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ABSTRACT

The large influx of antibiotics in the environment may pose a threat to humans. Therefore, the fate
of antibiotics in the environment has attracted a great deal of attention. In this work, the degra-
dation of oxytetracycline (OTC), a type of tetracycline antibiotic, by UV-activated peroxydisulfate
(PDS) advanced oxidation process was investigated. The results showed that OTC could be efficiently
degraded by UV/PDS, with the degradation process following the pseudo-first-order kinetics
equation. The degradation rate was dependent on the initial concentration of PDS. Neither acidic nor
alkaline conditions facilitated the degradation of OTC. The existence of ClI- promoted the degrada-
tion of OTC, whereas other inorganic ions (NO;, COZ;, and HCO;) slightly inhibited the degradation
of OTC. Meanwhile, humic acid and fulvic acid strongly inhibited the removal of OTC. In a natural
water matrix, OTC degradation was slowed down compared with that in ultrapure water. Ultra-
high-performance liquid chromatography time-of-flight mass spectrometry yielded five products
of OTC degradation. The degradation pathways were primarily decarbonylation, dehydration,

hydroxylation, and secondary alcohol oxidation.
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1. Introduction

Over the past few decades, oxytetracycline (OTC), a
type of tetracycline antibiotic, has been widely used in
aquaculture and livestock breeding owing to its effect on
growth promoters and bactericides for the prevention and
treatment of diseases [1]. In fact, it was reported that high
levels of OTC were commonly detected in different waters
around the world [2], which may cause resistance in bacterial
populations, promote the production of antibiotic-resistant
genes, and, ultimately, pose a threat to human health [3].

* Corresponding author.

Up to now, an increasing amount of attention has been
paid to the removal of OTC from the water environment.
OTC can undergo photodegradation, hydrolysis, and
microbial degradation. In previous studies, several tech-
nologies were used to remove OTC, such as adsorption [4],
photo-Fenton oxidation [5], O, oxidation [6], UV/H,O, [7],
and photocatalysis [8].

UV-activated peroxydisulfate (PDS) has emerged as
a promising technology for the degradation of various
organic pollutants in the water environment [9]. A series
of studies have shown that UV/PDS was superior to UV/
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H,O, in the degradation of several antibiotics, for exam-
ple, sulfonamide antibiotics [10] and cylindrospermop-
sin [11]. Although significant progress had been made
in the degradation of antibiotics by UV/PDS [12], a full
understanding of the degradation of OTC by UV/PDS has
remained lacking. Recently, Liu et al. [13] reported the deg-
radation of OTC by UV/PDS; however, high concentrations
of both OTC and PDS were used. Thus, the experiment was
neither quite environmentally relevant nor cost-effective.
In this study, the degradation kinetics of OTC by UV/
PDS was reported, and the effects of PDS dosage, pH value,
and the existence of humic acid, fulvic acid, and major
inorganic ions (NO;, CI;, COZ and HCQO;) were inspected.
Furthermore, the photoproducts of OTC were determined,
and possible removal schemes were proposed. The results
can provide fundamental information on the practical
application of the removal of OTC by UV/PDS technology.

2. Experimental setup
2.1. Reagents

Oxytetracycline hydrochloride was purchased from
Hefei Bomei Biotechnology Co., Ltd., China. Acetic acid and
sodium chloride (analytical grade) were supplied by Beijing
Chemical Plant, China. Humic acid (HA) and fulvic acid (FA)
were separately obtained from Aldrich, US and Shanghai
Future Industrial Co., Ltd., China. Acetonitrile and metha-
nol of a suitable grade for high-performance liquid chroma-
tography (HPLC) were obtained from Tedia Chemicals, US.
Ultra-pure water (>18.2 M(Q) cm) was obtained by a 1820A
Ultra-pure Water System (Molecular Water System Co.,
Chonggqing, China).

2.2. UV/PDS degradation experiments

A typical experiment could be described as follows:
500 mL of a mixed solution of OTC and PDS was trans-
ferred into a self-made cylinder reactor. In the center of the
reactor, an 11 W low-pressure mercury lamp (Institution of
Light Source, Beijing, China) was set as the UV source (main
emitting wavelength was 254 nm). At the bottom of the
reactor, a magnetic stirring device was equipped to ensure
that the solution was mixed well. As reported in our previ-
ous study [14], the UV-fluence was 2.12 mW cm™, and the
effective path length of the reactor was 1.9 cm.

