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Abstract: Antibiotics, as typical emerging contaminants, are frequently detected in the aquatic en-
vironment due to their widespread and massive use, posing potential risks to aquatic ecology and
human health. To characterize the photodegradation behavior of typical antibiotics in water en-
vironment, sulfamethoxazole (SMX) and enrofloxacin (ENR) were selected in this study, and the
photodegradation behaviors of these two antibiotics under UV and simulated solar light irradiation

Land

were investigated. The degradation rates of SMX under the two light sources were 0.235 min™
0.024 min—1, respectively, and ENR were 0.124 min~—! and 0.043 min—1, respectively. Furthermore,
the effects of typical influencing factors including different light intensities, initial concentrations,
inorganic anions, and natural organic matter on the photodegradation behaviors of these two antibi-
otics were studied. The effect of several active substances was explored by adding several quenching
agents, and the photodegradation pathway was proposed. The study of the photodegradation charac-
teristics and mechanisms of these two antibiotics may help to provide a reference for the subsequent
development of innovative and efficient photocatalytic materials and techniques to remove antibiotics

from water.

Keywords: photodegradation; sulfamethoxazole; enrofloxacin; simulated solar light

1. Introduction

As more and more studies [1-3] have suggested, organic micropollutants have become
an important constraint on the quality and safety of the water environment. Antibiotics are a
large typical class of organic micropollutants which have been detected with high frequency
in various kinds of aquatic environment including drinking water [4,5], wastewater [6],
surface water [7-9], and underground water [10] in various countries and regions including
the United States, Europe, China, and Australia. A total of 70 antibiotics were detected and
13 antibiotics were frequently detected in surface water of the seven major rivers in China,
with a maximum concentration of 360 ug-L’1 [11].

The existence of antibiotics has become one of the major problems in the water envi-
ronment, and will affect the survival of microorganisms and cause problems of antibiotic-
resistant genes (ARGs) and antibiotic-resistant bacteria, thereby changing the microbial
community in the water environment and potentially threatening the stability of the water
ecosystem and human health. Many approaches including traditional techniques and
newly developed methods such as adsorption, coagulation/flocculation/sedimentation,
ozonation, photocatalytic degradation, electrochemical oxidation, and combined processes
have been developed and applied to remove antibiotics from water [12-14]. Among them,
photodegradation is an important pathway for the transformation of antibiotics in the natu-
ral aquatic environment, with many antibiotics including sulfonamides (SAs), quinolones
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(ONs), macrolides (MLs), and others exhibiting significant photolysis under strong so-
lar irradiation [15,16]. Photolysis proved to be efficient in the removal of antibiotics in
water [17-19]. At present, the research on the photodegradation and photocatalytic degra-
dation of antibiotics is still insufficient. It is necessary to carry out in-depth research on the
photodegradation behavior of various typical antibiotics, and to develop corresponding
technologies to remove the antibiotics in the aquatic environment and the risks they may
pose to the aquatic ecology and human health.

Some recent studies have provided information about the photodegradation activity
of different antibiotics. Many antibiotics, such as sulfamethoxazole (SMX), were observed
to be photodegraded quickly in ultrapure water under simulated solar irradiation [20].
Several studies evaluated the matrix effect of some environmental factors including pH,
concentrations, fulvic acids, and suspended matter on the photodegradation of antibi-
otics [20-22]. Although these studies reported the information about the degradation of
certain antibiotics, they did not comprehensively explore the photodegradation characteris-
tics of typical antibiotics under various lights sources, the influence of different factors, and
photodegradation mechanisms, which limits the application and engineering practices of
relative photocatalytic technologies.

