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Abstract

It is important to study the fate and transport of antibiotics in aquatic environments to reveal their pollution status. The premise
behind fate and transport studies is to evaluate the reaction processes of the target antibiotics. However, available research on the
environmental behaviors of antibiotics in certain natural waters, such as estuarine water, is scarce. In this study, single reactions
such as sorption, biodegradation, and photolysis and multiple degradation reactions of sulfamethoxazole (SMX), trimethoprim
(TMP), and ciprofloxacin (CIP) in the estuarine water were studied. The sorption rates of the target antibiotics in the estuarine
water-sediment system were very fast, and the sorption amounts varied among sediments and antibiotics. Hydrolysis did not
contribute to the degradation of the target antibiotics. Biodegradation had a low contribution to the degradation of the target
antibiotics in the estuarine water. In comparison, photolysis was the dominant degradation process for SMX, TMP, and CIP. The
rates of photolysis of the tested antibiotics in the estuarine water were greater than those in pure water; thereby, indicating
photolysis of these antibiotics was more prone to occur in the estuarine water. In the multiple degradation experiments, it was
found that there may be synergistic effects between the single degradation processes. Thus, the aqueous concentrations of
antibiotics decreased rapidly by sorption after entering the estuarine water and then decreased relatively slowly by photolysis
and biodegradation. This study provides information for evaluating the environmental behaviors of antibiotics in estuarine
environments.
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Introduction

Antibiotics are becoming increasingly essential in modern so-
ciety owing to their superior efficiency in treating diseases and
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promoting animal growth. With the global increase in demand
for animal protein for human consumption, the global con-
sumption of veterinary antibiotics is expected to increase by
67% from 2010 to 2030 (Van Boeckel et al. 2015). The ex-
tensive consumption of antibiotics increases the risk that large
amounts of residual antibiotics will end up in the environment
because most antibiotics are poorly absorbed by humans and
animals (Zhu et al. 2013). Antibiotic concentrations ranging
from ng/L to mg/L have been reported in various environmen-
tal media, such as wastewater, rivers, lakes, seawater, sludge,
sediment, and soil (Li et al. 2012; Zhang et al. 2013; Guerra
etal. 2014; Cheng et al. 2019; Ngigi et al. 2020). These resid-
ual antibiotics in environments are important in selection of
antibiotic-resistant bacteria (ARBs) and antibiotic resistance
genes (ARGs) (Huijbers et al. 2020; Zhu et al. 2013). Luo
et al. (2010) reported that the relative abundance of the
ARGs (i.e., sull/16S-rDNA and su/2/16S-rDNA) in the
Haihe River is positively related with the total concentration
of sulfonamides. Further, antibiotics can cause adverse effects
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on microbes, animals, and plants and accumulate along food
webs (Bialk-Bielinska et al. 2011; Liu et al. 2017). The pol-
lution caused by antibiotics and their ecological toxic effects
has attracted international attention.

After entering the aquatic environment, antibiotics may
undergo long-range transport. As reported by Biel-Maeso
et al. (2018), antibiotics in the effluents of wastewater treat-
ment plants (WWTPs) can be transferred from the river to the
estuary and then to the bay and eventually to the open sea.
Nevertheless, antibiotics are not persistent pollutants. Under
the combined effects of physical, chemical, and biological
actions, antibiotics may undergo a series of reactions such as
photolysis, hydrolysis, biodegradation, mineralization, and
sorption/desorption (Homem and Santos 2011; Charuaud
et al. 2019). It is well established that these biogeochemical
reactions combined with water dilution will cause attenuation
of antibiotics. In order to reveal the fate and transport of anti-
biotics in surface water, reactive transport models (e.g.,
WASP, PhATE, GREAT-ER) have been developed, opti-
mized, and used (Schowanek and Webb 2002; Hosseini
et al. 2012; Arlos et al. 2014). The accuracy of the simulation
results depends on the model parameters, especially the pa-
rameters of the key reactions. Arlos et al. (2014) reported that
the reaction rate constants (e.g., photolysis rate constant) of
pharmaceuticals can improve the model performance.
Therefore, studying the reactive processes of antibiotics and
calculating their degradation rate constants will provide refer-
ence data for modeling.

