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HIGHLIGHTS

GRAPHIC ABSTRACT

* Mechanisms for multiple photochemical
transformation of tetracyclines were reported.

* The degradation kinetics were dependent on pH
and reactivities of dissociated forms.

¢ Anionic forms reacted faster in the apparent
photolysis and photooxidation processes.

* Different pathways and various intermediates
occurred for the three reactions.

* The major by-products showed similar or more
toxicities than the parent antibiotics.
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Photo-transformation of dissociated tetracyclines (TCs)

ABSTRACT

Most antibiotics contain ionizable groups that undergo acid-base dissociation giving rise to diverse
dissociated forms in aquatic systems depending on the pH of the system. In sunlit surface waters,
photochemical transformation plays a crucial role in determining the fate of antibiotics. This study
presents a comprehensive examination of the photo-transformation degradation kinetics, pathways and
photoinduced toxicity of three widely detected tetracyclines (TCs): tetracycline (TC), oxytetracycline
(OTC), and chlortetracycline (CTC). Under simulated sunlight (1 > 290 nm), their apparent photolysis
followed pseudo-first-order kinetics, with rate constants significantly increasing from H,TCs’ to
TCs?. Through competition kinetic experiments and matrix calculations, it was found that the anions
HTCs™ or TCs? (pH ~ 8-10) were more reactive toward hydroxyl radicals (¢*OH), while TCs~ (pH ~
10) reacted the fastest with singlet oxygen (!0,). Considering the dissociated species, the total
environmental photo-transformation half-lives of TCs were determined, revealing a strong dependence
on the water pH and seasonal variation in sunlight. Generally, apparent photolysis was the dominant
photochemical process, followed by !0, and *OH oxidation. Different transformation pathways for the
three reactions were determined based on the key photoproducts identified using HPLC-MS/MS.
Toxicity tests and ECOSAR software calculations confirmed that the intermediates produced by the
*OH and 0, photo-oxidation processes were more toxic than the parent compounds. These findings
significantly enhance our understanding of the complex photochemical fate and associated risks of
TCs in aqueous environments.
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1 Introduction

Antibiotics have emerged as a growing concern in both
freshwater and coastal environments due to their frequent
detection, pseudo-persistence, and the escalating issue of
antimicrobial resistance (Guo et al., 2020; Wang et al.,
2022; Zheng etal., 2023). These substances primarily
enter ecosystems through animal/human excretion and
discharge into wastewater systems, stemming from
applications in human medicine, animal husbandry, and
aquaculture (He etal., 2020; Ye etal., 2022; Yu etal.,
2022; Li etal., 2023). Despite advances in wastewater
treatment technologies, these facilities often fail to
completely remove antibiotics, leading to residual
amounts in receiving waters (Anjali and Shanthakumar,
2019; Ping etal, 2022). Among various antibiotic
classes, tetracycline antibiotics (TCs) are consistently
identified as noteworthy aqueous micropollutants,
frequently found in surface waters in many countries such
as the United States, Vietnam, and China (Zhang et al.,
2013; Tran et al., 2019; Liu et al., 2020; Xu et al., 2021a).
In China, monitoring studies have recorded mean TCs
concentrations ranging from 1.42 to 273 ng/L in the
aquatic environment (Li etal., 2018; Liu etal., 2018;
Zhang et al., 2023) (Fig. Al). Alarmingly, many of these
observed concentrations exceed their predicted levels that
are safe for aquatic organisms (An etal., 2015; Zhang
etal., 2019). To comprehensively grasp the fate and risk
of antibiotics, particularly TCs, in surface waters, it is
imperative to understand their transformation and fate in
aquatic systems as well as the toxicity (Cheng et al.,
2019; Hu et al., 2024).

