
Contents lists available at ScienceDirect 

Process Safety and Environmental Protection 

journal homepage: www.elsevier.com/locate/psep 

(V)UV degradation of the antibiotic tetracycline: Kinetics, transformation 
products and pathway 

Dániel Krakkóa, Bjørn Tobiassen Heierenb, Ádám Illésc,d, Kristin Kvammeb, Sándor Dóbéc,  
Gyula Záraya,d,⁎ 

a Cooperative Research Center for Environmental Sciences, Institute of Chemistry, ELTE – Eötvös Loránd University, Pázmány Péter sétány 1/A, H-1117 Budapest, 
Hungary 
b Faculty of Engineering and Science, Western Norway University of Applied Sciences, Inndalsveien 28, N-5063 Bergen, Norway 
c Renewable Energy Research Group, Institute of Materials and Environmental Chemistry, Research Centre for Natural Sciences, Magyar tudósok körútja 2, H-1117 
Budapest, Hungary 
d Institute of Aquatic Ecology, Centre for Ecological Research, Karolina út 29-31, H-1113 Budapest, Hungary    

a r t i c l e  i n f o   

Article history: 
Received 1 February 2022 
Received in revised form 27 April 2022 
Accepted 11 May 2022 
Available online 14 May 2022  

Keywords: 
Advanced oxidation processes 
Pharmaceuticals 
Persistent organic pollutants (POPs) 
Contaminants of emerging concern 
UV-C 
VUV/UV 

a b s t r a c t   

Tetracycline (TETR) is an antibiotic drug that is widely used in both human and veterinary medicine. It is 
frequently detected in activated sludge, wastewater effluent, river and lake water or sediment, usually in the 
pg/L – µg/L concentration range, but sometimes above the mg/L level. Conventional wastewater treatment 
plants have low removal efficiency for a large number of small organic molecules including TETR. Their 
efficiency can be increased by applying e.g., an advanced oxidation method for the post-treatment of the 
wastewater effluent. One possibility is the use of (V)UV lamps for simultaneous disinfection and micro
pollutant removal. In this paper, the degradation of TETR by UV (λ = 254 nm) and (V)UV (λ = 185 nm and 
254 nm) light was studied, focusing on kinetics, mineralization, transformation products and degradation 
pathways. The effect of dissolved oxygen during irradiation was also examined. As expected, the de
gradation rate of TETR drastically increased in (V)UV irradiation compared to the conventional UV light. The 
degradation rates increased by 9% and 16% in UV and (V)UV experiments in the presence of dissolved 
oxygen possibly due to the generation of additional oxidative radical species. Total organic carbon removal 
was generally 15%, high TOC removal could only be achieved with greatly increased photon flux in (V)UV 
photooxidation. In total, eleven aromatic transformation products (TPs) were identified during the irra
diation experiments. Three TPs (TP 418, TP 398 and TP 383) were described for the first time. The main 
degradation pathways include loss of water, CO, methyl or dimethylamine groups. Based on the kinetic 
profiles, (V)UV irradiation could effectively degrade all aromatic transformation products. 

© 2022 Published by Elsevier Ltd on behalf of Institution of Chemical Engineers. 
CC_BY_NC_ND_4.0   

1. Introduction 

Organic compounds that are resistant in varying degrees to en
vironmental degradation through chemical, biological or photolytic 
processes (natural sunlight) are called persistent organic pollutants 
(POPs). Some POPs arise naturally in relation to volcanic activities 
and vegetation fires, however, most of them are from anthropogenic 
sources. They include pesticides, endocrine disrupting compounds, 
active pharmaceutical ingredients (APIs) and their metabolites, 

cosmetics, industrial additives and agents, etc. In relation to human 
and animal health, POPs can have an additive and synergistic effect 
to cause endocrine disruption, cardiovascular and reproductive 
problems, cancer and diabetes (Alharbi et al., 2018). 