Therefore, this study aimed to investigate the photodegradation behavior of typical
antibiotics including the influence on their photodegradation of various factors and the
reaction mechanism. Sulfonamides and fluoroquinolones are the two kinds of antibiotics most
frequently used and detected in surface water and wastewater in many countries [23,24]. Two
typical antibiotics, sulfamethoxazole (SMX) and enrofloxacin (ENR), were selected as the
research objects. First, the photodegradation reactions of SMX and ENR under different
light sources including UV, simulated solar light, and simulated visible light conditions
were studied. Subsequently, the effects and mechanisms of different factors including
light intensities, initial concentrations of antibiotics, common inorganic anions, and natural
organic matter in water on the photodegradation behavior of the two antibiotics were
investigated. In order to further reveal the photolysis reaction mechanism of these two
antibiotics, the photodegradation mechanism and byproducts were analyzed. The study
could provide valuable information and reference for the development and application
of efficient photocatalytic degradation technologies and materials, so as to alleviate the
potential risks posed by emerging contaminants or micropollutants.

2. Materials and Methods
2.1. Materials and Reagents

Sulfamethoxazole (analytic standard) and enrofloxacin (analytic standard) were pur-
chased from Sigma-Aldrich. Acetonitrile, methanol, and ethyl acetate were at least HPLC-
grade and obtained from Sigma-Aldrich. Humic acid, sodium chloride, sodium sulfate,
sodium nitrate, isopropyl alcohol, tert-Butanol (tBA), EDTA Disodium Salt (EDTA-2Na),
and sodium azide were supplied by Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China). Ultrapure water (resistivity 18.2 MQ-cm ™! at 25 °C) was derived by a Merck
Millipore water purification system and was used in related experiments. More details
about the materials and reagents used in this study are introduced in Table S1.

2.2. Photodegradation of SMX and ENR

The photodegradation experiments of SMX and ENR were carried out under UV and
simulated solar light supplied by a photochemical reactor (Phchem III, NBeT, Beijing NBET
Technology Co., Ltd., Beijing, China) equipped with a 500 W UV lamp and 500 W Xenon
lamp, respectively, as shown in Figure S1. A 50 mL measure of SMX or ENR aqueous
solution was added into a 75 mL quartz tube and used to conduct photodegradation
experiments. To explore the effect of different initial concentration of SMX or ENR on their
photodegradation, different amounts of SMX or ENR were added to prepare solutions with
1-10 mg-L~! SMX or ENR.
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Micro-pollutants such as antibiotics have different photodegradation characteristics
under different light sources due to the different emission spectral ranges and absorption
spectra of chemicals. Considering that ultraviolet light and solar light are the two most
common light sources in wastewater treatment processes and nature, ultraviolet light
(with a 300 nm filter) and a xenon lamp (with a 400 nm filter) were adopted to study
the photodegradation behavior of two typical antibiotics (SMX and ENR) under UV and
simulated solar light irradiation.

2.3. Detection of SMX and ENR with HPLC

SMX and ENR were analyzed by high-performance liquid chromatography (HPLC)
(Agilent HPLC 1200, Agilent Technologies, Santa Clara, USA) equipped with a variable
wavelength detector (VWD) and a Shim-pack VP-ODS column (250 mm x 4.6 mm). The
mobile phase for the detection of SMX consisted of acetonitrile (A) and 0.1% formic acid (B)
with a ratio of 40:60 (v/v) at a flow of 1.0 mL-min~!. The mobile phase for the detection of
ENR consisted of acetonitrile (A) and 0.1% formic acid (B) with a ratio of 20:80 (v/v) ata
flow of 1.0 mL-min~!. The detection wavelength for SMX and ENR were set at 270 nm and
280 nm, respectively.

2.4. Photolysis Reaction Kinetic Curve

Substantial studies revealed that the photolysis reaction obeyed the kinetics of first-
order reaction [18,25], and the concentration with time could be fitted with the following
equations.

C/Cy=e M 1)

—In(C/Cp) =kt @

where Cy represents the initial concentration of the pollutant (mg-L~!), C represents the
real-time concentration of the chemical (mg-L~1), k represents the reaction rate constant,
and t represents the reaction time (min).