The reaction constants of the same antibiotic in different
aqueous matrixes may have large differences. Biosic et al.
(2017) reported that the photodegradation rate constant of
sulfamethazine in synthetic wastewater is four times great-
er than that in pure water. Our previous study also showed
that the distribution coefficient of the same antibiotic in
pure water was different from that in seawater (Li et al.
2018). Furthermore, the reaction process varies among var-
ious types of antibiotics (Alexy et al. 2004; Adamek et al.
2016). That is, the specific reaction (e.g., sorption, hydro-
lysis, photolysis, and biodegradation) of the target antibi-
otics in the tested matrix should be investigated to provide
accurate reaction rate constants for modeling. Among the
above reactions, sorption/desorption of antibiotics has re-
ceived more attention. However, most studies focused on
the sorption/desorption of antibiotics in artificial water sys-
tems. Similarly, the degradation of antibiotics in natural
waters has been less studied, and the corresponding reac-
tion coefficients are relatively difficult to obtain for certain
antibiotics. The few studies addressing this subject are lim-
ited to freshwater (Adamek et al. 2016; Caracciolo et al.
2018; Zhuang et al. 2019).

Estuaries are an important route for the transport of terres-
trial material to the ocean (Simpson et al. 2001). Under the
combined effects of river runoff and tides, salinity, pH, redox

potential, and the concentration of particles exhibit high spa-
tial and temporal variability (Chapman and Wang 2001). The
unique hydrological properties may affect the sorption and
degradation of antibiotics in estuarine environments and influ-
ence the spatial and temporal distribution characteristics of
antibiotics as well as their ecological risks. However, the fate
and transport behaviors of antibiotics in estuarine environ-
ments remain poorly understood. There is an urgent need to
develop and conduct simulation studies of antibiotics in estu-
arine water.

The Xiaoqing River (XQR) is a major pollution source in
Laizhou Bay. Intensive anthropogenic activities have released
a large amount of pollutants into the XQR. Owing to the
special hydrogeomorphic features, pollutants are prone to be
stranded in the XQR estuary for a long period of time. Our
previous investigation showed that the XQR water was pol-
luted by multiple kinds of antibiotics such as sulfonamides,
sulfonamide synergists, and fluoroquinolones (Li et al. 2020).
Based on the investigation results, three antibiotics (i.e., sul-
famethoxazole (SMX), trimethoprim (TMP), and ciprofloxa-
cin (CIP)) with maximum concentrations exceeding 800 ng/L
and/or with high ecological risks (RQs > 1.0) were selected as
the targets. These three antibiotics have been detected in estu-
arine environments worldwide. Thus, this study provides in-
formation for fate modeling of the three antibiotics in estua-
rine systems.

The objective of this study was to reveal the sorption ki-
netics and degradation processes of SMX, TMP, and CIP in
natural estuarine water. To this end, indoor simulation exper-
iments were conducted to (1) study the sorption, photolysis,
and biodegradation of three antibiotics in the estuarine water;
(2) study the hydrolysis of the target antibiotics under different
pH conditions; and (3) evaluate the degradation rate constants
of antibiotics based on single and multiple reactions.

Materials and methods
Chemicals

The antibiotic standards including SMX, TMP, and CIP
were purchased from Sigma-Aldrich Company (USA).
The physicochemical properties of the three antibiotics
are shown in Table S1. Methanol and acetonitrile were
HPLC grade and were obtained from Anaqua Chemicals
Supply (ACS, USA). The other chemicals and solvents
used in this study were of analytical grade or above.
Antibiotic was dissolved in methanol to prepare the stock
solution (S1). These stock solutions were stored at 4 °C
until used. Working solutions of each antibiotic with a
concentration of 1.0 mg/L were prepared by diluting the
stock solution using a background solution.
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Background solution and sediments

Background solution used in this study includes buffer solu-
tion, the estuarine water, and ultrapure water. Among them,
buffer solution was used for single hydrolysis experiments;
the estuarine water was used for sorption kinetics experiments,
single photolysis, single biodegradation experiments, and
multiple degradation experiments; further, ultrapure water
was also prepared for photolysis experiments. Buffer solutions
with the pH value 0f 4.0, 7.0, and 9.0 were prepared using the
method by Biosic et al. (2017). The estuarine water was col-
lected from the XQR estuary (37°11'08.13" north latitude and
118°34'10.92" east longitude). Physicochemical properties of
the estuarine water are analyzed and shown in Table S2.
Before conducting experiments, the filtered estuarine water
was measured as a blank, and the background concentrations
of the target antibiotics were lower than their detection limits.
Ultrapure water (MQ) was obtained from a Milli-Q water
purification system (Millipore, Billerica, MA, USA). Two
sediments represent to high content of organic carbon (sedi-
ment H) and low content of organic carbon (sediment L) were
selected from the XQR estuary. The sediment samples were
freeze-dried. After removing the gravels, sediment samples
were ground into particles and then pass through a 60-mesh
sieve. The detail information of sediment samples is described
in Table S3.