APIs constitute one of the largest groups of POPs. They can be 
detected in surface water and wastewater globally (Aus der Beek 
et al., 2016). Their concentration is usually in the pg/L – µg/L range 
but it can also exceed mg/L (Aus der Beek et al., 2016). The long-term 
impact of these pharmaceuticals and their metabolites as well as 
their possible cocktail effects in the aquatic environment is mostly 
unknown (European Commission, 2019). 

It has been shown that concentrations of estrogenic hormones in 
less than 0.1 ng/L could interfere with human, animal and wildlife 
reproduction (Roudbari and Rezakazemi, 2018). The possible devel
opment of antibiotic resistant genes is another major concern that 
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threatens our ability to treat common infectious diseases (Guo et al., 
2018; Segura et al., 2009). After consumption, APIs are not com
pletely metabolized in the human body and are partially excreted in 
unchanged form, reaching wastewater treatment plants (WWTPs) 
through the communal sewer system. Although WWTPs aim to re
duce pollution and many pollutants are completely or partially re
moved during conventional wastewater treatment, they are 
considered as important discharge points of APIs, their residues, and 
several other POPs with lower removal efficiency (Michael 
et al., 2013). 

Tetracycline (TETR) is a broad-spectrum semisynthetic antibiotic 
drug that is used both in human and veterinary medicine. It forms 
part of the tetracycline antibiotic group that contains four naturally 
occurring molecules, namely TETR, oxytetracycline, chlortetracycline 
and demeclocycline as well as several semi-synthetic and synthetic 
compounds such as hypomicetin or doxycycline. Nowadays, TETR is 
used to treat infections and diseases such as acne, gonorrhea, ma
laria, listeria infections, yaws, anthrax and syphilis. Chlortetracycline 
and oxytetracycline were widely used earlier as growth promoters in 
aquaculture (Yang and Carlson, 2003). However, the use of anti
biotics in general as growth promoters were banned in 2006 in the 
European Union, and in January 2017 in the USA (Granados- 
Chinchilla and Rodríguez, 2017). 

The extensive use of tetracycline antibiotics has led to their 
ubiquitous presence in the aquatic environment. They have been 
detected in wastewater, activated sludge, surface water and sedi
ment, groundwater and even in drinking water (Xu et al., 2021). 
Adverse effects of TETR to a range of aquatic species, like the algae 
Microcystis aeruginosa and Selenastrum capricornutum, have been 
reported and there is a concern about the development of antibiotic 
resistant bacteria and genes (Guo et al., 2018). Because of its wide
spread use, TETR was also proposed as a candidate for the inclusion 
into the European Commission’s second Watch List (Loos 
et al., 2018). 

The removal of TETR has been widely studied in the recent 
decades using various treatment methods (Liu et al., 2019; Xu et al., 
2021). Adsorption of TETR is an inexpensive, simple and flexible 
technique with many different adsorbents, such as biochar (Liu et al., 
2021), graphene oxide (Ghadim et al., 2013) and reduced graphene 
oxide (Huízar-Félix et al., 2019), but it can only be used to con
centrate TETR, not to destroy it, and it generates waste. 

TETR does not degrade under visible light (Wu et al., 2020), but 
UV-C (λ = 254 nm) irradiation can result in a slight removal of TETR 
(Xu et al., 2020). The combination of H2O2 or Fe2+ (in the form of 
FeSO4) with UV-C increases the removal efficiency of these AOPs 
(Zhao et al., 2020). Zhao et al. identified 14 different transformation 
products during their degradation study of TETR (Zhao et al., 2020). 
Luu and Lee applied UV, H2O2 and ozone to degrade TETR and its 
concentration was measured by means of a UV-Vis spectro
photometer (Luu and Lee, 2014). They have found that ozone alone 
and in combination with UV and/or H2O2 can achieve high de
gradation of TETR. By applying peroxomonosulfate or persulfate with 
UV irradiation, the generated reactive oxygenated radicals (hydroxyl 
radicals and SO4

•–) accelerate the degradation rate, and removal ef
ficiencies higher than 80% can be achieved (Xu et al., 2020). 