In surface waters, the transformation of antibiotics
primarily occurs through photodegradation and biodegr-
adation (Knapp etal., 2005; Ge etal., 2010; Ge etal.,
2019). However, the biodegradation can be hindered by
factors such as heavy metals, salinity, and pH (Adamek
etal., 2016; Yuan etal., 2023). Conversely, sunlight-
induced photodegradation, including apparent photolysis
and photooxidative degradation induced by reactive
oxygen species (ROS), has been identified as the
predominant pathway (Li et al., 2016; Felis et al., 2022;
Zhang et al., 2022a). TCs, including tetracycline (TC),
oxytetracycline (OTC), and chlortetracycline (CTC), can
undergo apparent photolysis with degradation rates
strongly influenced by pH (Werner et al., 2006; Niu et al.,
2013; Song et al., 2020). In addition, TCs are subject to
indirect photolysis initiated by photoinduced ROS (e.g.,
*OH, '0,, and O,"), following the pH-dependent second-
order reaction kinetics (Werner et al., 2006; Jiao et al.,
2008a; Niu et al., 2013). These studies established a solid
foundation for further exploration into how pH influences
the photo-transformation kinetics of TCs. Given the
ionizable groups in their molecular structures (e.g., -NH,,
and —OH), many TCs undergo acid-base dissociation
depending on environmental pH values. This dissociation
significantly affects their degradation processes,

necessitating a comprehensive evaluation of the impact of
these transformations under varying pH, typically ranging
from 6 to 9 in surface waters. It is therefore useful to
quantify the photo-transformation kinetics of the different
dissociated forms of TCs (H,TCs?, HTCs", and TCs*")
but also to extrapolate the laboratory data to the real-
world environment to accurately assess the environmental
photochemical fate of TCs.

Previous studies have highlighted the photomodified
toxicity and photoenhanced antibacterial activity of many
antibiotics, raising concerns about their impact on aquatic
microorganisms (Jiao et al., 2008a; Ge et al., 2018). For
instance, TC has been shown to photo-transform into by-
products that exhibit increased toxicity to Vibrio fischeri
(Han et al., 2020; Park etal., 2023). In pure water, the
photolysis photoproducts of TC and OTC arose through
the removal of —-NH,, -OH and —CH; moieties (Oka
etal., 1989; Jiao et al., 2008b). Moreover, these antibio-
tics primarily underwent addition reactions with <OH
while experiencing oxidation reactions when reacting
with 10, (Chen and Huang, 2011; Chen etal., 2011).
However, information on the photoproducts of CTC and
its *OH and '0,-initiated photooxidation is still limited,
and the distinctions in products and pathways among
these reactions remain unclear. Therefore, for a more
comprehensive assessment of their ecological fate and
risk, it is essential to elucidate the diverse transformation
pathways and the resultant changes in toxicity following
photodegradation.

This study aimed to explore the kinetics, pathways, and
photoinduced toxicity associated with the multivariate
photo-transformation reactions of TCs, including both
apparent photolysis and oxidation reactions mediated by
ROS (e.g., *OH and !0,) in aqueous environments. Three
TCs (i.e., TC, OTC, and CTC) were selected because they
are widely present in surface waters (Qi et al., 2018; Xu
et al.,, 2021a; Su et al., 2023) (Table Al). We quantified
the multivariate photo-transformation kinetics for the
different dissociated forms of the three TCs (H,TCs?,
HTCs, and TCs?). Additionally, we conducted a tho-
rough investigation and comparison of the various photo-
transformation products and pathways of CTC, including
an assessment of the toxicities associated with its
individual photoproducts. CTC is of great concern as a
chlorinated organic compound because of its complex
biological effects (Riu et al., 2011; Tian et al., 2024). The
findings from the present study will provide crucial
insights for accurately evaluating the fate and photo-
chemical risk of dissociable antibiotics in aquatic
environments.

2 Materials and methods
2.1 Reagents and materials

The three TCs, including TC, OTC, and CTC (purity >
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98%), were purchased from J&K, USA, and their
chemical structures are shown in Table A2. Hydrogen
peroxide (H,0,, 30%), p-nitroanisole (PNA, 97%), and
benzophenone (97%) were obtained from the different
suppliers, referring to our previous studies (Ge et al.,
2018; Ge etal., 2019). Acetonitrile, acetophenone (AP),
furfuryl alcohol (FFA, 98%), and pyridine (Pyr) were of
HPLC grade. Other reagents, such as HCl and NaOH,
were analytical grade, and ultrapure water was prepared
by the Millipore-Milli Q system.