Sorption kinetics experiments

A 0.2 g of sediment sample was placed into a 250 mL of
conical flask. Then, 50 mL of antibiotic working solution
(1.0 mg/L) containing 50 mg of mercuric chloride was added.
Parafilm was used to seal the flask. The flasks were shaken at
25 °C in a temperature-controlled shaking incubator (Harbin,
China) at a shaking speed of 190 rpm. The shaking incubator
was covered with black cloth aim to prevent the occurrence of
photodegradation. A 1.0 mL sample was taken at 0, 1, 3, 6, 12,
24, 36, and 48 h. The sample was filtered through a 0.22-um
syringe filter before analysis. Two blank sorption experi-
ments, one with the reactor system containing antibiotic with-
out sediment and another containing sediment without antibi-
otic, were carried out. All the sorption experiments were con-
ducted in triplicate. Each antibiotic was tested separately.

Single hydrolysis experiments

To initiate the single hydrolysis experiments, 50 mL of anti-
biotic working solution (1.0 mg/L) prepared using buffer so-
lution (pH 4.0, 7.0, 9.0) was added to a 50-mL glass vial,
followed by adding 50 mg of mercuric chloride. The glass
vials were wrapped using aluminum foil and stored at 25 °C.
A 1.0 mL sample was taken at 0, 1, 3, 10, 14, 21, 28, 42, and
56 days and filtered through a 0.22-um syringe filter before
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analysis. All the hydrolysis experiments were conducted in
triplicate. Each antibiotic was tested separately.

Single photolysis experiments

Single photolysis experiments were conducted at 25 °C, by
adding 50 mL of antibiotic working solution of 1.0 mg/L into
a 50-mL glass vial with 50 mg of mercuric chloride. The
working solution was prepared in the estuarine water and ul-
trapure water, respectively. Tighten the cap, and then, put the
glass vials into an illumination incubator (Shedrock, China)
equipped with a high-pressure mercury lamp. The light inten-
sity is set to 3500 Lux. Light cycle is 12 h of light and 12 h of
dark. The vessels of control experiment were wrapped by
aluminum foil and then incubated under the same conditions
to those described above. A 1.0 mL sample was taken at 0, 1,
3,7, 14, 21, 28, 42, and 56 days. Samples were filtered
through a 0.22-um syringe filter before analysis. All the pho-
tolysis experiments were conducted in triplicate. Each antibi-
otic was tested separately.

Single biodegradation experiments

Single biodegradation experiments were also carried out at
25 °C in an illumination incubator. First, 50 mL of antibiotic
working solution (1.0 mg/L) prepared in the estuarine water
was added to a 50-mL glass vial. The same amount of antibi-
otic working solution and 50 mg of mercuric chloride were
added in the control experiments. All the vessels were
wrapped using aluminum foil. A 1.0 mL sample was taken
at0, 1, 3, 10, 14, 21, 28, 42, and 56 days. All the biodegrada-
tion experiments were conducted in triplicate. Each antibiotic
was tested separately. Before the experiment, the number of
microbes in the estuarine water of the experimental and con-
trol groups was measured using the plate count method.
Briefly, a 100 pL sample of the estuarine water was coated
on a plate containing tryptose soya agar (90 cm in diameter)
and then incubated for 48 h at 35 °C. The total number of
bacterial colonies on the plate was counted by eye.

Multiple degradation experiments

Antibiotic working solution prepared in the estuarine water
was used to conduct the multiple degradation experiments.
The experimental procedures are same with the single photol-
ysis experiments, except that the mercuric chloride was not
added.

Measurements and data analyses
The target antibiotics were detected using ultra-performance

liquid chromatography (UPLC) equipped with a photo-diode
array detector (PDA), an ACQUITY UPLC BEH C18 column
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(2.1 x50 mm, 1.7 um), and a 2.1 X 5 mm VanGuard pre-col-
umn. The column temperature was 30 °C. Injection volume
was 10 pL. Mobile phase A was ultrapure water with 1.0%
acetic acid and B was acetonitrile. The proportion of mobile
phase, detection wavelength, and detection limit of the three
antibiotics is shown in Table S4. The relative standard devia-
tion (RSD) of the test results was less than 0.3%. For each
antibiotic, two standard curves (one for ultrapure water and
another for estuarine water) with six-point (i.e. 0.1, 0.25, 0.5,
0.75, 1, and 1.5 mg/L) were used for quantitative analysis. The
R? values of standard curves are higher than 0.990.

Degradation kinetics of antibiotics is fitted with the first-
order kinetic reaction equation (Eq. (1)).