3. Results and Discussions
3.1. Photodegradation and Kinetic Curves under Different Light Irradiation

UV light has a short wavelength and high photon energy, and many organic pollutants
can be photodegraded significantly under UV light. UV-based advanced oxidation technol-
ogy systems have also been widely studied and applied. According to the UV /Vis spectra
of SMX and ENR (Figure S2), the absorption spectrum of the two antibiotics is mainly in the
UV light region. Thus, photodegradation under UV light is theoretically easier and obvious.
Under UV light, the time-dependent and kinetic fitting curves of the reaction concentrations
of SMX and ENR are shown in Figure 1a,b, respectively. Both SMX and ENR were rapidly
and obviously photodegraded, with the degradation efficiency reaching 96.6% and 81.8%
within 15 min under UV light, respectively. The photodegradation reactions obeyed the
pseudo-first-order kinetic law, with the fitted photodegradation reaction rate constants
of SMX and ENR being 0.235 min~! and 0.124 min~!, respectively. A relevant study [26]
showed that different wavelengths of ultraviolet light had different photodegradation rates
for organic micro-pollutants such as antibiotics, and the degradation rates of SMX and
trimethoprim were vacuum UV > UV-C > UV-A, and the shorter the wavelength was, the
stronger the ability of ultraviolet light to degrade organic micro-pollutants. Considering
that the UV light generated by the high-pressure mercury lamp used in this study covers
a wide range of UV wavelengths, the degradation effects under UV reported in related
studies were basically similar to those in this study.



Water 2023, 15, 517

40f12

10F —=—C/Cq (a) Jao 10} —s—C/C, (b) 120
= k=0.235min™ = k=0.124 min™
0.8 08} i
130 16
o 06 & o086 {128
Q {205 L o
© gat E O g4t {08 E
; ;
02F 1° 02} 104
00} 4100 0.0 40.0
0 3 6 9 12 15 0 3 6 9 12 15
Time (min) Time (min)
10F —=—CICy (c) 950 1.0t —=—C/Cy (d) {50
« k=0.0242 min! s k=0.0432 min™
08} 08 140
06} 06} 130 (2
5 ).6 & &
= ~ 8
0[14_ ou4- ‘QOE
;
02} 02F 10
00} » ook T Joo
0 30 60 90 120 150 180 0 30 60 90
Time (min) Time (min)

Figure 1. The photodegradation of (a) SMX and (b) ENR under UV irradiation, and (c¢) SMX and
(d) ENR under simulated solar light.

Under simulated solar light irradiation, the concentration variations in SMX and ENR
during the photodegradation reaction and the reaction kinetics fitting curves are shown in
Figure 1c,d, respectively. The photodegradation rates of SMX and ENR under simulated
solar light conditions were significantly slower than that under UV conditions, although
the degradation was still obvious, and the degradation could be basically completed in
correspondingly longer time. Kinetic fitting also showed that the degradation reactions of
both were very consistent with pseudo-first-order kinetics, and the reaction rate constants
were 0.0247 min ! and 0.0430 min!, respectively.

The photodegradation behavior of antibiotics such as SMX and ENR in water had
also been reported by several other studies. Oliveira et al. [20] used a 1500 W xenon lamp
and a UV filter to simulate the solar light irradiation, and studied the photodegradation
of SMX with an initial concentration of 100 pg-L~! in ultrapure water, and found that
the reaction was highly consistent with pseudo-first-order kinetics. The reaction rate
constant was measured to be 0.24-1.4 h~!. The study by Niu et al. [22] also showed that the
photodegradation reaction of SMX under a xenon lamp conformed to pseudo-first-order
kinetics, and the reaction rate constant was 0.014 min—! when the initial concentration
was 5 mg-L 1. In the study of the photodegradation of ENR by Sturini et al. [27], the
photodegradation reaction rate constant in tap water was measured to be 0.013-0.24 min~!
under simulated solar light irradiation. The photodegradation reaction rates of the two
antibiotics in this study under simulated solar light were basically similar to those reported
in the literature, which indicated that the antibiotics had the potential to be photodegraded
in nature, but the photodegradation of the antibiotics in the actual water was also affected
by other composition and factors in the water environment.

