1,4-hydroquionone (1,4- 
Dihydroxybenzene, HQ) (>99%) were purchased from Sigma-Aldrich®. 
Ultrapure water was produced by a Milli-Q Integral Water Purification 
System (MerckMillipore). The O2 (99.5%), N2 (99.995%), and air were 
provided by Messer Hungarogáz Kft. 

2.2. Light sources and experimental apparatus 

Two low-pressure mercury vapor (LP) lamps (GCL307T5L/CELL and 
GCL307T5VH/CELL, 227 mm arc length, both produced by LightTech) 
were used for UV (254 nm) and UV/VUV (254 nm/185 nm) irradiation. 
Both lamps had the same technical parameters (electric power 15 W, 
UVC-flux power 4.3 W; diameter: 20.5 mm, length: 307 mm). The en-
velope of the UV lamp was made of commercial quartz, whereas that of 
the UV/VUV lamp was made of synthetic quartz to transmit 185 nm 
photons. The flux of 254 nm photons of both lamps (UV and UV/VUV) 
was determined by ferrioxalate actinometry [45] and was found to be 
the same (5.3( ± 0.3)× 10− 6 molphoton s− 1). The flux of the 185 nm VUV 
photons (3.86( ± 0.11)× 10− 7 molphoton s− 1) was determined by meth-
anol actinometry [70] and found to be one order of magnitude lower 
than that of UV photons. 

Photochemical experiments were carried out in a 500 cm3 cylindrical 
glass reactor (Fig. S1) having a 60 mm inner diameter and 300 mm 
height. The thickness of the irradiated water layer was 20 mm, sufficient 
for the complete absorption of 185 nm photons [3]. The reactor was 
thermostated at room temperature (25 ± 1 ◦C). A glass filter disc was 
used at the bottom of the reactor to disperse the gas (oxygen, air, ni-
trogen, or ozone/oxygen mixture) in the total volume of the treated 
aqueous solution. The dissolved O2 concentration was 40 mg dm− 3 in 
the case of O2 saturated solutions, while in the case of N2 bubbling, the 
O2 concentration was less than 0.6 mg dm− 3. In the ozonation experi-
ments, O3 gas was supplied by an Ozomatic Modular 4HC type ozonator, 
using O2 (500 cm3 min− 1) as the feeding gas. Treatment started by 
turning on the light source or the ozonator. 

2.3. Analytical methods 

Spectrophotometric measurements were made with an Agilent 8423 
UV-Vis spectrophotometer using a quartz cuvette. The concentration of 
O3 ranged from 1.0 to 4.2 × 10− 4 M in the gas flow. The O3 concen-
tration in the gas phase was determined at 254 nm (ε254 nm = 2950 M− 1 

cm− 1 [104]) according to the Lambert-Beer law in a flow-through 1.00 
cm gas cuvette. 

Fluorescence spectroscopy (Hitachi F4500) was applied to determine 
the fluorescence emission spectrum of SMT and SMP. The wavelength of 
excitation was 254 nm. 

The concentration of SMT and SMP was measured using an Agilent 
1100 HPLC coupled with a diode array detector (DAD). The column 
(Lichrospher 100, RP-18; 5 µm) was thermostated at 25 ◦C, and the flow 
rate of the eluent (methanol:water (0.1% formic acid) = 35:65 (v/v) 
mixture in the case of SMT and methanol: water (0.1% formic acid) =
30:70 (v/v) mixture in the case of SMP) was 1.0 cm3 min− 1. The 
detection was performed at 266 nm. Under these conditions, SMT and 
SMP were eluted at 8.9 and 6.5 min, respectively. 

The intermediate products of SMT and SMP were identified using an 
Agilent LC/MSD VL mass spectrometer coupled to the HPLC device. 
Solid phase extraction (SPE) was used as a sample pretreatment method. 
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After conditioning (1.0 cm3 of water and 1.0 cm3 of methanol), 50 cm3 

of the sample was loaded into the Phenomenex Stata-X 33 u cartridge. 
After washing (1.0 cm3 of water) and drying (10 min), elution was 
performed using 2.0 cm3 methanol. The MS system was operated in 
positive electrospray ionization (ESI) mode (3.5 kV capillary voltage, 
300 ◦C drying gas temperature, and 70 V fragmentor voltage). In all 
cases, the separation occurred in the reverse phase, on a Lichrospher 100 
column, RP-18 (5 µm), with a flow rate of 0.9 cm3 min–1. For the SMT 
separation, gradient elution was used: the mobile phase was a mixture of 
water containing 0.1% formic acid (A) and methanol (B). After 14 min of 
isocratic elution, the methanol content increased from 20% to 70% 
during 25 min. For SMP separation, isocratic elution was used (70% 
water containing 0.1% formic acid and 30% methanol). 

Inorganic ions formation (NH4
+, NO2

− , NO3
− , and SO4

2− ) was measured 
using ion chromatography (Shimadzu Prominence LC-20AD). Shodex 5 
U-YS-50 column for cation detection (eluent contained 4.0 mM meth-
anesulfonic acid and 2.5 mM phthalic acid) and Shodex NI-424 5 U for 
anion detection (eluent: 2.3 mM aminomethane solution). The flow rate 
of the mobile phase was 1.0 cm3 min− 1. 

The total organic carbon (TOC) content of the samples was deter-
mined using a Multi N/C 3100 analyzer (Analytik Jena) equipped with 
an NDIR detector. The concentration of H2O2 (0.015 - 6.00 mg dm− 3) 
was determined using a colorimetric test kit (Merck-Millipore), using a 
Spectroquant® Multy Vis-spectrophotometer. 

2.4. Determination of the initial transformation rate and the quantum 
yield 

The transformation of SMP and SMT was characterized by the initial 
rate of degradation (r0 (M s− 1)), obtained from the linear regression fit to 
the concentration-time plot, generally up to 20% transformation. Some 
experiments were repeated three times to verify the reproducibility of 
the experimental results. Quantum yield (Φ254 nm) of SMP or SMT 
photolysis at 254 nm was calculated as follows:  

Φ254 nm = r0/[φ0×(1–10-ε×c0×l)]                                                               

where r0 is the initial transformation rate determined in UV-irradiated 
solutions, at the initial concentration (c0), φ0 is the photon flux of 
254 nm per volume unit (molphoton s− 1 dm− 3), ε is the molar absorption 
coefficient determined at 254 nm, and l (cm) is the thickness of the 
irradiated layer of the aqueous solution (2.0 cm). 