Ctzcoxeikt (1)

where Cy and C, are the concentration of antibiotics at time 0
and time 7 (d), and k is the degradation rate constant (/d). When
= 0.5C), the half-life (¢, 5) of antibiotics is shown in Eq. (2).

tos = ln2/k (2)

Pseudo-first-order kinetic model (Eq. (3)) and pseudo-
second-order kinetic model (Eq. (4)) are used to obtain infor-
mation on sorption kinetics of antibiotics:

4, = q.(1-¢™*") (3)
t t 1

R T 4
q, d. - quZ ( )

where ¢, (mg/g) and ¢, (mg/g) are the sorption amounts of
antibiotic at time ¢ (h) and at equilibrium; k; (/h) and k,
((g/mg)/h) are rate constants for pseudo-first order and
pseudo-second order, respectively.

Data analysis was performed using Microsoft Excel 2016
and OriginPro 2015 (OriginLab Corporation, Northampton,
MA). Statistical analysis was performed using the SPSS soft-
ware (Version 19.0, IBM-SPSS, Chicago, IL, USA). An anal-
ysis of variance (ANOVA) and Student’s 7 test were per-
formed for evaluating the differences of data obtained from
various experimental groups, and the significance level was
set at p <0.05.

Results and discussion
Sorption kinetics of antibiotics

The sorption kinetics of the antibiotics on the two sediments
are shown in Fig. 1. The sorption of the three antibiotics was
fast in the initial 1 h, especially for CIP, which accounted for
93.7% of the total sorption amount for sediment L and 95.8%
of'that for sediment H. This was attributed to the high concen-
tration gradient at the beginning of the sorption process, which

exhibited a strong driving force for the transport of antibiotics
from the solution to the surface of sediments particles. The
sorption rate then decreased slowly until reaching the sorption
equilibrium. The sorption equilibriums of SMX and TMP on
sediment were generally achieved within 36 h, while the sorp-
tion equilibrium of CIP was achieved in only 12 h. This indi-
cated that sorption of CIP was easier and faster than that of the
other two antibiotics on the same sediment. This might have
been related to their characteristics. As shown in Table S1, the
logK,y, of CIP (1.32) is higher than that of SMX (0.89) and
TMP (0.91), indicating that CIP was more likely to be
adsorbed. Moreover, all the tested antibiotics were zwitterions
and anions in the reaction systems (pH =7.4), but CIP also
contained a portion of cations. The sediment particles carried
the negative charge because the pH of reaction systems was
higher than the pH,,,. (i.¢., pH at point of zero charge) values
of the sediments (Table S3). In this case, the cations of CIP
enhanced its sorption capacity on the negatively charged sed-
iment particles through electrostatic attraction. The sorption
amounts of all the antibiotics on sediment H were slightly
(ANOVA; p >0.05) greater than those on sediment L. This
was because sediment with a high organic matter and/or iron-
aluminum oxides has a stronger sorption capacity for antibi-
otics (Cao et al. 2015; Li and Zhang 2016; Riaz et al. 2018).

The experimental data were fitted into kinetic models to
quantify the sorption rates of the antibiotics on the sediments.
The kinetic model parameters are summarized in Table 1. It
was observed that CIP sorption onto sediments followed both
the pseudo-first-order and pseudo-second-order reactions with
indistinguishable correlation coefficients. For SMX and TMP,
the R* values were relatively higher for the pseudo-second-
order model than for the pseudo-first-order model.
Additionally, the sorption capacity (g, c.;) obtained from the
pseudo-second-order kinetic model was much closer to the
experimental data (g cxp). Conformance to the pseudo-
second-order model suggested that the process controlling
the rate may be chemical sorption (Wang et al. 2010).

As shown in Table 1, the sorption rate constants of the three
antibiotics on sediment L are higher than those on sediment H.
Compared with sediment L, sediment H had a higher content of
iron-aluminum oxides (Table S3). The organic matter content
in sediment H (1.69%) was also higher than that in sediment L
(0.385%). That is, there were more available sorption sites on
sediment H, which could adsorb more antibiotics. Therefore,
more time was needed to achieve sorption equilibrium for the
sorption of antibiotics on sediment H. This result was consis-
tent with a previous study that reported that the sorption rates of
antibiotics on soils with higher contents of organic matter and
iron-aluminum oxides are relatively slow (Fernandez-Calviio
et al. 2015). Further, our previous study showed that the sorp-
tion rate constant of TMP on sediments is negatively related to
the clay content (Li and Zhang 2017). These results indicate
that sediment properties (e.g., organic matter, particle size)
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Fig. 1 Sorption kinetics of antibiotics onto sediments. Solid lines are pseudo-second-order kinetic model simulations

affect sorption kinetics of the target antibiotics. Thus, it would
be beneficial to consider the sediment properties when choos-
ing the sorption rate constants of antibiotics.