2.2 Photochemical experiments

2.2.1 Apparent photolytic kinetic experiments

Photolysis experiments were carried out using a merry-
go-round photochemical reactor (Fig. A2). The light
source was a 500 W high-pressure mercury lamp with a
water-cooled Pyrex well, of which the light intensities at
the reaction solutions were 1.98 and 1.83 mW/cm?2,
respectively, at 365 and 420 nm. Mercury lamps filtered
by Pyrex glass are often used to simulate sunlight
irradiation (4 > 290 nm) (Sciscenko et al., 2021; Xu et al.,
2021b; Zhou etal., 2021; Zhang etal., 2022b). The
reaction solutions (5 pmol/L) were poured into quartz
tubes (50 mL), and the solution pH was adjusted with
HCI/NaOH to investigate the photolysis kinetics at pH =
6, 8, and 10. The experimental temperature was contro-
lled at 25 + 1 °C. PNA/Pyr was used as an actinometer to
determine the quantum yield (@) according to Eq. (1),

_ & 2LE), (1)
’ ka ZLASA,S a’

where a and s represent the actinometer and substrates
(TCs), respectively; the quantum yield @, = 0.44 Cp,, +
0.00028; k is the photochemical reaction rate constant
(min"!); L, is the light intensity of the light source at
wavelength 4 (mW/cm?2). All the experiments were

repeated at least in triplicate with the dark controls.

2.2.2 Determination of ROS oxidation reactivities

Competition kinetics experiments were carried out to
examine the oxidation reactivities of TCs with ROS.
H,0, (100 pmol/L) and perinaphthenone (20 pmol/L)
were used as the photosensitizers to generate *OH and
10,, respectively. The corresponding reference compo-
unds were AP (10 pmol/L) and FFA (20 pmol/L). To
avoid the apparent photodegradation of the reference
compounds and TCs (Fig. A3), 410 nm cut-off filters
were employed to adjust the emission spectra of the same
light source (4 > 410 nm). After sampling at predeter-
mined intervals (0, 15, 30, 60, and 90 min), methanol or
NaN, was added quantitatively to quench excess *OH or
10, to prevent TCs from continuing to react. The
bimolecular reaction rate constants kyog ¢y (k.op s and

kio,rc) of TCs with *OH and 'O, were calculated by
Eq. (2),
In([TCs],/[TCs]y)

kROS,TCs = ROS,R > (2)

In([R],/[R])
where kpogr 1s the second-order rate constant of the
reference (R), k.o ap = 5.9 x 109 L/(mol's), kio,pra = 1.2
x 108 L/(mols).

2.3 Analytical determinations

The concentrations of TCs were quantified by Waters
Ultra-High Performance Liquid Chromatography (UPLC)
equipped with a BEHC18 column (2.1 mm % 50 mm, 1.7
pm). The Waters Oasis HLB solid-phase extraction
columns (WAT106202) were used to enrich the photo-
transformation products. Then, the products were
identified using the Agilent 6400 LC-MS/MS with
electrospray ionization (ESI) in positive ion monitoring
mode. The detailed instrument parameters were listed in
the supplementary information (Table A3).

2.4 Acute toxicity test

Following an international standard method (ISO11348-
3-2007), luminescent bacteria (Vibrio fischeri) were
selected to investigate the 15-min acute toxicities of CTC
solutions during degradation. A water-quality detector
(USA HACH Eclox) recorded luminous intensities. Each
sample was tested in triplicate, and the luminescence
inhibition rates were calculated according to our previous
studies (Ge et al., 2015; 2018). Significant differences in
the calculated results was evaluated by a one-way
analysis of variance (SPSS version 27.0). Furthermore,
based on the degradation-product structures identified
with LC-MS/MS, the toxicities of these individual
products to aquatic organisms such as fish, daphnia, and
green algae were evaluated using ECOSAR v2.0 toxicity
prediction software.