2.5. Ecotoxicity test 

The ecotoxicity test based on bioluminescence measurements of the 
marine bacteria Vibrio fisheri (V. fisheri) (LCK480 test from Hach Lange) 
was used. The pH and NaCl concentration of each sample were adjusted 
to 6.5–8.0% and 2.0% w/v, respectively. The dissolved O3 was elimi-
nated from each sample by nitrogen bubbling, while H2O2 was elimi-
nated by 0.20 mg dm− 3 catalase enzyme (Sigma Aldrich, 2000–5000- 
unit mg− 1). Inhibition of bioluminescence was measured using a 
Lumistox 300 (Hach Lange) luminometer after 15 min of incubation 
time. The control sample was Milli-Q water containing 2.0% w/v NaCl, 
while the standard (50 ± 10% inhibition) contained 7.5% w/v NaCl. In 
each case, two parallel measurements were made. 

2.6. Antimicrobial susceptibility and bacterial growth inhibition tests 

The antibiotics (1.0 ×10− 4 M) were dissolved in double distilled 
water and filtered by a 0.45 µM syringe filter (Millex-HV, Millipore)⋅ 
H2O2 and dissolved O3 were eliminated from samples taken during the 
oxidation processes. Gram-positive Bacillus subtilis SZMC 25449 and 
Micrococcus luteus SZMC 0264, and Gram-negative Escherichia coli SZMC 
6271 (SZMC: Szeged Microbiological Collection) were used for the 
antimicrobial susceptibility tests. Mueller-Hinton (MH) liquid medium 

(VWR) was utilized for bacterial cultivation. The strains were cultured 
overnight in MH liquid medium in an orbital shaker (KS 3000ic control, 
IKA; 120 rpm, 30 ◦C). The overnight bacterial cultures were diluted in 10 
times concentrated Mueller-Hinton broth to 105 CFU/cm3. The experi-
ments were prepared at 96-well microtiter plates in 200 µl volume: 180 
µl of antibiotic solution and 20 µl of 10 times concentrated MH broth 
with 105 CFU/cm3 were measured in wells. The bacterial growth was 
quantified with a microplate reader (SPECTROstar Nano; BMG Labtech, 
Offenburg, Germany) every 30 min at 620 nm for 20 h. In each case, two 
parallel measurements were made. 

2.7. Electrical Energy per Order (EEO) calculations 

Electrical energy per order (EEO) represents the amount of electrical 
energy required for the reduction of the target compound concentration 
in a unit volume (i.e., 1 m3) by one order of magnitude [17]. In batch 
operation, the EEO values (kWh m− 3 order− 1) can be calculated using the 
equation: 

EEO =
P × t × 1000
V × lg(ci

/
cf )

where P is the rated power (kW) of the AOP system (electrical power of 
the light source and the ozone generator), V is the volume (dm3) of 
water, t is the treatment time (h), ci and cf are the initial and final 
concentrations (M), respectively, of the compound investigated. Factor 
1000 converts dm3 to m3. 

3. Results and discussion 

3.1. UV photolysis 

The molar absorbance of the sulfonamides was determined at 
254 nm; the values were 17,550 M− 1 cm− 1 for SMT (pH = 6.4), and 
16,280 M− 1 cm− 1 for SMP (pH = 6.7), similar to the data reported 
previously [32,58]. In the case of UV photolysis, the degradation rate 
increased with the initial concentration up to 5.0 × 10 ̶5 M (Fig. 1.) due 
to the complete absorption of 254 nm photons. The apparent quantum 
yield of the UV-initiated transformation was 0.0066 for SMT, and a 
slightly lower value of 0.0060 was determined for SMP. The data in the 
relevant literature are contradictory: Baeza and Knappe determined a 
value of 0.0087 [9], while Li et al. determined 0.019 [58] for the 
photolysis of SMT. Nassar et al. Nassar et al., ($year$) [69] reported 
lower values: 0.0043 for SMT and 0.0051 for SMP. The different pH 
values of the treated solutions may partially cause the discrepancy in the 
data. 

Protonation can affect the molar absorbance, the quantum yield of 
direct photolysis [22], and the reactivity towards reactive species [37]. 
In the range of pH 3 – 10, the change in the shape of the spectrum 
(Fig. S2) reflects the sulfonamide nitrogen protonation process (pKa

SMT =

7.0 and pKa
SMP = 7.3 ([76,89], Nassar, 2017)). However, the trans-

formation rate of SMT increases slightly in the pH range of 4 – 9, while 
that of SMP is practically pH-independent (Fig. S2) in the case of UV 
photolysis. Further experiments were carried out without setting pH 
(pHSMT = 6.4; pHSMP = 6.7). 

The absorption of a 254 nm photon results in a singlet excited state of 
the molecule, which can transform into a triplet excited state; generally, 
its further reactions induce the transformation of sulfonamides [18,50, 
59,69,105]. The relaxation includes the bound breaking and formation 
of photoproducts (direct photolysis processes) or the radiation process. 
In contrast to SMP, the solution of SMT irradiated with 254 nm light 
fluoresces intensely (Fig. S3). Fluorescence confirmed that the singlet 
excited state of SMT can undergo an intersystem crossing into a triplet 
excited state, which plays a vital role in photosensitized processes. Thus, 
in addition to direct photolysis, the reaction with ROS, photosensitiza-
tion, and even self-sensitization can co-occur with the direct photolysis 
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in UV irradiated solutions of sulfonamides [11,37,105]. The relative 
contribution of •OH, 1O2, and O2

•− was investigated by the effect of 
various scavengers. An essential aspect of selection scavengers was 
avoiding competition for 254 nm photons with SMP and SMT (Fig S4). 

The t-BuOH was used as a •OH scavenger, while L-His, TEDA and FFA 
were used to investigate the role of 1O2 [30,44,53,62,95] (Table S1-S3 
and Fig. S5 and S6). The HQ reacts with •OH, 1O2, and O2

•– [4,77,91]; 
thus its effect is quite complex. Based on a careful evaluation of the 

Fig. 1. The transformation rate of SMT and SMP in UV and UV/VUV irradiated solutions saturated with air (the second axis shows the absorbance at 254 nm versus 
the initial concentration). 