Hydrolysis of antibiotics

The hydrolysis processes of the three antibiotics were studied
under different pH (pH 0f 4.0, 7.0, 9.0) conditions. As shown
in Fig. 2, 56 days of hydrolysis had little or no effect on the
concentrations of the three antibiotics. SMX was stable at a
pH of 7.0 and 9.0, while a weak hydrolysis reaction occurred
ata pH of 4.0, where less than 5% of SMX was degraded. Our
results were consistent with a previous study (Bialk-Bielinska
et al. 2012), which reported that the hydrolysis of SMX at a
pH of 4.0 was higher than that at a pH of 7.0 and 9.0. They
attributed this to the fact that the presence of cationic forms of
sulfonamides in acidic solution is more sensitive to hydrolysis
than the neutral and anionic forms of these compounds. TMP
and CIP hardly undergo hydrolysis reaction under the three
pH conditions. As summarized by Norvill et al. \2016), fluo-
roquinolone and sulfonamide antibiotics do not break down
via hydrolysis under normal environmental conditions. This is
because these antibiotics do not possess structural features that

can be readily hydrolyzed under environmental conditions
(Loftin et al. 2008). In other words, the hydrolysis of
fluoroquinolones and sulfonamides requires higher tempera-
tures, and higher concentrations of strong acids or bases than
may be encountered in the environment. Therefore, the hydro-
lysis of SMX, CIP, and TMP is negligible in natural water.

Photolysis of antibiotics

As is well known, the photolysis of chemical substances in-
cludes direct photolysis, sensitized photolysis, and indirect pho-
tolysis. Direct photolysis can occur by absorbing light energy,
whereas sensitized photolysis and indirect photolysis require
the help of other natural substances in the solvent. That is,
photolysis depends on the matrix composition. In order to eval-
uate the impact of the matrix composition on the photolysis
processes of the target antibiotics, photolysis experiments were
conducted in the estuarine water and ultrapure water. The con-
centrations of the three antibiotics in both aqueous matrixes
decrease apparently after 56 days of photolysis (Fig. 3), indi-
cating noticeable photodegradation. The photolysis of antibi-
otics in the estuarine water was greater than that in ultrapure
water. One-way ANOVA indicates that the photolysis rate

Table 1 Kinetic model parameters for sorption of antibiotics on river sediments

Sediment G(e,expy (ML) Pseudo-first-order kinetic model Pseudo-second-order kinetic model

Gecan) (g/g) ki (/h) R Geca) (mglg) k> ((g/mg)/h) R

CIP

Sediment H 0.179 0.181 2.90 + 0.341 0.998 0.182 85.3 £28.8 0.998
Sediment L 0.123 0.120 3.65 +0.751 0.997 0.120 235+ 138 0.998
TMP

Sediment H 0.048 0.039 1.51 £0.781 0.817 0.042 50.2 £ 34.9 0.860
Sediment L 0.039 0.033 1.62 £ 0.670 0.884 0.035 70.8 £ 38.9 0.920
SMX

Sediment H 0.031 0.027 2.16 £ 0.813 0.941 0.028 166 £ 95.9 0.957
Sediment L 0.017 0.016 1.93 + 0.442 0.971 0.017 258 £ 82.6 0.985
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Fig. 2 Hydrolysis of antibiotics under different pH conditions

constants of the three antibiotics in the estuarine water are
slightly higher (p >0.05) than that in the ultrapure water
(Table 2). These results were consistent with the results of a
previous study which reported that the rate of sulfamethazine
photolysis in different media was in the order of wastewater >
river water > pure water (Garcia-Galan et al. 2012). The greater
photolysis of SMX, TMP, and CIP in the estuarine water might
have been due to the enhancement of indirect photolysis. There
are many important promoters of antibiotic photolysis, such as
NO- 3 and dissolved organic matter, in natural waters (Lin and
Reinhard 2005; Tong et al. 2011; Xu et al. 2011). Another
possible reason may be that the photolysis of antibiotics is
related to the ion strength. As reported by Zhang et al. (2016),
more effective collisions between reactants occurred under the
high ion strength condition, which in turn accelerated the
photodegradation rate. The conductivity of the estuarine water
(3070 puS/cm) was higher than that of the ultrapure water
(2.30 uS/cm); thereby, a fast photolysis of antibiotics occurred
in the estuarine water. Further, Biosic et al. (2017) reported that
chloride ions have various impacts on the photodegradation of
different types of antibiotics. It is well known that the concen-
tration of chloride ions in estuarine waters is pretty high. Hence,
the effect of chloride ions on the photolysis behavior of various
antibiotics must to be investigated on a case-by-case basis in
future studies.