The effect of conventional UV irradiation and photocatalysis on 
the degradation of TETR has been widely studied. Using TiO2 or 
Al2O3 as photocatalyst increases the degree of degradation, and the 
addition of H2O2 enhances the removal efficiency even further 
(Emzhina et al., 2021). The photocatalytic performance of visible 
light has also been investigated. Under the irradiation with wave
length of 350–800 nm, removal of TETR varied between 7% and 85% 
(Wu et al., 2020). Wu et al. found eight intermediate products and 
six more under UV irradiation (λ = 350 nm) (Wu et al., 2020). Ap
plication of black anatase-TiO2 and N-doped TiO2 photocatalysts 
showed even better results with enhanced degradation (Wu et al., 

2021). Under visible light conditions, carbon nitride can yield de
grees of degradation up to 90% (Yin et al., 2021). In this study, the 
possible degradation pathways have been also investigated. The 
authors detected twelve transformation products over the Ag3PO4/ 
C3N5 heterojunction (Yin et al., 2021). In recent years, metal bismuth 
oxide has gained much attention as a promising photocatalyst. The 
Bi2WO6/CuS composites or the novel plasmonic p-n heterojunction 
catalyst of Ag/Ag6Si2O7/Bi2MoO6 can enhance the removal efficiency 
up to 99% and 90%, respectively (Li et al., 2021; Mao et al., 2021). 

The use of high energy vacuum UV (VUV) photons for the de
gradation of micropollutants has the advantage over conventional 
UV irradiation in that VUV photons can induce the photodissociation 
of water molecules, generating highly reactive hydroxyl radicals in 
high concentration (Krakkó et al., 2022). VUV photons can also in
crease degradations rates by direct photolysis. To the best of our 
knowledge, combined UV and VUV (referred to as (V)UV) irradiation 
has been previously studied once (Yao et al., 2017). In that study, the 
effects of solution pH, TETR concentration and the presence of Fe(II/ 
III) ions in UV and (V)UV irradiation were examined but transfor
mation products were not identified (Yao et al., 2017). The aim of this 
work was to study the effect of dissolved oxygen on the degradation 
and mineralization of TETR by UV and (V)UV irradiation and to 
identify new transformation products (TPs) and degradation path
ways. Experiments were carried out in a batch photoreactor by ir
radiating the solutions with either a UV or a (V)UV lamp that emitted 
radiation at 254 nm and 254 nm + 185 nm, respectively. 

2. Materials and methods 

2.1. Chemicals and reagents 

TETR of 94.12% purity was purchased from Alfa Aesar [Thermo 
Fisher (Kandel) GmbH, Karlsruhe, Germany]. Standard solutions of 
TETR were prepared in ultrapure water (UPW) at two concentration 
levels: 5 × 10–6 M and 5 × 10–5 M. UPW was produced with an ELGA 
Purelab Option-R7 unit (ELGA LabWater/VWS Ltd., High Wycombe, 
UK). LC-MS grade acetonitrile, methanol and formic acid (99% by 
weight) were purchased from VWR (VWR International Ltd., 
Debrecen, Hungary). For the irradiation experiments, high purity 
oxygen (99.95%), nitrogen (99.996%) and argon (99.996%) were used. 

2.2. Irradiation setup 

Aliquots of 650 mL of standard solutions of TETR were prepared 
in UPW and subjected to irradiation in a tubular batch-scale Pyrex 
photoreactor as described elsewhere (Krakkó et al., 2019; Krakkó 
et al., 2022). Briefly, two low-pressure mercury lamps were applied; 
a conventional germicidal UV lamp (5.4 × 10–8 molphoton cm–2 s–1 