3 Results and discussion
3.1 Apparent photolysis kinetics and quantum yields

In the dark-control experiments, no significant degrada-
tion (p > 0.1) of the three TCs was observed. Upon
exposure to simulated solar irradiation, significant
degradation of all the target compounds were observed
(p < 0.05), suggesting that photolysis plays a crucial role
in their breakdown in aquatic environments. Taking OTC
as an example, the fitted curves for the apparent
photolysis kinetics under different pH conditions are
shown in Fig. 1. The correlation coefficients R? are
greater than 0.95, indicating that the photochemical
reaction followed pseudo-first-order reaction kinetics.
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Furthermore, it was found that the photolysis rate
constants (kpc,) increased with increasing pH values
(Table A4). The increase in photolysis rates with pH was
also observed in previous studies (Jiao et al., 2008a; Jin
etal., 2017). According to Fig. A4, the pH dependence of
ko, 1s attributed to the diverse array of dissociated
species of TCs (H,TCs?, HTCs~, and TCs?>") under
different pH conditions.

Furthermore, the photolytic rate constants, k;, for the
dissociated species of TCs (i.e., ku,rcses Kures-> and Kreg-)
were calculated using a matrix approach encapsulated in

Eq. (3),

pH=6 pH=6
6Hz TCs® (5HTCS’ (5TCs2’ kTCs
kl‘[zTCSn
kytes | =
kTCs3’
pH=10 ’ ’ ’ ' pH=10
3)

where J; represents the proportion of each dissociated
form (H,TCs% HTCs~, and TCs?>"). The results, detailed
in Table 1, reveal a significant increase in k; from H,TCs?
to TCs?>~. Moreover, the corresponding @; of the
dissociated species was determined (Table 1), which
showed the highest photolytic efficiency of TCs?,
followed by that of HTCs™ and H,TCs’. Similar to TCs,
most sulfonamide antibiotics (SAs) underwent more
efficient photodegradation in their anionic forms (SAs")
(Ge etal., 2019). However, fluoroquinolone antibiotics
(FQs) exhibited a different order of photolytic efficien-
cies: Durge > Puros > DPros (Ge etal., 2018). These
differences highlight the unique reactivities dependent on
the dissociated species across various classes of
antibiotics, suggesting that molecular structure and ionic
state significantly influence the environmental fate of
these compounds.

Theoretically, the & of organic compounds in optically
transparent solutions can be expressed by Eq. (4) (Werner
et al., 2006),

n(C/Cy)

-3 XPNA
[ ¢OTC (pH=06)
-4 F mOTC (pH= 8)
I AOTC (pH=10)
w2 1 L L L
0 20 40 60 80 100
Time (min)

Fig.1 Apparent photodegradation kinetics of oxytetracycline (OTC)
under different pH conditions and p-nitroanisole (PNA) in pure water.

k=2.303D%(L,¢,), O]
where L, represents the light intensity and ¢, is the molar
extinction coefficient. It can be seen from Eq. (4) that the
k values mainly depend on X(L,s;) and ®. As shown in
Fig. A5, the X(L,e;) values for the dissociated species of
TCs do not change significantly (p > 0.1). In contrast, the
@, values vary considerably (p < 0.05), indicating that @,
is an important factor for determining the photolysis rate
of TCs in different dissociated forms.

3.2 Photooxidation kinetics and ROS reactivities

No obvious degradation (p > 0.1) of the three TCs was
found in the control experiments. However, TCs degraded
to varying degrees through reacting with *OH and '0, in
the competition kinetics experiments. Their correspon-
ding bimolecular reaction rate constants (kpogrcs) are
listed in Table AS. The k.o 1c, of TCs are of the same
order of magnitude (10%) of other classes of antibiotics,
such as SAs (Ge etal., 2019), FQs (Ge etal., 2015) as
well as furans (Edhlund et al., 2006), and triclosan (Latch
et al., 2005). However, in comparison to various classes

Table 1 Apparent photolysis rate constants (k;), half-lives (7, ), and quantum yields (®;) for the different dissociated species of tetracycline

antibiotics (TCs)

TCs Dissociated species (i) k; (min™1) t5,; (min) P,
TC H,TC? (1.19 £ 0.09) x 10-2 58.16 + 4.66 (3.48 +0.27) x 104
HTC (2.04 £0.46) x 1072 3499 +7.87 (5.90 £0.13) x 10*
TC2 (9.38 +0.02) x 10-! 0.74 £ 0.02 (2.87+0.07) x 102
OTC H,0TC? (2.48+0.04) x 102 27.97+0.39 (5.94£0.08) x 10*
HOTC~ (5.37 +0.74) x 102 13.02 + 1.80 (130 +0.18) x 10-3
OTC?- (8.59 £ 0.06) x 10! 0.81+0.01 (2.28 £0.02) x 10-2
CTC H,CTCO (2.86 +0.18) x 102 2432+ 1.51 (8.54 +0.86) x 104
HCTC (3.37+0.35) x 102 20.69+2.13 (8.60 £ 1.89) x 10
CTC? (2.68 +5.79) x 10°! 2.65+0.57 (7.60 + 0.16) x 10-3
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of organic compounds, and even for diverse antibiotics in
the same class, then ki, rc, values differed over several
orders of magnitude (107-109).