As shown in Table 2, the photolysis rates in the same
aqueous matrixes vary among the antibiotics. In both the
estuarine water and ultrapure water, the photolysis rates
of the three antibiotics were in the order of CIP > SMX
> TMP. Alharbi et al. (2017) found that SMX is more
prone to photolysis than TMP. Choi et al. (2016) also
reported that the photolysis extent of SMX is greater
than that of TMP, while the photolysis of both antibi-
otics is much weaker than that of fluoroquinolones. This
is possibly due to the extremely symmetric structure
(i.e., stable structure) of TMP, which results in degrada-
tion persistence (Choi et al. 2016). The piperazine ring
of CIP is prone to cleavage, thereby leading to the en-
hancement of its photodegradation (Cardoza et al. 2005).
In addition, the photolysis rates of the three antibiotics
obtained from our study were different from those re-
ported in the literature. For example, Caracciolo et al.
(2018) showed that the photolysis half-life of CIP in
the river water is 18.4 days, which is faster than that
found in our study (27 days). According to Gmurek
et al. (2015), the photolysis half-life of SMX in pure
water is 7 days, which is far smaller than the result of
our study (103.3 days). This may be caused by different
experimental conditions (e.g., matrix composition, exper-
imental light intensity).

SMX T™P CIP
1.0+ %\é\ 1.0- §=§\§\ 1.0 %.%\%__
0.9 \§/ ?g\ \ §\§_§ 0.8 ®
. u\ 0\ \% +0 7 \O
50 s \o\m\m 0.9 %\§\§ 01 SN \§
3‘ o\ \§ . 0\(§ \n
0.7+ é 0.4 \
0.61 ° Ultrapure water 0.8 02 %\o
‘{ —o— Estuarine water T .
0-0 T T T T T T T 0-0 T T T T T T T 0.0 T T T T T T T
0 10 20 30 40 50 o0 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Time (d)

Fig. 3 Photolysis of antibiotics in the estuarine water and ultrapure water
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Table. 2 Degradﬁtion rate constants of antibiotics under different the beginning of the experiments. Therefore, the biodegrada-
experimental conditions tion of antibiotics is characterized by hysteresis. The CIP con-
Antibiotics Matrix k (/d) fos (d) R centration increased from day 28 to day 42. This could be
attributed to the conversion between the parent compound
Photolysis and its metabolites. The conversion of the acetylated degrada-
SMX Ultrapure water 4.11x107°£120x10™* 1686 0987 tjon products back to their parent form in various environmen-
Estuarine water 6.71>10°+5.51x10* 1033 0912 (a] matrixes (e.g., wastewater, manure) has been reported in

TMP Ultrapure water 1.23x10°£1.01x10* 563.5 0.889  the literature (Gobel et al. 2004).
Estuarine water 2.61x10°+1.70x 10" 2656 0.930 According to the Student’s ¢ test, the biodegradation rate
CIP Ultrapure water 1.09x102£9.07x10* 63.7 0936  constant of CIP (2.01 x 10> +2.93 x 10 */d) is significantly
Estuarine water 2.57x102+1.18x10° 270  0.986 higher (p <0.05) than that of SMX (1.06 x 1072 £1.05 %
Biodegradation 10%/d) and TMP (1.10 x 10> +7.52 x 10> /d) (Table 2), in-
SMX Estuarine water 1.06x10°+1.05x10* 653.9 0923  dicating that CIP was more prone to biodegradation. This might
TMP Estuarine water 1.10x10°+7.52x 107 630.1 0.892  have been due to the unstable piperazine ring of CIP. Previous
CIP Estuarine water 2.01x107°+£2.93x 10 3448 0.592  studies have reported that demethylation of the piperazine ring
Multiple reactions of CIP is its dominant biodegradation pathway (Amorim et al.
SMX Estuarine water 9.15x10°+£529x10* 802 0958  2014; Jia et al. 2018). The presence of —~NH, and —CHj in the
TMP Estuarine water 4.89x 10°+1.70x10% 1417 0962  molecular structure of SMX and TMP should improve their
CIP Estuarine water 2.84x 10 2+1.18x10° 244 0982  biodegradability. However, the opposite result was obtained