3.2. Effect of Several Factors on the Photodegradation

In addition to the photodegradation characteristics of antibiotics under different light
sources, several other important influencing factors were also taken into account in this
study, including different light intensities, initial concentrations of antibiotics, common
inorganic anions, and natural organic matter in water. In the experiment, a xenon lamp
was used to simulate solar light as the light source, the current of the light source device
was set to 8 A, and the reaction temperature was set to 25 °C.
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3.2.1. Photodegradation under Different Light Intensities

Light intensity directly affects the photodegradation rate of pollutants. In the experi-
ment, the light intensity of the xenon lamp was changed by adjusting the current of the
xenon lamp device, the xenon lamp was used to simulate the solar light condition, and
four groups of different currents were set. As shown in Figure 2, the photodegradation
rate of both SMX and ENR increased with the increase in current. The rate constant of the
photodegradation reaction of SMX and ENR increased with increasing current. When the
current intensified, the irradiation intensity of the xenon light source enhanced, and the
number of photons per unit area and the absorption of photons by the pollutants in the
reaction system also rose, resulting in an increase in the photolysis rate of the pollutants.
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Figure 2. Effect of different currents on the photodegradation of (a) SMX and (c¢) ENR, and kinetic
curves of (b) SMX and (d) ENR.

3.2.2. Effect of Initial Antibiotic Concentration

The initial concentration of the antibiotic affects the rate of its photodegradation
reaction. In the study, the photolysis reaction rates during the photodegradation with
different initial concentrations of antibiotics were investigated. The concentration variations
in the two antibiotics and the corresponding kinetic fitting results are shown in Figure 3.
The photodegradation rate constants of SMX and ENR generally decreased with an increase
in their initial concentrations. When the initial concentration was 1 mg-L~!, the degradation
constants of SMX and ENR were 0.0294 min—! and 0.0768 min !, respectively, and the
degradation rates of these two pollutants decreased when the concentration gradually
increased. This was mainly because, when the initial concentration was low, the pollutants
could fully absorb photons and react with the active groups in the reaction system. The
group had a competitive effect, which reduced the unit degradation rate.
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Figure 3. Effect of initial concentration of (a) SMX and (b) ENR on their photodegradation, and
kinetic curves of (c¢) SMX and (d) ENR.

3.2.3. Effects of Common Inorganic Anions

The presence of common inorganic ions in water also affects the photodegradation
reaction process and rate of pollutants. In the study, three common anions, C1~, SO42-,
and NO3 ™ in natural water were selected as the objects to investigate the effects of different
anions on the photodegradation of SMX and ENR under simulated solar light condition,
with the results shown in Figure 4.

The three inorganic anions had inhibitory effects on the photodegradation of typical
antibiotics. The degradation constant inhibition rates of CI" for SMX and ENR were 15.5%
and 36.4%, respectively. The inhibitory effect of C1~ on the photodegradation of antibiotics
is mainly due to its competitive absorption of photons and the quenching effect of hydroxyl
radicals. After reacting with -OH, C1~ with weak oxidation performance is generated,
thereby reducing the photodegradation rate. The study of Oliveira et al. [20] also showed
that the photodegradation rate of SMX in NaCl (21%) and synthetic brine was significantly
lower than that in ultrapure water. Under the same pH of 7.3, the reaction constant
dropped from 0.24 h=! t0 0.14 h~! and 0.13 h~!. Yang et al. [28] proved that Cl~ had an
inhibitory effect on the photodegradation of SMX. Compared with the half-life in the blank
experimental group, which was 112 min, the half-life under the condition of 0.342 M CI™
was extended to 135 min, and the half-life under the condition of 0.582 M CI~ was extended
to 135 min. When it was increased to 212 min, SO42~ had a more obvious inhibitory effect,
and the half-lives at the two concentrations were 313 min and 409 min, respectively.
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Figure 4. Effect of inorganic anions on the photodegradation of (a) SMX and (b) ENR, and kinetic
curves of (¢) SMX and (d) ENR.

3.2.4. Effects of Natural Organic Matter in Water

The presence of natural organic matter in water can affect the photodegradation
reaction of pollutants. In natural water bodies, humic acid and fulvic acid account for
up to 80% of the total dissolved organic matter [29]. Humic acid was used to simulate
natural organic matter, to study its effect on the photodegradation reaction of two typical
antibiotics. In the experiment, 1 mg-L 1,2 mg-L ™!, 5mg-L !, and 10 mg-L~! of humic
acid were added, respectively, and other conditions remained the same.