Fig. 2. : The UV-Vis absorption spectra of the treated SMT and SMP (c0 = 1.0 ×10− 4 M) solutions during UV (a and b), UV/VUV photolysis (c and d) in aerated 
solutions, and ozonation (c(O3) = 1.3 × 10–4 M) (e and f). 
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effect of scavengers, the contribution of different ROS to the trans-
formation can be determined. The contribution of •OH is less than 5% 
for SMT and 15% for SMP. The contribution of 1O2 is no more than 10% 
for both SA, while O2

•– has role (about 25%) only in the case of SMT 
transformation. Obviously, the contribution of various ROS in SMP 
transformation is more significant than in SMT transformation (Table S3 
and Fig. S6). The experimental results (Fig S4-S6 and Table S1-S3) rand 
their detailed evaluation can be found in the Supplementary file. 

The changes in the UV-Vis spectrum of the samples (Fig. 2) provide 
information on the processes that occur in the solution during treatment. 
Detailed spectral changes in all investigated solutions are shown in 
Figs. S7 and S8. The characteristic peak of the UV absorption spectrum, 
around 260 nm (263 nm for SMT and 261 nm for SMP), refers to the 
benzene ring, while the peak around 240 nm refers to the heterocyclic 
ring. Differences in the spectra can be observed because of the pyrimi-
dine (SMT) and pyridazine (SMP) rings and their substituents. 

In UV photolysis, the formation of new compounds occurs with 

absorption spectral shifts to smaller wavelengths, compared to the 
spectra of SMT or SMP (Fig. 2a and b). The decrease in absorbance 
around 260 and 240 nm, characteristic of the benzene and heterocyclic 
rings, was much slower than the decrease in the concentration of sul-
fonamides (Fig. S9). The absorbance change at these wavelengths 
slowed after the transformation of SMT and two isosbestic points appear 
at 231 and 290 nm (less characteristic) (Fig. 2a), suggesting the presence 
of two species having the same molar absorption coefficient at these 
wavelengths. A similar phenomenon was observed for SMP, where the 
isosbestic points were at 234 (less characteristic) and 290 nm (Fig. 2b). 
Based on product studies published in the literature, we assume; it is 
probably due to –(SO2) extrusion. 

Dissolved O2 did not have significant affect the transformation rate 
(Fig. S10), but the spectrum changes slightly depending on that (Figs. S7 
and S8). The manifestation of the isosbestic points and the absorbance 
change between 300 – 400 nm (increased only in the O2-free solution of 
SMT (Fig. S7)) is affected by the presence of O2, supporting that the 
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transformation way is influenced by O2, likely via the ROS-initiated 
reaction [11,37]. 

The products can provide additional information to better under-
stand the processes that occur in the case of various treatments. Several 
products have previously been identified in studies of the photolysis of 
sulfonamides [69,85,105], including SMP [32,50,69] and SMT [34]. 
The contribution of various processes (direct photolysis, photosensiti-
zation, and reaction with ROS) to the transformation and yield of pho-
toproducts depends primarily on the structure of the heterocyclic ring 
and the substituents attached to the rings [69,93]. In addition to –(SO2) 
extrusion [18,37,50], other processes, such as bond breaking [105], 
hydroxylation [37,105] of the benzene ring (with less probability the 
heterocyclic ring), and ring opening process [93] also occur. 

Products P1, P2, and P3 are formed upon UV photolysis of both 
sulfonamides (Fig. 4). (The retention times of the chromatographic peak 
of the products and the m/z values are presented in Tables S4 and S5). 
The P1 product resulted through –(SO2) extrusion, which is a typical 
transformation way for the direct UV photolysis of sulfonamides [18,37, 
50]; however, to our knowledge, quantified data on this conversion have 
not been published so far. In this work, less than 40% of the S-content of 
the transformed SMT and SMP was detected as SO4

2– (Fig. S11). In 
addition to extrusion of –(SO2), products formed by hydroxylation (P2) 
and via cleavage of the N-S bond (P3 from SMT) and the C-S bond (P3 
from SMP) were also identified (Fig. 3). Hydroxylated products (not 
detected in O2-free solutions) support the additive role of ROS, however 
the moderated effect of O2 on the conversion rate of sulfonamides 
confirms that, the significant way is the direct UV photolysis, even in 
aerated solutions. (Table 1 and Fig. S10). 

The 40% SO4
2– yield, which does not increase even after sulfonamide 

decomposition (Fig. S11), suggests that although the –(SO2) extrusion is 
dominant in the transformation of SMT and SMP, it is not characteristic 
for the further transformation of S-containing products. The UV- 
resistant aromatic products of sulfonamides were also supposed by 
Voigt et al. [93] and confirmed by the slight decrease of the absorbance 
at 240 nm and around 260 nm (Fig S7 and S8). No more than ~10% 
(SMT: 7 - 8%; SMP: 11 - 12%) of the N-content of target substances 
transformed to NH4

+; its formation probably originated from –NH2 
moiety or –NH– bridge. Formation of NO3

– or NO2
– were not observed 

(Fig. S11). 

3.2. UV/VUV photolysis 

Opposite to the UV photons absorbed by the target organic sub-
stances, 185 nm VUV photons are absorbed by water and generate H•

and •OH (Φ(H•) = Φ(•OH) = 0.33 [39]) via bond dissociation of water 
molecules. The thickness of the irradiated aqueous solution layer 
(2.0 cm) ensures complete absorption of VUV photons [3,96]. Due to the 
additive effect of radical generation, the transformation rate is doubled 

compared to UV irradiated ones (Fig. 1.). Quantum yields for VUV 
photolysis of organic compounds are rarely published. Considering the 
flux of UV and VUV photons, the transformation rate of sulfonamides, 
and the ~0.007 quantum efficiency of UV photolysis, the VUV light 
degrades the target molecules with ~ 0.18 quantum efficiency. Li et al. 
[58] also published a 20-fold higher quantum yield for SMT VUV 
(185 nm) photolysis than for UV (254 nm) photolysis in a mini-fluidic 
UV/VUV photoreaction system. 

The •OH reacts with a high rate constant with both SMT (6.95 
± 1.69 ×109 M− 1 s− 1 [97] and 8.81 ± 0.27 ×109 M− 1 s− 1 [108]) and 
SMP (6.21 ± 0.21 ×109 M− 1 s− 1 [108]). Dissolved O2 reacts with •H (k 
(O2 +

•H) = 1.2 × 1010 M− 1 s− 1 [19]) and results in the formation HO2
•. 