photon flux at 254 nm) and a (V)UV lamp (7.6 × 10–8 and 4.6 × 10–9 

molphoton cm–2 s–1 photon fluxes at 254 and 185 nm, respectively). 
The two lamps had identical geometry that are described elsewhere 
(Krakkó et al., 2022). The distance between the surface of the quartz 
sleeve and the internal surface of the photoreactor was 24 mm. In 
these experiments, the effective arc length of the (V)UV lamp was 
reduced by covering the lamp sleeve with Pyrex glass tubes at the 
top and bottom to reduce the relatively high photon flux at 185 nm 
of the (V)UV lamp. The solutions in the photoreactor were either 
purged with high purity (99.996%) argon at 500 mL/min or oxygen 
(99.5%) at 990 mL/min during irradiation, and the lamps were cooled 
with high purity (99.996%) nitrogen at 800 mL/min. The pH of the 
solutions were 4.9–5.3 depending on the concentration of TETR (HCl 
salt). Experiments focusing on reaction kinetics and the identifica
tion of transformation products were carried out at 5 × 10–6 M 
(2.2 mg/L) TETR concentration, while 5 × 10–5 M (22.2 mg/L) was 
used for studying mineralization. 
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2.3. Analytical procedures 

For the identification of TPs, irradiation experiments were 
stopped at predefined times, 50 mL of samples were collected and 
preconcentrated using 60 mg Oasis HLB solid-phase extraction car
tridges (Waters Ltd., Budapest, Hungary). The steps of the solid- 
phase extraction are described in detail elsewhere (Krakkó 
et al., 2019). 

Samples with and without preconcentration were measured with 
an ultrahigh performance liquid chromatograph coupled to a quad
rupole time-of-flight high resolution mass spectrometer (Bruker 
Daltonik GmbH, Bremen, Germany). For the chromatographic se
paration, a Bruker Intensity Solo 2 C18 column (100 mm × 2.1 mm, 
2 µm particle size) equipped with an Acclaim RS120 C18 guard 
column (10 mm × 2.1 mm, 5 µm particle size) was applied. Mobile 
phases were 0.1% (v/v) formic acid in UPW (eluent A) and acetoni
trile (eluent B). For the quantitative analysis of TETR, isocratic elu
tion with 20% eluent B with a run time of 2.5 min was used. For the 
identification of the TPs, the following gradient elution was used: 
0–2 min, 10% B; 2–35 min, 90% B with 4 min long post-run equili
bration time. Injection volume was 2 µL and flow rate was 400 µL/ 
min in both cases. The mass spectrometric conditions are described 
elsewhere (Krakkó et al., 2019). The total organic carbon (TOC) 
content was determined in the form of non-purgeable organic 
carbon using a Multi N/C 2100 S TC-TN analyzer (Analytik Jena, Jena, 
Germany). 

3. Results and discussion 

3.1. Removal kinetics of tetracycline 

Degradation rate of tetracycline was evaluated under UV and (V) 
UV irradiation in the absence (referred to as photolysis) and pre
sence of dissolved oxygen (referred to as photooxidation) (Fig. 1A). 
As expected, the effect of (V)UV irradiation drastically increased the 
degradation rate of TETR compared to UV irradiation (Table 1.) as it 
has been previously demonstrated for TETR and other APIs (Krakkó 
et al., 2019; Krakkó et al., 2022; Yao et al., 2017). Eleven and twelve- 
fold increase was observed between UV and (V)UV irradiation for 
photolysis and photooxidation, respectively. It is important to em
phasize that although the lamp geometry was identical for the UV 
and (V)UV lamps, the total photon flux was approximately 18 times 
smaller for the (V)UV lamp in these experiments. The increased 
degradation rates in (V)UV experiments were due to the photo
dissociation of water induced by the vacuum UV photons, generating 
reactive species such as H3O+, H• and hydrated electrons (e–