As shown in Figure 5, after adding different concentrations of humic acid, the pho-
todegradation reactions of SMX and ENR were significantly inhibited, with the highest
inhibition rates reaching 45.6% and 77.8%, respectively. Oliveira et al. [20] studied the
effects of three components of humic substances in water on the photodegradation of
SMX. After 1 h of illumination, under the condition of pH 5.0, the degradation rate of SMX
was about 80% compared with ultrapure water, containing 20 mg-L~!. The degradation
rates of SMX in the humic acid HA and fulvic acid FA systems dropped to about 47% and
50%, respectively. The analysis of the effects of the three components showed that the
humic acid HA had the most light absorption in the reaction system, thus showing the
strongest inhibitory effect on SMX photodegradation. The study reported by Li et al. [30]
also confirmed that humic acid reduces the photolysis rate of ENR.

Natural organic matter has photosensitivity. Under the irradiation of a light source,
organic matter transforms into a transient excited state, which can react with oxygen in
the solution to form active substances, or directly react with organic matter, resulting in
an increase in the rate of photodegradation. In general, however, DOMs can reduce the
photodegradation rate of pollutants through three distinct effects: internal filtration, removal
or quenching of reactive species, and inhibition of pollutant transformation through the
reduction of 3CDOM* [20,31]. Zhao et al. [32] studied the effects of Pahokee peat humic
acid and Sigma-Aldrich humic acid on the photodegradation of SMX, and believed that, in
addition to the competition for photons, quenching and masking effects may be the main
reason accounting for the inhibition of SMX photodegradation. Humic acid has a large specific
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surface area and more surface reaction sites, and has good adsorption performance, which
will adsorb some pollutants and lead to a decrease in the photodegradation rate of pollutants.
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Figure 5. The impact of different amounts of humic acid on the photodegradation of (a) SMX and
(c) ENR, and kinetic curves of (b) SMX and (d) ENR.

3.3. Quenching Experiments

The photolysis reactions of pollutants including antibiotics generally include direct
photolysis and indirect photolysis. In order to understand the photodegradation mech-
anism of the two antibiotics, quenchers were added to remove or quench the oxidative
groups generated during the reaction, and the effect on the reaction rate was analyzed
to examine the reactive oxidative species generated during the reaction and propose the
photodegradation reaction mechanism of these two antibiotics. In the experiment, tert-
butanol (5 mM) and isopropanol (5 mM) were added as quenchers for OH, p-benzoquinone
(0.1 mM) was added as a quencher for -O, ~, and ethylenediaminetetraacetic acid disodium
salt (EDTA-2Na, 5 mM) was used as a quencher for oxidation holes [33].

As shown in Figure 6, after adding quenchers, the reaction rates in the photodegrada-
tion reaction stage were all lower than those of the blank control group without the addition
of quenchers. Among them, the reaction rate of the experimental group added with EDTA-
2Na had the smallest decrease. Although it acted as a quencher of oxidation holes, it did
not indicate that there were oxidation holes in the reaction system and had an effect, and
the reaction rate of this group was inhibited (about 11.6% and 7.9%, respectively) due to
the interference effect of EDTA-2Na itself. In contrast, tert-butanol, isopropanol, and p-
benzoquinone inhibited the reaction more significantly. Both tert-butanol and isopropanol
were used as quenchers for -OH. In the experimental group with these two quenchers
added, the SMX reaction rate constant decreased by 27.0% and 18.3%, respectively, and the
ENR decreased by 22.7% and 21.3%, respectively, which indicated that -OH was produced
in the reaction. After the addition of p-benzoquinone, the photodegradation constants
of SMX and ENR were reduced to 0.0191 min~! and 0.0376 min !, respectively, and the
photodegradation inhibition rates were 20.7% and 13.0%, respectively, which confirmed
the existence of -O, ™ in the reaction.