The HO2
• and the deprotonated (pKa = 4.8 [13]) form (O2•

− ) have much 
lower reactivity towards organic substances than •OH; instead of 
reacting with organic molecules, they recombine to H2O2. Dissolved O2 
generally promotes the transformation of organic matter, in part 
because peroxyl radicals [7] inhibit backward reactions and open new 
pathways for transformation. At the same time, while in an O2-free so-
lution, both H• and •OH can initiate the transformation via addition to 
aromatic ring or H-abstraction reactions, in the presence of O2, •OH is 
the primary reactant. 

Although O2 does not affect significantly the transformation rates 
(Fig. S10), it highly affects the change of the absorption spectra of UV/ 
VUV treated solutions, indicating that the joint presence of •OH and O2 
opens new pathways for the transformation of sulfonamides and their 
intermediates. In the case of UV photolysis, the dissolved O2 slightly 
affected the change of spectra, as that was described previously. In O2- 
free UV/VUV irradiated solutions, despite the doubled transformation 
rate of SMT and SMP (Table 1 and Fig S10), the change of spectra is 
similar to that observed for UV photolysis (Fig S7 and S8). This could be 
interpreted by the accumulation of aromatic intermediates. At the same 
time, in the case of UV/VUV photolysis of O2-containing solutions, the 
absorbance at 260 and 230 nm decreases rapidly, which indicates a 
significant contribution of radical-based reactions and the importance of 
ring-opening processes in the transformation, preventing the accumu-
lation of aromatic intermediates. The observations and explanations are 
consistent with the change in TOC values discussed later (Fig. 5). 

The vital role of •OH-based reactions in the transformation of SMT, 
SMP [97,108]) was confirmed by the amount of hydroxylated products 
(Fig. S12) and the radical scavenging effect of t-BuOH (Table 1). In 
addition to the products formed in UV-irradiated solutions, for SMT P4, 
P5, P6, P7 and P8, for SMP P4, P7 and P8 were detected. In the case of 
UV/VUV photolysis, the formation of hydroxylated product(s) (espe-
cially P2) became significant, obviously referring to the important role 
of •OH-based transformation. The concentration of the hydroxylated 
product P2 is highly enhanced by VUV photons (Fig S12) and changes 
according to the maximum curve. In addition to products formed by UV 
photolysis, new ones form through the oxidation of –NH2 (P4, P7 from 

Table 1 
The effect of dissolved O2 and t-BuOH, as •OH-scavenger on the transformation rate of SMT and SMP (c0

SMT 
= c0

SMP 
= 1.0 ×10–4 M and c(O3) = 1.3 × 10–4 M).   

r0 (×10–8 M s̶ 1)  

UV UV/VUV O3 O3/UV  

SMT SMP SMT SMP SMT SMP SMT SMP 

aerated 3.20 ± 0.14 3.05 ± 0.11 6.33 ± 0.93 7.62 ± 0.23 30.7 ± 2.16 31.2 ± 1.09 32.0 ± 0.63 31.8 ± 0.74 
O2-free 3.05 ± 0.12 2.98 ± 0.14 5.93 ± 0.73 7.37 ± 0.51 - - - -  

r0
t-BuOH (×10–8 M s̶ 1)  

SMT SMP SMT SMP SMT SMP SMT SMP 
RSC•OH (%) 50 – – 5.55 ± 0.73 6.82 ± 0.71 – – – – 

75 – – 4.33 ± 0.78 4.93 ± 0.85 – – – – 
98 3.00 ± 0.22 3.15 ± 0.27 3.08 ± 0.17 3.92 ± 0.18 28.5 ± 1.18 30.67 ± 0.87 33.00 ± 0.59 33.33 ± 0.90 

r0: initial transformation rate of SMT and SMP 
r0
t-BuOH: initial transformation rate of SMT and SMP in the presence of t-BuOH (c0

t-BuOH = 4.5 ×10–4 M at 50% RSC•OH; c0
t-BuOH = 4.0 ×10–3 M at 75% RSC•OH and c0

t-BuOH 

= 6.0 ×10–2 M at 98% RSC•OH) 
RSC•OH: relative scavenging capacity of t-BuOH, determined in aerated solution 
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SMT and P4, P8 from SMP) [50,109] and bond cleavage (P6 from SMT) 
(Fig. 4). 

The effect of t-BuOH as •OH-scavenger (kt-BuOH = 6.00 ×108 M− 1 s− 1 

[19]) was investigated and characterized by relative scavenging ca-
pacity (RSC•OH) (Table 1): 

RSC•OH =
kt− BuOH × ct− BuOH

kt− BuOH × ct− BuOH + kSA × cSA
× 100%  

where cSA and ct-BuOH are the initial concentrations of sulfonamide (SMT 
or SMP) (cSA = 1.0 ×10− 4 M) and t-BuOH. Based on the results, in 
addition to direct UV photolysis, the relative contribution of •OH-based 
reactions also became significant. In addition to t-BuOH, the effects of L- 
His, TEDA, FFA and HQ were also investigated and compared with their 
effects observed in the case of UV photolysis (Figs. S5, S6, and Table S2, 
and S3). The relative contribution of •OH-based reactions is 35%, similar 
for both SAs. VUV light does not affect the contribution of 1O2-based 
transformation, its value is the same as that determined in UV-irradiated 
solutions (10%). In addition to •OH, O2

•– plays a decisive role, and its 
contribution reaches 25% for SMP. The intensive transformation of 
organic substances is often accompanied by the enhanced O2

•– formation, 
resulting in a higher contribution of O2

•–-based transformation of the 
parent compound (Table S3, Fig S6). 

Compared to the UV photolysis, the SO4
2– yield is higher (about 60%) 

when SMT or SMP decomposed and reaches more than 90% conversion 
after 120 min of treatment indicating the intensive transformation of the 
S-containing UV-resistant products via radical-based reactions. The NH4

+

and NO3
– yields also increased; almost 20% of N-contents were detected 

as the sum of NH4
+ and NO3

–. The NO3
– formation (Fig. S11) partly 

resulted in the oxidation of –NH2 to –NO (SMT: P4 and SMP: P4, P5, P8) 
and –NO2 moiety (P7 from SMT) (Fig. 4). The N-containing inorganic 
ions can also originate from the opening and fragmentation of N-con-
taining rings. 