aq) and 
most importantly, hydroxyl radicals (Krakkó et al., 2022; Yao et al., 
2017). Moreover, vacuum UV photons could increase the degradation 
rate of TETR by direct photolytic cleavage. The effect of dissolved 
oxygen was minor, 9% and 16% increase could be observed in the 
case of UV and (V)UV irradiation, respectively. Dissolved oxygen can 
contribute to increased reaction rates through the formation of re
active oxidative species such as hydroperoxyl, peroxyl or superoxide 
anion radicals. (Krakkó et al., 2022). Moreover, ozone could be 
generated in (V)UV photooxidation experiments following the pho
tolysis of an oxygen molecule and recombination of the formed 
oxygen atom with another oxygen molecule (Krakkó et al., 2022). 
Additionally, oxygen can hinder the recombination reaction of hy
drogen atoms and hydroxyl radicals generated during irradiation and 
thus increase the concentration of hydroxyl radicals in the solution 
compared to photolysis experiments conducted in the absence of 
oxygen (Kozmér et al., 2016). The degradation rate-accelerating ef
fect of dissolved oxygen and ozone in (V)UV irradiation depends on 
the photon flux at 185 nm of the (V)UV lamp. The concentration of 
hydroxyl radicals in the solution will increase with higher photon 
flux, and consequently, the effect of ozone, and the reactive oxidative 

species generated in secondary reactions that involve dissolved 
oxygen will be negligible. TOC removal was less than 10% for UV 
photolysis and UV photooxidation (Fig. 1B), dissolved oxygen did not 
play a significant role in the mineralization in this case because no 
difference could be observed for UV photolysis and UV photo
oxidation. 

Similar results were observed in (V)UV experiments as in UV 
experiments. This meant 10% decrease in TOC content in 30 min ir
radiation time (Fig. 1B). On the other hand, with a photon flux in
creased by 18 times (achieved by removing the Pyrex covers from 
the top and bottom of the (V)UV lamp), high TOC removal of 80% was 
reached in (V)UV photooxidation experiments, similarly to another 
study (Yao et al., 2017), and to other APIs discussed elsewhere 
(Krakkó et al., 2019; Krakkó et al., 2021). 

3.2. Transformation products of tetracycline 

In total, 11 TPs were identified across all experimental conditions 
(Table 2 and Table S1). According to the MS2 spectrum, TETR (Fig. S1) 
during fragmentation undergoes losses of ammonia (m/z 445.16 → 
m/z 428.13), water (m/z 428.13 → m/z 410.12 → m/z 392.11) and CO 
(m/z 365.06 → m/z 337.07; m/z 297.07 → m/z 269.08 → m/z 241.08; 

Fig. 1. Percentage degradation and linear regressions of tetracycline (A) and miner
alization of tetracycline (B) as a function of irradiation time under different experi
mental conditions. 

D. Krakkó, B.T. Heieren, Á. Illés et al. Process Safety and Environmental Protection 163 (2022) 395–404 

397 



m/z 126.05 → m/z 98.06) and the dimethylamine group (m/z 410.12 
→ m/z 365.06). 

TP 460 is the hydroxylated product of TETR. Two isomeric peaks 
(Fig. S2) with different retention time could be identified as reported 
also by others (Wan et al., 2013; Zhang et al., 2018). The exact place 
of the new hydroxyl group could not be determined by mass spec
trometry but according to Liang et al., the C11a position (Fig. 2, Ring 
C) is the most vulnerable for hydroxyl radical attack that is followed 
by oxo-enol tautomerization (Liang et al., 2018). Other possible sites 
for hydroxyl radical attack are C7–9 positions on the D phenyl ring of 
TETR (Fig. 2). 

Based on its exact mass, TP 458 contains one oxygen atom more 
and two hydrogen atoms less compared to TETR (Fig. S3). TP 458 
could only be detected in (V)UV experiments. According to the lit
erature, TP 458 was formed by hydrogen abstraction from TP 460 
initiated by the consecutive attack of a hydroxyl radical and an 
oxygen atom or another radical species (Ao et al., 2019; Li and 
Hu, 2016). 