The kyog 1 Patterns of TCs reacting with «OH and '0,
under different pHs are shown in Fig. 2. When the pH
increased from 6 to 10, the kpqg 1o varied greatly. For
example, there was a 7-fold variation in k.o rc, and 140-
fold variation in ki, 7c;. Moreover, it can be seen from
Fig. 2 that the !0, reactivities were highest for the three
TCs at pH 10, followed by those at pH 8 and 6. As for
*OH oxidation, OTC and CTC showed the fastest reaction
when pH was 10, while TC had the highest reactivity at
pH 8 when reacting with *OH. The pH dependence was
related to the molecular structures and the degree of
deprotonation (Mill, 1999; Ge etal., 2019), indicating
that there might be differences in the ROS oxidative
reactivities of the various dissociated forms of TCs.

Furthermore, the ROS oxidation rate constants of TCs
in different dissociated forms (kzqg;) were obtained by
matrix calculations, of which the results are shown in
Fig. 3 (detailed information in Table A6). It was found
that the kg, values differed for the different dissociated
forms (H,TCs? HTCs™ and TCs?") of the individual TCs.
The reactivities were highest for OTC and CTC as TCs?~
anions, followed by those for the HTCs™ and H,TCs’. The
TCs?" showed the fastest reaction with '0,, while HTCs~
had the highest reactivity with *OH. These different
reactivities can be attributed to the degree of deprotona-
tion of the TCs. Deprotonation increases the electron
density of the compounds and facilitates the electrophilic
attack of ROS, promoting the photooxidation reactions
(Jiao etal., 2008a). With an increase in pH and hence
decline in H*, the deprotonation of TCs increased, with
the proportion of dissociated forms increasing from
H,TCs® to TCs*". Therefore, the photooxidation reactivi-
ties of TCs showed a significant dependence on pH and
the related dissociated species.

300
TCs+ROS #pH=6
250 | o PH=8
'En; EE BpH=10
S 200 | B
g B
2 &
S 150 | =
Z 100 =
g 2
-~ b = =

=
TC+OH TC+'0, OTC+*OH OTC+'0, CTC+*OH CTC+!0,

Fig.2 The aqueous bimolecular rate constants (k.o ¢, and ko rcs)
for the reaction between tetracycline antibiotics (TCs) and *OH/!O,
under different pHs.

450

TCs i+ROS H,TCs®
HTCs~

8 TCs>

400 F

(5]
D
(=]

kyos,: (X10° L/(mol-s))

100 + &

SZ W= m-g L ,.-%

TC+OH TC+'0, OTC+OH OTC+'0, CTC+*OH CTC+!0,

Fig.3 The bimolecular rate constants (k.oy ; and kig,,) for the
reaction between the different dissociated species (i) of TCs and
reactive oxygen species (ROS, *OH and '0,).

3.3 Photo-transformation half-lives in surface waters

In sunlit surface waters with pH broadly ranging from 6
to 9 (Ge etal., 2019; Zhang etal.,, 2022c), ionizable
organic pollutants usually exist in various dissociated
forms, which exhibit different photochemical transforma-
tion reactions. Therefore, it is necessary to consider their
multiple photo-transformation kinetics to evaluate the
total photochemical fate of the pollutants. In the present
study, TCs would undergo complex photochemical
reactions in surface waters, including sunlit photolysis
(rate constants, k, ) and photoinduced ROS oxidation
(Koxidation)» With corresponding multivariate pH-dependent
kinetics (Fig. A6 and Table A7). Thus, the corresponding

environmental degradation rate constants (kg) are
calculated according to Egs. (5)—(7),
kE:kap+koxidalion’ (5)