3.3. Ozonation and its combination with UV photolysis 

Ozone is a selective oxidizing agent that reacts with aromatic com-
pounds with a wide range of second-order rate constants, depending on 
their structure and substituents [60]. As an electrophilic reaction part-
ner, O3 attacks the moieties of molecules with high electron density. 
Generally, O3 reacts with sulfonamides with high rate constants (1.9 - 
6.2 ×106 M− 1 s− 1 [12,24,56,106]). 

The transformation rate of SMT and SMP increased with the increase 
of both sulfonamide (1.0 ×10− 5 – 1.0 ×10− 4 M) and O3 concentrations 
(1.3 ×10− 4 – 3.2 ×10− 4 M (in the gas phase)) (Fig. 4) in the investigated 
range. SMP was more sensitive to the O3 concentration than SMT. The 
transformation rates demonstrate that ozonation is much more effective 
than UV or UV/VUV photolysis (Figs. 1 and 5; Table 1), even at low O3 
concentrations. Applying the lowest dose of O3 (1.3 ×10− 4 M in the gas 

phase) and 1.0 × 10− 4 M initial SMT/SMP concentration, the trans-
formation was approximately ten times faster than under UV and 3–5 
times higher than under UV/VUV irradiation (Table 1.). 

During ozonation, the pH determines the dissolved O3 and •OH 
concentrations. The •OH-initiated decomposition of O3 results in HO2

•, 
O2
•− , and •OH. This chain reaction was described in the early 1980 s 

(SBH model, [38]) and became important at high pH values (pH > 10) 
and generally accelerates the transformation rate of organic substances 
due to the enhanced •OH concentration. In addition, the pH can influ-
ence the reaction rate with O3 through the protonation of organic target 
substances. The results reported on the effect of pH during the ozonation 
of sulfonamides are somewhat contradictory. Some authors observed 
negligible or negative [43,61], while Garoma et al. [36] observed a 
slight positive effect of pH increase. In our cases, at pH 6 – 7, the main 
reaction partner is the O3. The significant increase in the transformation 
rate was observed only at the highest pH of 10 for SMP (Fig. S2), which is 
probably related to the enhanced •OH generation. 

Regardless of pH, 254 nm UV light increases the •OH concentration 
via direct reaction of O(3P) with water produces •OH and can enhance 
the transformation rate of organic substances in this way. This effect of 
UV radiation was not manifested in our cases; 254 nm radiation did not 
result in significant change, even at higher O3 concentrations (Fig. 4b). 
Competition between sulfonamide and O3 for 254 nm photons can 
reduce the efficiency of •OH generation. The effect of the •OH scavenger 
t-BuOH (Table 1) proved that the contribution of •OH-induced reactions 
to the transformation of sulfonamides is not significant in the case of 
UV/O3, and the reaction with molecular O3 remains dominant. 

It should be noted that there is a significant difference between the 
reactivity of the aniline group and the N-containing rings towards O3. 
The reaction of O3 with the heterocyclic ring is much slower than with 
the aniline moiety [87,88]. In addition to the attack of the aniline group, 
O3 can also react with the –NH bridge, –NH2 and –CH3 moieties [42]. 
Transformation can take place simultaneously, leading to hydroxylation 
of benzene moiety (P2 from SMT), oxidation of the amino group (P4 and 
P7 from SMT, P5 from SMP), demethylation (P6 from SMP), N-S and C–S 
bond cleavage (P3 from SMT) [42] (Fig. 3.). The reaction with the 
benzene ring most probably occurs via the well-known Criegee--
mechanism and can result in both hydroxylated (P2 from SMT) and 
ring-opening products [42,94]. The –NH2 moiety reacts with O3 with 
less probability and results in nitrobenzene and nitrosobenzene (P4 and 
P7 from SMT, P5 from SMP). It is worth mentioning that the reaction of 
anilines with O3 is accompanied by the formation of various radicals, 
even •OH [88], which highly accelerates the subsequent 
transformations. 

Using ozonation or its combination with UV photolysis, the changes 
in spectra and the absorbance at the characteristic wavelengths (240 and 
~260 nm) of the treated solutions are similar (Figs. S7, S8, and S9). The 
decrease in absorbance at 240 nm, which is related to the heterocyclic 
moiety, is much slower (Fig. S9) than that around 260 nm, reflecting the 

Fig. 4. Transformation rate of SMT and SMP in the case of ozonation and its combination with UV photolysis at various initial concentrations of sulfonamide (a) or 
ozone in the gas phase (b) (the framed point was measured at the same sulfonamide (1.0 ×10–4 M) and ozone (1.3 ×10–4 M) concentration). 
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lower reactivity of pyrimidine and pyridazine moieties towards O3 [87]. 
In contrast to the O3/UV and UV/VUV photolysis, the change in 
absorbance at 240 nm and 260 nm stopped after 20 min of ozonation in 
the case of SMT and significantly slowed down in the case of SMP, 
suggesting the formation of ozone-resistant aromatic products. 

For ozonation, the SO4
2– yield does not exceed 75%, and the N-con-

version into NH4
+ and NO3

– (21–23%) is lower than for UV/VUV 
photolysis. The combination of ozonation with UV irradiation enhances 
the formation of inorganic ions; SO4

2– yield approaches 100%, and N- 
conversion into NH4

+ and NO3
– was doubled (~40%). 

3.4. Mineralization 

The change in TOC value gives information about the mineralization 
efficiency. The S-content of the sulfonamides converts to SO4

2–, while the 
N-content of molecules transforms to NO3

− , NH4
+, and N2 as final prod-

ucts. The fate of organic N-content depends on the oxidation state of the 
N atom, its chemical environment, and the reaction parameters [10,74]. 

Mineralization of organic substances occurs through organic peroxyl 
radicals resulted in a fast reaction between carbon-centered radicals and 
O2. Organic peroxyl radical may undergo a number of unimolecular 
processes; the most ubiquitous ones are HO2

• and O2
•− eliminations [7]. 

Consequently, the transformations, including the ring-opening process 
and fragmentation are followed by HO2

• and O2
•− formation. The formed 

HO2
• and O2

•− radicals having low reactivity towards organic substances - 
thus, during intensive mineralization, they accumulate and are pri-
marily transformed by recombination, resulting in the formation of 
H2O2 (k = 9.7 × 107 M–1 s–1) [14] Therefore, the accumulation of H2O2 
(Fig. 5) is related to the intensity of the oxidative transformation of 
organic matter. 