The difference between the molecular formula of TP 442 and 
TETR is two hydrogen atoms (Fig. S4). It was proposed that TP 442 
formed from TP 460 by dehydration (water loss) in position C6 (Ao 
et al., 2019; Liu et al., 2016). Similarly to TP 458, TP 442 was only 
detected in (V)UV experiments. 

TP 430 is a demethylated product of TETR likely formed in direct 
photolytic reaction (Fig. S5). There were two possible positions for 
demethylation in the structure of TETR, either at C6 position or at the 
dimethylamine group of TETR. It is argued that cleavage at the di
methylamine group is favored due to the low bond energy of the 
N–C bond (Jiao et al., 2008; Li and Hu, 2016). This was confirmed in 
our study by high resolution MS2 measurements. A characteristic 
fragment ion of TETR is m/z 154.05 that was produced by a loss of the 
primer amino group and the fragmentation of the main structure in 
two parts (Fig. S6). This fragment ion was characteristic for the di
methylamine group of the molecule. A similar fragment ion could be 
observed for TP 430 with the difference of a methyl group according 
to the exact mass of this fragment ion, confirming that demethyla
tion of TETR took place on the dimethylamine group to form TP 430 
(Fig. S5). 

TP 426 (Fig. S7) was a dehydrated TP of TETR likely produced via 
direct photoelimination of water as it was present in each type of 
experiments including UV photolysis (Table S1). It is believed that 
water loss took place at the C6 position and was followed by oxo- 
enol tautomerism to form a more stable structure containing a 
second aromatic ring (Halling-Sørensen et al., 2002; Liu et al., 2016). 

The structure of TP 418 could not be clarified based solely on the 
mass spectrometric data (Fig. S8). To the best of our knowledge, this 
product was not yet described in the literature. According to its exact 
mass, the unequivocal molecular formula of its protonated molecule 
is C21H27N2O7. TP 418 was only detected in (V)UV experiments. 

TETR can undergo photochemical decarbonylation to form TP 416 
(Fig. S9). There are two possible positions for the decarbonylation, 
namely C1 and C11. According to the literature, bond cleavage could 
occur in acetylacetone molecules by high energy UV irradiation 
(Upadhyaya et al., 2003). Acetylacetone exists predominantly in 
enolic form (Upadhyaya et al., 2003), thus position C1 was more 
likely for the decarbonylation because of the enolic acetylacetone 
moiety in ring A of TETR (Fig. 2) (Ao et al., 2019). This hypothesis was 

supported in our experiments by the proposed structure of some 
fragment ions of TP 416 (Fig. S10). 

There were two possible routes for the formation of TP 412 (Fig. 
S11). It was either formed from TP 430 by dehydration similarly to 
the generation of TP 426 or through demethylation of TP 426. In the 
former case, water loss at position C6 was proposed to be followed 
by oxo-enol tautomerism. The formation of TP 412 from TP 430 was 
also confirmed by MS2 measurements; among several identical 
fragment ions, fragment ion m/z 140.03 indicated that TP 412 was 
missing a methyl group from the dimethylamine moiety of TETR as 
discussed earlier for TP 430. TP 412 was only detected in photolysis 
experiments. 

TP 399 (Fig. S12) was formed from either TP 430 or TETR by direct 
photoelimination of the methylamino or dimethylamine group, re
spectively. TP 399 was only detected in photolysis experiments. 
Transformation products with the same nominal mass have been 
described previously, indicating losses of two methyl and a hydroxyl 
group (Cao et al., 2016) or a methyl, the primer amino and a hydroxyl 
group (Zhu et al., 2013). In those studies, low resolution mass 
spectrometry was applied. In our case, the only possible molecular 
formula based on high resolution mass spectrometry with a mass 
accuracy limit of 10 ppm indicated a loss of “C2H8N” that corre
sponded to the loss of the dimethylamine group. 