k= 2-303‘152([4,134) + [.OH]k-OH,TCs'i'[lOz]kIOZA,TCs’ (6)

ki =2.303 > [6,®: ) (Li&,)]+ [OH] ) (Sik.on)
#1021 ) Gk, ), @)

where [ *OH] and ['O,] represent the concentrations of
*OH and 1O2 in the euphotic zone of surface waters, i.c.,
[¢OH] = 1 x 1071 mol/L and ['O,] = 1 x 107!2 mol/L,
respectively (Al Housari etal., 2010; Xu etal., 2011).
Furthermore, the total environmental photochemical
transformation half-lives (¢, ) in the surface waters can
be calculated according to Eq. (8),

type=1n2/kg. ®)

Based on Egs. (5)—(8), the ¢,,  values of the three TCs
were obtained for 45°N latitude assuming continuous
solar irradiation (Fig. 4). The values ranged from 0.0624
h for TC in midsummer (pH = 9) to 5.18 h for TC in
midwinter (pH = 6), indicating their high dependence on
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the water pH and seasonal solar intensity. In direct
comparison, the ¢,,, ; of TCs are comparable to those of
furan antibiotics (1’1/2,13 = 0.08-1.7 h) (Edhlund etal.,
2006) and FQs (¢, = 0.03-1.0 h) (Ge et al., 2015), but
less than those of SAs (¢, = 6.0-29 h) (Boreen etal,,
2004, 2005). The results suggest that these antibiotics
degrade quickly in surface waters. However, their
continuous release offsets this degradation and probably
accounts for their ubiquitous presence in surface waters.

Furthermore, the relative contributions of apparent
photolysis and photooxidative degradation to the photo-
chemical degradation of TCs are illustrated in Figs. 5 and
A7. In most cases, the apparent photolysis of TCs is the
dominant photochemical process, followed by 'O, and
*OH oxidation. In addition, TCs might undergo other
minor photo-transformations that are affected by the
depth and transparency of water and possibly presence of
a wide array of different water constituents (Bodrato and
Vione, 2014; Vione etal.,, 2014). Therefore, to better
evaluate the photochemical fate and risk of TCs, further
studies were conducted to investigate the transformation
pathways and photoinduced toxicity.

3.4 Multiple photo-transformation intermediates and
pathways

CTC was selected to reveal the transformation products
and pathways for the apparent photolysis, as well as *OH
and '0, oxidation. The total ion chromatograms obtained
in positive ionization mode are shown in Fig. A8. Based
on the corresponding fragment information (MS and MS?2
spectra, as shown in Table A8 and Fig. A9), 14 primary
intermediates were identified. Their chemical structures
and related photo-transformation pathways are illustrated
in Fig. 6.

As shown in Fig. 6, there are three different transfor-
mation pathways (Paths 1-3), corresponding to the three

Half-lives

(=}

w

tipe ()

half-lives
tetracycline antibiotics (TCs) in surface waters with different pH at
45°N latitude.

Fig.4 Multivariate photo-transformation

(tpp) of

Apparent photolysis m+OH oxidation = 'O, oxidation
100 ‘ ‘

40 F

Contribution ratio (%)

511}

6 7 8 9 6 7 8 9
Midsummer Midwinter

pH

Fig. 5 Relative contributions of apparent photolysis and
photooxidative  degradation to the photo-transformation of
chlortetracycline (CTC) in surface waters at 45°N latitude.

photochemical reactions of CTC (Fig. 4). During the
apparent photolysis process (Path 1), CTC was primarily
transformed into dechlorinated byproducts (P444) with
the loss of —Cl. In Path 2, the *OH oxidation reaction to
CTC generated hydroxylated and dechlorinated products,
which involved hydroxylation, dehydroxylation, dechlori-
nation, demethylation, and deamidation. These multiple
pathways can be attributed to the strong oxidation ability
of *OH and the numerous sites in the molecule that are
susceptible to *OH attack. As for '0, (Path 3), then
oxidation, dechlorination, and hydroxylation reactions
occurred, as well as a cyclization reaction involved. The
cyclization resulted in the generation of the photoproducts
(P458, P492, and P510), which were also detected for the
photocatalytic degradation of CTC (Liu et al., 2023).