In UV-irradiated solutions, antibiotics decompose (Fig. S10) without 
changing the TOC value (Fig. 5), confirming that UV-resistant photo-
products of SMP and SMT remain in the solution. In UV/VUV irradiated 
ones, the decrease in TOC becomes intensive after the transformation of 
SMT or SMP, demonstrating the essential role of •OH in mineralization. 
In two hours, the TOC content was reduced by 65% (SMT) and 80% 
(SMP). The formation of inorganic ions (Fig. S10) and H2O2 is consistent 
with the decrease in TOC (Fig. 5). Compared to UV photolysis, in the 
case of UV/VUV photolysis, the SO4

2– yield doubled (SMT: 43% → 94% 
and SMP: 43% → 89%), and the conversion of the N-content of sulfon-
amides into NO3

– and NH4
+ also increased (SMT: 12% → 37% and SMP: 

8% → 38%), most likely because of the radical based transformation of 
N-containing rings. The change in H2O2 concentration reflects well the 
mineralization efficiency. In the case of UV photolysis, only a slow 
accumulation of H2O2 was observed (cH2O2 < 5.0 ×10− 5 M). When UV/ 
VUV treatment was applied, the H2O2 concentration varied, showing a 
maximum curve (cH2O2

max = 1.8 ×10− 4 M); its intensive formation and 

decomposition occur together with the rapid decrease in TOC values 
(Fig. 5). However, a difference can be observed in the time dependence 
of H2O2 concentration between the sulfonamides. For SMT, the slow and 
prolonged H2O2 formation and decomposition indicate products that are 
more difficult to oxidize. 

The fast reaction of O3 with sulfonamides results in its trans-
formation in 10 min; during this time, the decrease in TOC was 10%. 
After this short period, the TOC value becomes constant for SMT and 
reduction continues slowly for SMP, with a breakpoint at 60 min 
(Fig. 5). All this indicates the formation of products, which do not react 
(in the case of SMT) or react very slowly (in the case of SMP) with O3. 
The first step is probably the prompt reaction of O3 with the aniline 
moiety [87]. A multistep reaction yields ring-opening products inactive 
for further oxidation via O3. Most likely, the difference manifested in the 
further change of TOC can be interpreted by the reactivity of O3 to the 
substituted pyrimidine and pyridazine moiety [88] The •OH formation is 
negligible under the conditions applied in ozonation. The substituted 
pyrimidine moiety of SMT is practically inactive toward O3 [88]. In the 
case of SMP, the further transformation of the products is possible via 
the addition of O3 to the carbon-carbon double bond of the pyridazine 
moiety. In addition, O3 preferentially attacks the N atoms and produces 
N-oxides [88]. The reaction of O3 with organic compounds, depending 
on their structure, can be accompanied by the formation of •OH, pro-
moting the transformation of products resistant to ozonation [88,94]. 
Although the role of •OH in the transformation of SMT and SMP during 
ozonation is negligible, its function can be decisive in the further fate of 
products that do not or slowly react with O3. However, our results are 
insufficient to estimate and interpret the contribution of •OH to the 
mineralization in the case of simple ozonation. Ozonation is accompa-
nied by a rapid increase in H2O2 concentration up to 5.0 × 10− 5 M 
during the first 10 min of the treatment in parallel with the trans-
formation of sulfonamides and a decrease in TOC. The H2O2 concen-
tration does not change afterward, consistent with inefficient or 
low-efficiency mineralization. During ozonation, 75% of the S-content 
was finally converted to SO4

2–, while 21–23% of the N-content into the 
sum of the NO3

– and NH4
+. 

Although the combination of ozonation with UV did not affect the 
SMT and SMP transformation rate, it significantly enhanced minerali-
zation and caused a 70–90% reduction in TOC in 60 min (Fig. 5). In this 
case, intermediates that are not reactive to ozone can be decomposed by 
•OH. The formation of inorganic ions (Fig. S11) was consistent with the 
decrease in TOC: S-content completely transformed into SO4

2– and almost 
40% of N-content of sulfonamides was detected as the sum of NO3

– and 
NH4

+; especially the NO3
− formation was enhanced. Both •OH or O3 

initiated transformation can result in NO2
− , which can be easily con-

verted to NO3
− , especially in the presence of •OH (k = 6.0 ×109 M− 1 s− 1 

[63]) or O3 (k = 3.7 ×105 M− 1 s− 1 [47]), while oxidation of NH4
+ to NO3

−

Fig. 5. The change in relative total organic carbon value (TOC/TOC0) (a) and H2O2 concentration (b) versus time of treatment (c0
SMT = c0

SMP = 1.0 ×10–4 M; and c 
(O3) = 1.3 × 10–4 M). •: UV/air, SMT; ○: UV/air, SMP; ■: UV/VUV/air, SMT; □: UV/VUV/air, SMP; ◆: ozonation, SMT; ◊: ozonation, SMP; ▴: O3/UV, SMT; Δ: O3/ 
UV, SMP. 
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is very slow. The NO3
– formation was not observed in the case of UV 

photolysis and was highly accelerated in the O3/UV process compared to 
ozonation or UV/VUV methods (Fig. S11). Ozonation and O3/UV com-
bination were also performed at higher (2.1 ×10− 4 M) O3 concentration, 
but no further increase in mineralization rate was reached. It is also 
worth noting that in the case of SMT, almost 20% of TOC was not 
removed even after 150 min of O3/UV treatment, while the complete 
mineralization of SMP takes place during this time. The H2O2 concen-
tration showed a maximum curve (Fig. 5), and a higher maximum value 
of H2O2 concentration and more prolonged formation and decay were 
observed for SMP than for SMP. 