TP 398 (Fig. S13) was a newly identified transformation product 
of TETR. It was possibly generated from TP 426 by decarbonylation or 
from TP 416 by dehydration. After dehydration, the same oxo-enol 
tautomerism was proposed as discussed earlier. The MS2 spectra of 
these three TPs served as a confirmation of their similar structures. 
Firstly, TP 398 and TP 416 shared several fragment ions (m/z 382.13, 
m/z 364.12, m/z 311.09, m/z 293.08 and m/z 237.05). Secondly, the 
mass difference between several fragment ions of TP 426 and TP 398 
was equal to the loss of a CO (m/z 410.12 of TP 426 → m/z 382.13 of TP 
398, m/z 392.11 of TP 426 → m/z 364.12 of TP 398 and m/z 321.07 of 
TP 426 → m/z 293.08 of TP 398). 

TP 383 was another newly identified transformation product of 
TETR (Fig. S14). The exact mechanism of its formation is unknown, 
but it involved the loss of the dimethylamine group and the loss of a 
hydroxyl group (not water loss according to the exact masses). We 
hypothesize that the hydroxyl group was lost from the C3 carbon 
atom that is adjacent to the carbon atom with the dimethylamine 
group (Fig. 2). 

Based on the identified TPs, both direct photolytic reactions and 
reactions with radical species were involved in the degradation of 
TETR (Fig. 2) under UV and (V)UV light. According to the proposed 
mechanism, TETR can be oxidized to TP 460 upon hydroxyl radical 
attack. TETR can also suffer loss of CO (TP 416), a methyl group (TP 
430) or the dimethylamine group (TP 383) or loss of H2O can take 
place (TP 426). In further steps, the same degradation reaction steps 
are repeated and TPs with smaller molecular weight are formed; in 
our experiments, loss of H2O was observed in the case of several TPs 
(TP 416 → TP 398, TP 460→ TP 442, TP 430 → TP 412), as well as a 
loss of CO (TP 426 → TP 398), a loss of a methyl group (TP 426 → TP 
412) or the loss of the methylamino group (TP 430 → TP 399). 
Moreover, the exact formation of TP 418 and TP 383 is unknown. 

As none of the identified TPs were characteristic for ozonation 
reactions, it is more likely that the ozone generated in (V)UV ex
periments was degraded by (V)UV light to O(1D) and an oxygen 

Table 1 
Kinetic parameters for UV and (V)UV degradation of tetracycline under different experimental conditions.        

UV irradiation (V)UV irradiation 

Photolysis Photooxidation Photolysis Photooxidation  

t1/2 (s) 281.8  ±  3.6 256.7  ±  10.4 25.27  ±  1.7 21.07  ±  1.8 
k (10–3 s–1) 2.46  ±  0.03 2.70  ±  0.11 27.43  ±  1.8 32.90  ±  2.8 

Abbreviations: k = pseudo-first order rate constant, t1/2 = half-life. Two sigma limits were used for error calculations.  
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Table 2 
Transformation products of tetracycline identified during UV and (V)UV irradiation.        

Name and 
molecular formula  
[M+H+] 

Retention 
time (min) 

Accurate mass  
[M+H+] (mass 
accuracy) 

DBE  
[M+H]+ 

Structure Confidence 
levela  

TETR C22H25N2O8 5.2 445.1602 
(–0.8) 

11.5 1 

TP 460 C22H25N2O9 1.8, 3.3 461.1546 (–1.9) 11.5 3 

TP 458 C22H23N2O9 7.8 459.1381 (3.7) 12.5 3 

TP 442 C22H23N2O8 11.3 443.1432 (3.8) 12.5 3 

TP 430 C21H23N2O8 4.8 431.1452 
(–0.7) 

11.5 2 

(continued on next page) 
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Table 2 (continued)       

Name and 
molecular formula  
[M+H+] 

Retention 
time (min) 

Accurate mass  
[M+H+] (mass 
accuracy) 

DBE  
[M+H]+ 

Structure Confidence 
levela  

TP 426 C22H23N2O7 10.5 427.1506 (–1.5) 12.5 3 

TP 418 C21H27N2O7 6.2 419.1805 (1.9) 9.5 unknown 4 
TP 416 C21H25N2O7 5.6 417.1662 (–1.4) 10.5 3 