Biodegradation of antibiotics

The biodegradation of the three antibiotics under aerobic con-
ditions was studied in the estuarine water at 25 °C. The mi-
crobial count in the estuarine water was 5000 + 500 CFU/mL,
while no bacteria were found in the control group with added
mercuric chloride. The removal efficiency of antibiotics
through biodegradation was calculated according to the dif-
ference between the experimental group and the control
group. As shown in Fig. 4, SMX and TMP are stable until
day 27, as demonstrated by the reductions in their initial con-
centrations of less than 2.5%. A decrease of approximately 4%
was observed for the two antibiotics. The decrease in the CIP
concentration in the first 5 days was also not significant. The
lag of biodegradation of antibiotics was also reported in earlier
studies (Ingerslev and Halling-Sorensen 2000; Biosic et al.
2017). Biosic et al. (2017) stated that the microbiota likely
did not adopt their enzymes to use antibiotics as nutrients at

in our study. This was probably due to the microbial commu-
nity structure of the estuarine water. The biodegradation of an
antibiotic depends on the presence of microbial populations that
are resistant to its detrimental effects and have developed the
ability to degrade it during previous exposure to the compound.

Generally, the biodegradation of all three antibiotics in the
estuarine water is weak, as demonstrated by the removal effi-
ciency of the three antibiotics via biodegradation ranging from
6.2 to 8.0% (Fig. 6). A comparison of the removal efficiency
of antibiotics through biodegradation in different mediums is
shown in Table S5. Our results were similar to the removal
efficiency of sulfonamides in domestic sewage but significant-
ly lower than those in activated sludge and sediment.
Kummerer (2010) reported that the microbial density in
wastewater and river water is lower than that in the corre-
sponding activated sludge and sediment. This may be one of
the reasons for the lower biodegradation of antibiotics in aque-
ous media. Another possible reason may be that the tested
antibiotics are the only source of carbon for microbiota.
Several studies have reported that the biodegradation of
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Fig. 4 Biodegradation of antibiotics in the estuarine water
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antibiotics can be enhanced by a co-metabolism mechanism
(Alexy et al. 2004; Xu et al. 2011). Thus, the removal effi-
ciency of antibiotics via biodegradation in activated sludge
with a high carbon source concentration was higher.
Although both in aqueous media, the removal efficiencies
obtained in our study were lower than those reported by
Patrolecco et al. (2018). This could be related to the low initial
concentrations (500 pg/L) of the tested antibiotics in their
study. Another possible reason may be the high conductivity
of the estuarine water used in our study. Adamek et al. (2016)
highlighted that high concentration of salts in river water can
inhibit the biodegradation of sulfonamides.

Multiple reactions of antibiotics

In the natural water environment, the hydrolysis, photolysis,
and biodegradation of antibiotics occur simultaneously.
Simulating the aqueous concentrations of antibiotics when mul-
tiple reactions occur simultaneously can more realistically re-
veal their decay rate constants. Multiple reactions of the three
antibiotics in the estuarine water were studied, and the results
are shown in Fig. 5. After 56 days of degradation, approximate-
ly 80% of the CIP was degraded. For SMX and TMP, the decay
efficiencies were 36.0% and 22.2%, respectively. Clearly, the
removal efficiencies of the three antibiotics under multiple re-
actions were greater than those in any single reaction. Among
the different antibiotics, CIP was more prone to degradation,
followed by SMX, while TMP was relatively stable in the
natural water environment, indicating that the decay efficien-
cies of the antibiotics were related to their structures and prop-
erties. Our results were in accordance with a previous study
which reported that TMP is refractory in seawater (Alexy
et al. 2004). The multiple decay processes of the three antibi-
otics conformed to the first-order kinetic reaction model (R >
0.95). As shown in Table 2, the multiple degradation rate con-
stants of SMX, TMP, and CIP are 9.15 x 10°3+£5.29 x 1074/d,
4.89x 107 +£1.70 x 107%d, and 2.84 x 10>+ 1.18 x 10/d,
respectively. The combined degradation rates were higher than
the algebraic sum of the decay rates of the single reactions (i.e.,

hydrolysis, photolysis, and biodegradation). This indicated that
there may be synergistic effects between the various reaction
processes. The synergistic effects of photodegradation and bio-
degradation in determining the disappearance of SMX have
been demonstrated by Patrolecco et al. (2018). Therefore, it is
more scientific to obtain degradation rate parameters of antibi-
otics by conducting multiple reaction experiments.

Evaluation of various environmental behaviors

Both sorption and degradation reactions can result in the re-
duction in aqueous concentrations of antibiotics in natural
water. However, the contribution of each reaction process to
the total attenuation varies among antibiotics. In order to re-
veal the key attenuation processes of the target antibiotics in
the estuarine water, the results obtained from single reactions
and multiple reactions were compared. According to the re-
sults of the hydrolysis experiments, hydrolysis of CIP and
TMP was negligible at a pH of 4.0, 7.0, and 9.0. Although
weak hydrolysis of SMX occurred at a pH of 4.0, its hydro-
lysis process could be ignored in the natural estuarine envi-
ronment with pH values of 7.4-8.1. Thus, it is safe to conclude
that hydrolysis has no contribution to the attenuation of CIP,
TMP, and SMX in the estuarine water.