All experiments were carried out at room temperature
(20°C). For degradation experiments, the initial concen-
tration of OTC and PDS were 5 and 100 uM, respectively,
unless noted otherwise. The degradation reaction of OTC
last for 5 min, and at every minute, the irradiated solution
(0.5 mL) was taken immediately for concentration analysis.

2.3. Analysis of OTC and its degradation intermediates

The concentration of OTC was quantified by an Agilent
1200 Series HPLC system equipped with a variable wave-
length detector. A C18 symmetry column (4.6 x 150 mm,
5 um, Waters, US) was utilized as a stationary phase, while
the mobile phase was acetonitrile and 0.01 M oxalic acid
solution (10/90). The analysis was performed at a flow rate
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of 1.0 mL min™, with a detection wavelength of 357 nm, a
column temperature of 30°C, and a sample injection volume
of 20 uL.

For the reaction products, an investigation by ultra-
high-performance liquid chromatography time-of-flight
mass spectrometry (UPLC/TOF-MS) was performed in which
a mixture of 50 uM OTC and 0.5 mM PDS was irradiated for
10 min. Detailed analytical methods used were the same
as found in the literature [15].

For the mineralization experiments, the mixed solution
of OTC and PDS was irradiated for a certain time, and total
organic carbon (TOC) was immediately analyzed by a TOC-
VCPH analyzer (Shimadzu, Japan). To determine the pH, a
PHS]J-5 pH meter (Shanghai Precision & Scientific Instrument
Co., Ltd., China) was used. All experiments were carried
out in triplicate, and the mean value was reported.

3. Results and discussion
3.1. Effect of PDS dosage

Fig. 1 shows the degradation of OTC with different PDS
dosages. It should be mentioned that before UV irradiation,
when PDS (5-100 uM) was added into the OTC solution,
the loss of OTC was 0.89%—4.24%, which was subtracted
from the initial concentration of OTC. As shown in Fig. 1,
the degradation of OTC was promoted with the presence of
PDS, and the promotion effect was enhanced with increasing
concentration of PDS from 5 to 100 uM. This was because
SO;* can be formed during the activation of PDS by UV
irradiation. With the increase in PDS dosage, the amount
of SO;* increased; thus, the promotion effect on OTC
degradation was more pronounced.

Table 1 shows the kinetics parameters of the degrada-
tion of OTC by UV/PDS. All the degradation processes of
OTC by UV/PDS are shown to follow the pseudo-first-order
kinetics law. Evidently, the higher the dosage of PDS is, the
faster the degradation of OTC is. When OTC was 5 pM and
PDS was 100 pM, the pseudo-first-order rate constant (k)
was 0.6017 min™ (0.0049 cm? m]J™), a value lower than that
found in previous studies. Liu et al. [13] found a value for
k of 0.0273 cm? mJ™ for the UV/PDS degradation of OTC,
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Fig. 1. Effect of the initial concentration of PDS on the degrada-
tion of OTC by UV/PDS, [OTC],=5 uM.
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Table 1
Kinetics parameters of degradation of OTC by UV/PDS

Concentration of PDS (uM)  k (cm?*m]J™) k (min™) R?

0 0.0002 0.0269 0.9913
5 0.0011 0.1409 0.9713
10 0.0015 0.1914 0.9824
25 0.0022 0.2834 0.9903
50 0.0032 0.4049 0.9958
100 0.0049 0.6017 0.9933

owing to the high ratio of PDS to OTC (100:1), whereas our
ratio was only 20:1. To obtain better treatment efficiency,
we chose 100 uM PDS and 5 uM OTC for the following
experiments.

3.2. Influence of pH value

Fig. 2 shows the effect of the pH value on the degra-
dation of OTC. The initial pH value of a mixed solution of
OTC (5 uM) and PDS (100 uM) was 6.30, and the pH value
of the reaction solution was adjusted by sulfuric acid and
sodium hydroxide. In comparison with the degradation
of OTC under near-neutral conditions (pH = 6.30), the
OTC degradation under both acidic (pH = 3.98) and alka-
line (pH = 10.13) conditions was inhibited, with a stronger
inhibition effect under alkaline conditions. Liu et al. [13]
also reported that the pseudo-first-order rate constant of
OTC degradation by UV/PDS was the highest under near-
neutral conditions (pH 5.5-8.5) and decreased with either a
decrease or increase in pH in the range of pH values (~3-11),
which was in accordance with our results.