TP 412 C21H21N2O7 9.9 413.1338 (1.3) 12.5 3 

TP 399 C20H18NO8 9.6 400.1021 (1.5) 12.5 2 

TP 398 C21H23N2O6 5.1 399.1559 
(–2.1) 

11.5 3 

(continued on next page) 
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Table 2 (continued)       

Name and 
molecular formula  
[M+H+] 

Retention 
time (min) 

Accurate mass  
[M+H+] (mass 
accuracy) 

DBE  
[M+H]+ 

Structure Confidence 
levela  

TP 383 C20H18NO7 11.3 384.1070 (2.0) 12.5 3 

DBE = double bond equivalent.  
a Identification confidence level in high resolution mass spectrometric analysis as proposed by (Schymanski et al., 2014).  

Fig. 2. Proposed degradation pathway of tetracycline during UV in (V)UV irradiation.  
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molecule, and ultimately contributed to the generation of hydroxyl 
radicals via the reaction of O(1D) with water. Dissolved ozone could 
also react with water under UV light to generate H2O2. Photolytic 
degradation of H2O2, or its reaction with ozone will also form hy
droxyl radicals (Krakkó et al., 2021). 

3.3. Kinetic profile of the transformation products of tetracycline 

Although the main TPs of TETR were the same in each type of 
experiment, the kinetic profiles were different (Fig. 3). The dominant 
degradation route for TETR in UV photolysis was TETR → TP 426 → 
TP 398, and eight out of eleven TPs could be detected in total (see  
Table S1). In the case of UV photolysis, reactive oxidative species are 
generated in secondary photochemical reactions and degradation is 
mainly driven by direct photolytic reactions. Similarly to UV pho
tolysis, TP 426 was also the dominant TP in (V)UV photolysis. 
However, the kinetic profile of TP 398 did not follow TP 426 in (V)UV 
experiments, indicating that TP 426 was more likely hydroxylated or 
demethylated in this case. Three compounds, namely TP 458, TP 442 
and TP 418 were only detected in (V)UV experiments. This could be 
explained by the higher concentration of hydroxyl ions in (V)UV 
experiments or higher photon flux that favored their formation in 
detectable amounts. 

Only 5 TPs could be detected in total in UV photooxidation ex
periments and a dominant path could not be identified. Three TPs, 
namely TP 412, TP 399 and TP 383 could not be detected when 
oxygen was present in the samples. This indicated that other 

pathways were favored in the presence of oxygen. It can be assumed 
that the rate-determining step in the formation of these TPs was 
reactions with UV or VUV photons. These reactions took place 
through excited states of TETR and TP 430. These excited states could 
be effectively quenched by oxygen molecules. Consequently, direct 
photolysis with VUV photons, and reactions with reactive oxidative 
species (most importantly hydroxyl radicals) were the most domi
nant in (V)UV photooxidation that is in accordance with the highest 
TOC removal for this treatment type. 

4. Conclusions 

Three new TPs for the (V)UV degradation of TETR could be 
identified, namely TP 418, TP 398 and TP 383, and structure was 
proposed for two out of three TPs. The degradation rate of TETR and 
its aromatic TPs could be drastically increased by applying (V)UV 
irradiation compared to the conventional “germicidal” UV treatment. 
The number of identified TPs was also less in case of (V)UV experi
ments that indicated that the aromatic TPs were more efficiently 
mineralized, or transformed into smaller compounds. (V)UV irra
diation could effectively remove the identified TPs within 10 min 
irradiation time. Degradation pathways involving reactive oxidative 
species is hypothesized to be more relevant in wastewater applica
tions as photons will more likely react with water or matrix com
ponents of the wastewater. 

Fig. 3. Kinetic profile of the transformation products of tetracycline during UV photolysis (A), UV photooxidation (B), (V)UV photolysis (C), and (V)UV photooxidation (D) in 
ultrapure water. 
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