Paths 1-3 compared the multiple photo-transformation
intermediates and pathways of CTC, providing funda-
mental insights into the photochemical fate of the
antibiotic pollutant. It is noteworthy that the photolysis
and ROS oxidation did not initially affect the core
backbone structure of the molecule, so the potential
ecotoxicological effects of these primary products might
remain and be similar to the parent antibiotics.

3.5 Ecological toxicities of CTC photoproducts

The ecological toxicity of chlortetracycline (CTC) and its
photoproducts was evaluated by focusing on their impact
on Vibrio fischeri, a commonly used bioindicator for
environmental toxicity. The results, as depicted in Fig.
A10, revealed distinct patterns of toxicity evolution
through the different photodegradation pathways. During
the apparent photolysis experiments, a significant
decrease in solution toxicities was observed (p < 0.05),
which indicated that the photolysis products of CTC were
less toxic than the parent compound. Contrastingly, the
photooxidation ( *OH and '0,) processes exhibited a
biphasic toxicity pattern: that is an initial decrease
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Fig. 6 The main transformation pathways and products for different photochemical reactions of chlortetracycline (CTC). The
photoproducts are labeled “Pn,” with n for the molecular weights calculated based on the most abundant isotopes.

followed by an increase in toxicity (p < 0.05). This
indicated the formation of intermediates during the
photooxidation that were more toxic than the original
CTC. Such an increase in toxicity during photooxidation
is a concern as it suggests that while the parent compound
is degraded, the byproducts could pose a greater risk to
aquatic organisms. Further insights into the toxicity of
specific photoproducts were obtained from quantitative
toxicity assays. As shown in Table A9, the 96 h LCj,
(Fish) of CTC was calculated to be 5340.0 mg/L, while
the 96 h LC, (Fish) values of P360 and P462 were 11.5
and 777.0 mg/L, respectively. Their 48 h LCs, (Daphnid)
and 96 h ECs, (Green Algae) were also significantly

lower than those of the parent compound. This pronoun-
ced increase in acute toxicity for the intermediates,
particularly P360, is of concern. The formation of more
toxic byproducts during photooxidation processes of CTC
necessitates careful consideration of the use and manage-
ment strategies of this antibiotic, especially in aquatic
systems that levels of this antibiotic is found to be high.

4 Conclusions

This study provides a comprehensive examination of the
degradation kinetics, transformation pathways, and photo-
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induced toxicity associated with the photo-transformation
reactions of three widely detected TCs in surface waters.
Notably, apparent photolysis, as well as *OH and 'O,
photooxidation, was significantly influenced by the
presence of the major dissociated forms of TCs (H,TCs?,
HTCs~, and TCs%"), which in turn is dependent on the
pHs. The acceleration of their apparent photolysis with
increasing pH values was attributed to incremental rate
constants and quantum yields from H,TCs® to TCs?".
Moreover, different dissociated forms of TCs exhibited
distinct reactivities toward *OH and 'O,, which were
closely linked to their degree of deprotonation. This
highlights the importance of understanding the chemical
nature of contaminants in predicting their behavior under
environmental conditions. Considering the reactivities of
these dissociated species, the environmental photo-
transformation half-lives of TCs in sunlit surface waters
displayed a pronounced dependence on water pH and
seasonal variations. These factors are crucial in predicting
the persistence of TCs in different aquatic environments
and must be considered in environmental monitoring and
modeling. Importantly, the three reactions led to the
generation of multiple intermediates and distinct primary
transformation pathways involving dechlorination, hydro-
xylation, and cyclization, respectively. The formation of
more toxic intermediates during *OH and 'O, photoo-
xidation processes gives rises to concerns regarding the
presence of these chemicals in the wider aquatic environ-
ment. These intermediates demonstrated photomodified
toxicities that were higher than the parent compounds.
The identification of these toxic intermediates calls for a
reevaluation of water treatment processes and their
efficacy in not just removing, but also in detoxifying
water contaminants. The insights from this study are
paramount for improving the understanding of TC photo-
transformation during wastewater treatment and in natural
aquatic environments. These findings will help improve
risk assessment processes concerning the use, release and
impact of TCs on non-target organisms in aquatic
systems.
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