Previous studies also indicated that under acidic
conditions, SO;* was the main oxidizer [9]. However, under
acidic conditions, SO;* can undergo self-quenching to form
a weakly oxidizing species 5,07 (Eq. (1)) [13], thereby inhib-
iting the degradation of OTC. Under alkaline conditions,
*OH was the main oxidizing species; however, it may have
been scavenged by SO;*, forming a weakly oxidizing species
HSO; (Eq. (2)) [13] and, thus, inhibiting the degradation
of OTC as well.
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Fig. 2. Effect of pH on the degradation of OTC by UV/PDS,
[OTC], =5 uM, [PDS], =100 uM.
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3.3. Effect of humic acid and fulvic acid

Dissolved organic matter (DOM) was ubiquitously
present in the natural aquatic environment and may affect
the effectiveness of UV/PDS technology through radical-
scavenging and UV-filtering [16]. Fig. 3 shows the effects
of HA and FA on the degradation of OTC by UV/PDS. Both
HA and FA inhibited the degradation of OTC, and with
increasing concentrations of both HA and FA, the reduc-
tion effect was enhanced. This could be explained by the
fact that both HA and FA could absorb UV light, decreasing
the UV irradiation available for OTC. This further reduces
the generation of reactive SO;* and inhibits the degradation
of OTC. In addition, OTC could also compete for reactive
radicals ("OH and SO;°) with HA and FA, decreasing the
degradation rate of OTC. Liu et al. [13] also observed the
inhibition effect of HA and FA (3 mg DOC L) on the UV/
PDS degradation of OTC.
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Fig. 3. (a) Effect of HA and (b) FA on the degradation of OTC by UV/PDS, [OTC], =5 uM, [PDS], =100 uM.
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3.4. Effect of inorganic ions

NO;, CI, COF and HCO; were common components
of the natural aquatic environment, as they can scavenge
either *OH and SO;"* to form new radicals [17] or alter the pH
value of the solution. Fig. 4 shows the effect of these anions
on the degradation of OTC. It was evident that CI- pro-
moted the degradation of OTC, whereas other anions (NO;,
COZ and HCO;) weakly inhibited the degradation of OTC.
However, neither the promotion nor inhibition effects were
significant. After irradiation for 5 min, more than 90% OTC
was removed, both with and without the presence of anions.

3.5. Effect of natural waters

The practical application of UV/PDS in the degradation
of OTC was tested by using surface water (SW) sampled
from the Nierji Reservoir, which is located in Nierji Town,
an autonomous county of Molidawa Daur Nationality in
Inner Mongolia Autonomous Region, China. As shown
in Fig. 5, the performance of UV/PDS was significantly
inhibited by using natural water as compared with using
ultrapure water. This was because the reaction solution pre-
pared with SW was slightly alkaline (pH = 7.55), whereas
the alkaline condition does not facilitate the degradation
of OTC (Fig. 2). Furthermore, SW exhibited strong radi-
cal scavenging effects owing to the existence of DOM and
inorganic ions; thus, the degradation of OTC was slowed
down. In contrast, the comparable or promising removal
efficiency was observed in several river or lake waters
during the degradation of OTC by UV/PDS, and the signif-
icant contribution of carbonate radical was proposed [18].

3.6. Degradation mechanism

In the UV/PDS system, 5 uM OTC and 100 uM PDS solu-
tion were irradiated for 5 min, and the pH decreased from
6.30 to 4.67 (ApH = -1.63). The TOC removal rate was 4.38%
after 5 min irradiation. Meanwhile, the OTC degradation rate
reached 95.10% after 5 min degradation by UV/PDS, which
means that only a small portion of OTC was decomposed
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Fig. 4. Effect of inorganic anions on the degradation of
OTC by UV/PDS, [OTC], = 5 uM, [PDS], = 100 uM, [NO;], =
[CI], = [CO?], = [HCO;], = 5 uM.

into inorganic carbon, and intermediates were produced.
Liu et al. [13] also observed a rather low TOC removal rate
(6.5%) after 3 h degradation of OTC (10 pM) by UV/PDS
(1 mM). Similarly, a relatively low TOC removal rate (9.5%)
after 10 h degradation of OTC (10 uM) by UV/H,O, (500 uM)
was observed [6], which suggests that OTC is difficult to
mineralize.