3.5. Toxicity assays 

3.5.1. Ecotoxicity assay 
Transformation of antibiotics can also result in biologically active 

products. The change in ecotoxicity was investigated via a biolumines-
cence test, which is based on the inhibition of light emitted by Vibrio 
fisheri bacteria. The ecotoxicity of the treated solutions increased during 
both UV and UV/VUV photolysis. However, the accumulation of organic 
products is characteristic only for UV photolysis, as evidenced by the 
change in the TOC value (Fig. 6). When ozonation was applied, the in-
crease in toxicity was followed by its rapid decrease, and then became 
constant. Both the increased and residual toxicity effect may be related 
to organic products of UV photolysis and ozonation. The O3/UV com-
bination was the most effective in reducing ecotoxicity due to adequate 
mineralization. However, a characteristic difference can be observed 
between the two sulfonamides; in the case of SMP, the reduction in 
toxicity occurs much more slowly. For both sulfonamides, an increase in 
ecotoxicity was observed at the beginning of O3/UV treatment. 

The effect of inorganic ions should also be considered in addition to 
the potentially toxic organic products. The sensitivity of Vibrio fisheri to 
NO3

− and NO2
− was checked with 1.0 × 10− 4 M NaNO3 and NaNO2 so-

lutions, but no significant effect was observed. Consequently, these ions 
cannot directly be responsible for the increase in toxicity. Nevertheless, 
under UV radiation, NO3

− can transform into NO2
– [84], which reacts 

with both •OH and O3. Thus, the photochemical circulation between 
NO3

− and NO2
− in an aqueous solution, especially in the presence of 

oxidizing agents, such as •OH, O3, H2O2, and (V)UV irradiation, is a very 
complex process [92] and accompanied by the formation of reactive 
N-containing species (RNS), such as NO3

•, NO2
• and NO• [78,82]. The 

secondary reactions that occur between RNS and organic substances can 
generate nitro-products, probably more toxic compared to the primary 
pollutants, and increase the toxicity of the treated solution. The lifetime 
of RNS exceeds that of ROS [73], which is partially responsible for the 
occurrence and importance of RNS-induced reactions despite the 
selectivity of RNS. It is also worth mentioning the synergism - the toxic 

effects caused by the individual components can significantly reinforce 
each other, so the effect caused by their simultaneous presence can far 
exceed the sum of the effects of the individual chemicals. Similar ob-
servations were made when the heterogeneous photocatalysis of imi-
dacloprid and thiacloprid was compared [66]; the NO3

− formation was 
characteristic only of imidacloprid, and the formation of toxic 
nitro-derivatives was supposed. 

3.5.2. Change in the growth inhibition effect 
Reducing antibacterial activity during treatment is essential to pre-

vent the development of antibiotic-resistant bacterial strains. Primarily, 
the sulfanilamide moiety is responsible for the bacterial growth- 
inhibiting effect, so its transformation is decisive in terms of the bio-
logical activity of the products. 1.0 × 10− 4 M SMT and SMP solutions 
did not show activity against E. coli (results not shown), but inhibited the 
growth of B. subtilis and M. luteus bacterial cultures (Fig. 7). The effect 
decreased with decreasing sulfonamide concentration and disappeared 
below 5.0 × 10–5 M. 

The growth inhibition effect of treated samples decreased when UV 
or UV/VUV photolysis was applied, especially for SMP, in the case of 
UV/VUV photolysis. During ozonation, the inhibitory effect decreased 
with the reduction of the SMT concentration until its complete conver-
sion; after that, it strengthened and became constant. All of this suggests 
that ozone-resistant products are biologically active and have growth- 
inhibitory effects. This trend was not observed for SMP; the inhibitory 
effect decreased during the treatments, although it did not completely 
disappear (Fig. 7). It is worth noting that ozonation was much more 
effective in reducing TOC for SMP than for SMT (Fig. 5). Similar to the 
ecotoxic tests, the UV/O3 process proved to be the most effective. 

Ozone is a selective oxidizing agent; therefore, when O3 reacts with 
parts of molecules that are not critical for biochemical activity, products 
that have biological activity can form [27]. This ozone selectivity could 
be the reason of that, sulfamethoxazole results in products toxic to 
Daphnia magna and Pseudokirchneriella subcapitata [42], and the devel-
opment of sulfonamide-resistant bacterial strains was observed [56] 
after ozonation. Our results emphasize that the transformation of sul-
fonamides is not sufficient in all cases to eliminate the ecological effect 
and prevent the development of strains resistant to antibacterial agents. 
Increased attention must also be paid to the biological impact of the 
products. The amount and chemical structure of the products depend on 
the reactive species, which are determined by the applied process. 
Further studies are necessary to focus on the biological activity of the 
products, especially in the case of UV photolysis and ozonation, where 
organic derivatives accumulate. 

Fig. 6. The inhibition of bioluminescence as a function of time of treatment (arrows indicate the time of the 90% conversion of SMT and SMP) (c0
SMT=

c0
SMP=1.0 ×10–4 M; and c(O3) = 1.3 × 10–4 M). 
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3.6. Energy efficiency − electrical energy per order 

Electrical energy consumption (EEO) required to operate the lamp 
and the ozonizer to decrease the concentration from 1.0 ×10− 4 M to 
1.0 ×10− 5 M was calculated and compared (Fig. S13). The lowest value 
was obtained for ozonation (2.9 and 3.8 kWh m–3 order–1). The increase 
in O3 concentration (1.3 ×10− 4 → 1.7 ×10− 4 M) caused a slightly faster 
conversion and doubled the EEO value. Thus, the application of a lower 
O3 concentration is more economical. Combining ozonation with UV 
light increased EEO values by 40 – 50%. However, it is worth considering 
that, although ozonation is highly effective in removing SMT and SMP, 
the treated solution contains several non-ozone-reactive intermediates 
whose biological effects are unknown. The ecotoxicity of the resulting 
multicomponent solution is comparable to that of the starting solutions 
(Figs. 6 and 7) and may have a bacterial-growth inhibition effect. 
Consequently, the reduction of the ecotoxicity effect and the elimination 
of the bacterial growth inhibition effect require two or three times 
longer treatment time and correspondingly higher energy demand than 
the simple removal of sulfonamides, even in the case of the O3/UV 
process. 

4. Summary 

Four processes, UV (254 nm) and UV/VUV (254/185 nm) photol-
ysis, ozonation, and O3/UV (254 nm) combination, were compared for 
the transformation of sulfamethazine (SMT) and sulfamethoxypyr-
idazine (SMP) antibiotics. UV photolysis was moderately effective in 
transforming both sulfonamides, and the accumulation of their products 
was observed. The UV/VUV irradiation doubled the transformation rate 
and significantly enhanced mineralization due to the •OH-based re-
actions. Taking into account the photon flux at 254 and 185 nm, the 
apparent quantum efficiency of UV photolysis (~0.007) is significantly 
lower than that of VUV photolysis (<0.15). The relative contribution of 
reaction with •OH, 1O2 and O2

•− were determined in UV and UV/VUV 
irradiated solutions. In addition to UV photolysis and •OH-based re-
actions, the O2

•− have important role in the transformation of SAs. 