All three antibiotics are biodegradable in the estuarine wa-
ter. However, the removal efficiency of CIP, TMP, and SMX
through biodegradation was relatively low, ranging from 6.2
to 8.0%. Meanwhile, the biodegradation rates of the tested
antibiotics in the estuarine water are also slow, with the cor-
responding half-life values ranging from 344.8 to 653.9 days
(Table 2). This indicated that biodegradation contributed less
to the overall attenuation of the target antibiotics. The removal
efficiencies of SMX, TMP, and CIP through photolysis were
4.3, 2.0, and 9.3 times greater than those via biodegradations,
respectively. The photolysis half-lives of the target antibiotics
are also much shorter than the half-lives of biodegradation
(Table 2). This demonstrated that photolysis plays an impor-
tant role in the attenuation of antibiotics whenever the rate of
biodegradation or hydrolysis is low or negligible.
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Fig. 5 Multiple reactions of antibiotics in the estuarine water
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Fig. 6 Removal efficiency of antibiotics through the single reaction and
multiple reactions, respectively

As shown in Fig. 6, the removal efficiency of the three
antibiotics through multiple reactions is the largest and nearly
equal to the sum of the removal efficiency through photolysis
and biodegradation. Meanwhile, the photolysis of SMX,
TMP, and CIP accounted for 83.9%, 55.4%, and 93.4% of
their overall degradation, respectively. This showed that pho-
tolysis was the key degradation process of the three antibiotics
in the estuarine water. Our results were in accordance with
other studies that reported that photolysis is a significant pro-
cess for decreasing the concentrations of antibiotics in natural
waters (Lin et al. 2010; Carstens et al. 2013; Caracciolo et al.
2018). Therefore, parameters related to the photolysis reaction
should be focused on during modeling. Another key thing to
note is that antibiotics may accumulate in the middle and deep
waters where the solar radiation is weak.

The sorption experiments showed that all three antibiotics
could be absorbed by the sediment, and the sorption rates were
relatively fast. In particular, CIP reached sorption equilibrium
within 6 h. Although the time of reaching equilibrium for SMX
and TMP was longer, it only required 2 days. This showed that
the sorption rates of the antibiotics were much faster than their
degradation rates. Therefore, when the three antibiotics entered
the estuarine water, their concentrations decreased rapidly ow-
ing to sorption. After, a relatively slow photolysis and biodeg-
radation reaction occurred, which further attenuated the con-
centrations of the antibiotics in environmental waters. The
same results were also reported by Carstens et al. (2013),
who found that photodegradation and sorption to sediment
control the aqueous concentrations of sulfamethazine.

Based on the experimental data, the attenuation rates of
antibiotics were related to their properties. Among the three
target antibiotics, CIP was more likely to be adsorbed by sed-
iment particles and more prone to photodegradation and bio-
degradation. This could be attributed to its special structure
(e.g., piperazine ring) and physicochemical properties (e.g.,
pKa). However, it has to be considered that CIP removal in

@ Springer

In this study, the single reactions (i.e., sorption, hydrolysis,
photolysis, and biodegradation) and multiple reactions of
SMX, TMP, and CIP in aquatic systems were studied.
Hydrolysis and biodegradation had no or a low contribution
to the degradation of the target antibiotics in the estuarine
water. Photolysis was the key degradation process for SMX,
TMP, and CIP in water. Compared with that in ultrapure wa-
ter, the photolysis of the tested antibiotics was more prone to
occur in the estuarine water. The multiple reaction rates were
higher than the algebraic sum of the single reaction rates,
implying that there may be synergistic effects between the
various reaction processes. Furthermore, the rate of degrada-
tion of the three antibiotics in the estuarine water was in the
order of CIP > SMX > TMP. The sorption experiments indi-
cated that the sorption rates of the target antibiotics onto sed-
iments with different properties were very fast. By comparing
the rates of various single reactions, we concluded that the
antibiotic concentrations decreased rapidly by sorption after
entering the estuarine water and then decreased relatively
slowly through photolysis and biodegradation reactions.
Additionally, antibiotics may accumulate in the middle and
deep estuarine water, the aphotic zone. Future studies are
needed to determine whether this process will alter the vertical
distribution characteristics of antibiotic concentrations.
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