To obtain more information on the products, high
concentrations of OTC (50 uM) and PDS (0.5 mM) were used,
and the irradiation time was prolonged to 10 min. Finally,
five products were detected by UPLC/TOF-MS, and the
specific information regarding intermediates is displayed in
Table 2.

Based on the molecular structure of OTC and the prop-
erties of the UV/PDS system, the possible degradation
pathways of OTC in the UV/PDS system were proposed
(Fig. 6).

As seen in Fig. 6, the degradation of OTC in the UV/PDS
system formed intermediate m/z 433 by decarbonylation
reaction. Further dehydration of m/z 433 formed product
m/z 415. Finally, through the secondary oxidation reaction,
product m/z 413 was produced, while the hydroxylation
of intermediate m/z 433 formed m/z 449. Meanwhile, OTC
underwent secondary alcohol oxidation forming interme-
diate m/z 459, and the hydroxylation of m/z 459 led to the
formation of product m/z 475.

During the UV/H,O, degradation of OTC, these four
products (m/z 413, m/z 415, m/z 449, and m/z 475) were
also obtained [7], which was in accordance with our results.
Products m/z 415 and m/z 449 were also reported during
the degradation of OTC by UV/PDS [13]. Meanwhile, in
addition to m/z 415 and m/z 449, the formation of m/z 475
was also reported during the degradation of OTC by UV/
H,O, and UV/PDS system with the presence of carbonate,
owing to the reaction with carbonate radical [18]. Li et al.
[8] also observed the formation of m/z 415 during the pho-
tocatalytic degradation of OTC by Fe,O,-TiO,. Product m/z
449 was also reported as the microbial degradation prod-
uct of OTC by Pseudomonas [19], and both m/z 415 and
m/z 449 were found during the photocatalytic degradation
of OTC by multi-walled carbon nanotube/BiVO, [20].
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Fig. 5. Effect of water quality on the degradation of OTC by UV/
PDS, [OTC],=5 uM, [PDS], =100 uM.
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Table 2
Intermediates formed in UV/PDS degradation of OTC identified by UPLC/TOF-MS, [OTC]; =50 uM, [PDS], = 0.5 mM, irradiation for
10 min
m/z Retention time (min) Molecular formula Difference with OTC Reaction pathways
274 9.860 CH,0, —4C2N 70 Deep oxidation
413 20.399 C,H,N,O, -C4H 20 Dehydration
415 5.389 C,H,,N,O, -C2H 20 Dehydration, decarbonylation
449 1.619 C,H, N,O, -3C Decarbonylation
475 5.260 C,H,,N,O,, -2C2H+0O Secondary alcohol oxidation

m/z461: CyyHyyN,Oy
Secondaryalcoholoxidation

-2Da

m/z 459: CpyHoy Ny Oy
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Fig. 6. Proposed degradation mechanisms for OTC in the UV/PDS system, [OTC], =50 uM, [PDS], = 0.5 mM, irradiation for 10 min.

In addition, the product m/z 274 was formed from deep
oxidation by UV/PDS, which was also observed during the
photocatalytic degradation of OTC by Ti-MCM-41 [21].

4. Conclusions

OTC could be degraded by UV/PDS, and its degradation
rate increased with an increase in PDS dosage. The degra-
dation process of OTC was consistent with the quasi-first-order
reaction kinetics model. Neither acidic nor basic pH condi-
tions were conducive to the degradation of OTC, whereas
alkaline conditions had a more pronounced inhibitory effect
on the degradation of OTC. The existence of Cl- promoted

the degradation of OTC, whereas other inorganic ions (NO;,
CO?- and HCO;) slightly inhibited the degradation of OTC.
Meanwhile, HA and FA strongly inhibited the removal of
OTC. The degradation of OTC in natural water was faster
than that in ultrapure water. OTC underwent decarbonyla-
tion, dehydration, hydroxylation, and secondary alcohol
oxidation, ultimately generating five products, namely,
m/z 274, m/z 413, m/z 415, m/z 449, and m/z 475.
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