Water 2023, 15, 517

9o0f12

10} (b)
—s— Blank
08} —*+—tBA
——IPA
_o06} ——pBQ
S EDTA-2Na
S~
Ooat
02}
00l "‘"‘*‘*—«q____"
0 30 60 9 120 150 180 0 30 60 90
Time (min) Time (min)
= Blank k=0.0241 min”' (c) = Blank  k=0.0431 min™' (d)
60F » tBA k=0.0176 min"' 80r , ipa k=0.0333 min”'
4 IPA k=0.0197 min™’ A IPA k=0.0340 min™'
v pBQ k=0.0191 min™’ v pBQ k=0.0376 min~'
sa0t r
Q
Q
c
1
20} r
00 = r
0 30 60 90 120 150 180 0 30 60 90
Time (min) Time (min)

Figure 6. The concentration curves of (a) SMX and (b) ENR in their photodegradation after adding
several quenchers, and kinetic curves of (¢) SMX and (d) ENR photodegradation.

Each quencher had a limited inhibitory effect on the photodegradation reaction, indi-
cating the coexistence of oxidative groups such as -OH and -O, ™ in the reaction. However,
the cumulative inhibition rate was also significantly less than 100%, which indicates that
there was not only indirect photodegradation but also direct photodegradation in the
photodegradation reaction.

3.4. Analysis of Photodegradation Products

There were both direct photodegradation reactions and indirect photodegradation
reactions in the degradation process of the two typical antibiotics. The direct photodegra-
dation reaction was that after the antibiotic molecule absorbed light energy and became an
excited state (SMX* or ENR¥), it directly degraded to form the corresponding product. In
the indirect photodegradation process, after the antibiotic molecule absorbed light energy,
the excited state interacted with water molecules or oxygen in the water to generate -OH,
.0, and 1O, active groups, and then, under the action of these active groups, it was
converted into degradation byproducts. Taking SMX as an example, the photodegradation
pathway was proposed, as shown in Figure 7. The photodegradation of ENR also included
a direct photodegradation process and an indirect photodegradation process, and the
photolysis reaction mechanism was basically similar.

Through the natural photodegradation process in water, SMX and ENR were nearly
completely degraded and removed in good time. The degradation rate of SMX under
simulated solar light was relatively fast, and the degradation ratio was close to 100% in
about 2 h. However, HPLC analysis showed that, during the degradation of the two
typical antibiotics, after the samples prepared with ultrapure water were degraded, in
addition to the chromatographic peaks corresponding to the parent substances of SMX
or ENR, there were several other chromatographic peaks in the liquid chromatography
analysis whose size and shape also changed with the reaction process, and existed until
the end of the reaction. It is suggested that, in the reaction process, the antibiotic parent
substance was continuously degraded and transformed into other organic substances and
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degradation products, and the types and concentrations of the degradation products were
also constantly changing.

o : Direct ">«
Photodegradation ) )
Erneie Photodegrailailtlgp,
___________ ROS (-OH, -0, 10,) +SMX ~=~-_

~
~

Indirect ",
Photodegradation Photodegradation
Teeell L Products i

Figure 7. The proposed pathway for photodegradation of SMX.

4. Conclusions

Taking SMX and ENR as two typical representatives of antibiotics as the research
objects, their photodegradation under UV and simulated solar light were studied. The
degradation rates of SMX under the two light sources were 0.235 min~! and 0.024 min~!,
respectively, and for ENR were 0.124 min~! and 0.043 min~1, respectively. The increase
in light intensity helped to increase the photodegradation reaction rates of SMX and ENR,
while the photodegradation rates showed a decreasing trend with the increase in the initial
concentration. The three inorganic anions CI~, 50,42, and NO;~, and natural organic
matter (humic acid), all had inhibitory effects on the photodegradation of typical antibi-
otics. Each quencher had a limited inhibitory effect on the photodegradation reaction. The
cumulative inhibition rate was also significantly less than 100%, indicating that not only
indirect photodegradation but also direct photodegradation existed in the photodegra-
dation reaction. This study showed that enhancing the photodegradation of pollutants
such as antibiotics could effectively speed up their degradation in water, thereby reduc-
ing the ecological and health risks they cause. The research could provide a reference
for the development of corresponding efficient photocatalytic degradation materials and
technologies.
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