When ozonation is applied, transformation rates are ten times higher 
than under UV irradiation, even at low (1.3 ×10− 4 M) O3 dosage. The 
O3/UV combination does not improve the transformation rates. How-
ever, the intense reduction of TOC in the O3/UV process underscores the 
importance of •OH-based reactions in transforming products. This is 
highly important since V. fisheri tests and bacteria growth inhibition 
tests indicated the formation of products that have biological activity 
after ozonation and UV photolysis. The O3/UV process can eliminate 
these effects. The formation of NO3

− in the case of O3 or •OH driven 
processes (ozonation, UV/VUV photolysis, and O3/UV process) can be 
associated with the formation of nitro-derivatives and consequently, the 
increase in toxicity. Our results showed a correlation between the 
reactivity of nitrogen-containing moieties with O3, the rate of mineral-
ization, and the change in ecotoxicity and bacterial growth inhibition 
effect of the treated solutions. 

The EEO values showed that ozonation is the most cost-effective 
method for the decomposition of both SMT and SMP, even at low O3 
concentrations. Combining ozonation with UV photolysis increases 
electrical energy consumption by 40 – 50%. However, the O3/UV pro-
cess is recommended due to the efficient conversion of the biologically 
active products of ozonation, ecotoxicity reduction, and the complete 
elimination of the residual bacterial grown inhibition effect. Our work 
emphasizes the need for a toxicological characterization of treated 
samples since removal of the parent compound is not enough to avoid 
the release of toxic species into the environment. 
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[21] A. Cassini, L.D. Högberg, D. Plachouras, A. Quattrocchi, A. Hoxha, Attributable 
deaths and disability-adjusted life-years caused by infections with antibiotic- 
resistant bacteria in the EU and the European Economic Area in 2015: a 
population-level modelling analysis, Lancet Infect. Dis. (2019), https://doi.org/ 
10.1016/S1473-3099(18)30605-4. 

[22] J.K. Challis, J.C. Carlson, K.J. Friesen, M.L. Hanson, C.S. Wong, Aquatic 
photochemistry of the sulfonamide antibiotic sulfapyridine, J. Photochem. 
Photobiol. A Chem. 262 (2013) 14–21, https://doi.org/10.1016/j. 
jphotochem.2013.04.009. 

[23] L. Charuaud, E. Jarde, A. Jaffrezic, M.-F.F. Thomas, B. Le Bot, Veterinary 
pharmaceutical residues from natural water to tap water: Sales, occurrence and 
fate, J. Hazard. Mater. 361 (2019) 169–186, https://doi.org/10.1016/j. 
jhazmat.2018.08.075. 

[24] L.C. Chuang, C.H. Luo, S.W. Huang, C.J. Lin, Degradation of sulfa 
pharmaceuticals in aquatic environment by O 3 and UV/TiO2 processes, Adv. 
Mater. Res. 255–260 (2011) 4222–4226, https://doi.org/10.4028/www. 
scientific.net/AMR.255-260.4222. 

[25] M. Conde-Cid, D. Fernández-Calviño, J.C. Nóvoa-muñoz, M. Arias-estévez, 
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sulfonamide ozonation using caffeine as a contamination indicator, Water Sci. 
Technol. Water Supply 20 (2020) 508–515, https://doi.org/10.2166/ 
ws.2019.182. 

[41] A. Gome, K. Upadhyay, Chemical kinetics of ozonation and other processes used 
for the treatment of wastewater containing, Pharmaceuticals: A Rev. 04 (2012) 
157–168. 
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[47] Hoigné, J., 1998, Chemistry of Aqueous Ozone and Transformation of Pollutants 
by Ozonation and Advanced Oxidation Processes. pp. 83–141. https://doi.org/ 
10.1007/978–3-540–68089-5_5. 

[48] H. Hou, L. Duan, B. Zhou, Y. Tian, J. Wei, F. Qian, The performance and 
degradation mechanism of sulfamethazine from wastewater using IFAS-MBR, 
Chin. Chem. Lett. 31 (2020) 543–546, https://doi.org/10.1016/j. 
cclet.2019.08.031. 

[49] J. Huang, J. Liang, X. Yang, J. Zhou, X. Liao, S. Li, L. Zheng, S. Sun, Ultrasonic 
coupled bioleaching pretreatment for enhancing sewage sludge dewatering: 
Simultaneously mitigating antibiotic resistant genes and changing microbial 
communities, Ecotoxicol. Environ. Saf. 193 (2020) 110349, https://doi.org/ 
10.1016/j.ecoenv.2020.110349. 

[50] N.D.H.H. Khaleel, W.M.M.M. Mahmoud, G.M. Hadad, R.A. Abdel-Salam, 
K. Kümmerer, Photolysis of sulfamethoxypyridazine in various aqueous media: 
Aerobic biodegradation and identification of photoproducts by LC-UV-MS/MS, 
J. Hazard. Mater. 244–245 (2013) 654–661, https://doi.org/10.1016/j. 
jhazmat.2012.10.059. 

[51] H.Y. Kim, T.H. Kim, S. Yu, Photolytic degradation of sulfamethoxazole and 
trimethoprim using UV-A, UV-C and vacuum-UV (VUV), J. Environ. Sci. Heal. - 
Part A Toxic. /Hazard. Subst. Environ. Eng. 50 (2015) 292–300, https://doi.org/ 
10.1080/10934529.2015.981118. 

[52] H.Y. Kim, S.H. Yu, M.J. Lee, T.H. Kim, S.D. Kim, Radiolysis of selected antibiotics 
and their toxic effects on various aquatic organisms, Radiat. Phys. Chem. 78 
(2009) 267–272, https://doi.org/10.1016/j.radphyschem.2009.01.010. 
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Water Matrices on the Removal of Organic Pollutants by TiO2/LED and ZnO/LED 
Heterogeneous Photocatalysis Using 365 and 398 nm Radiation, Nanomaterials 
12 (2021) 5, https://doi.org/10.3390/nano12010005. 
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