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Tetracycline (TC) as a typical emerging pollutant is becoming a serious threat to the environment and hu-
man health. A combined advanced oxidation technology of UV/Ozone (O3 )/peroxydisulfate (PDS) process
was developed to explore an efficient and economic treatment process of TC in wastewater. Furthermore,
the reactive sites and transformation pathways of TC were explored and the toxicity of the intermedi-
ates was quantified with a quantitative structure-activity relationship (QSAR) assessment. The degrada-
tion performance of TC was substantially enhanced in UV/O3/PDS process with a ko, of 0.0949 min~!,
which was 2.3 times higher than UV/O3 and 3.2 times than sole UV. The results demonstrated that there
was a superior synergistic effect of PDS on UV/O3; processes for the degradation of TC. Electron para-
magnetic resonance (EPR) analysis and quenching experiments show that *OH, SO4~, O,"~ and '0, all
contributed to TC degradation in the UV/O3/PDS process and exhibited a synergistic effect, which inhib-
ited the generation of harmful products. In addition, the UV/O3;/PDS system can effectively degrade TC in
a wide range of substrate concentrations and pH, and also showed excellent adaptability to various con-
centrations of anions (Cl~ and HCO3 ™). This study proves the feasibility of UV/O3/PDS process for treating
TC contaminated wastewater with complicated water matrix.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Tetracycline (TC), one of the most widely used antibiotics, has
been applied in clinics, livestock industry and agriculture. Previous
studies reported that TC cannot be removed completely in most
wastewater treatment plants [1], and the residual activated sludge
contents high concentration of TC due to its tendency to adsorb
onto soil and mineral particles by cation bridging and cation ex-
change [2]. Therefore, it is of extensive necessity to explore an ef-
ficient and economic treatment process of TC in wastewater. Over
the past decade, several methods have been investigated for re-
moving antibiotics from wastewater, including biological processes,
adsorption, membrane processes, electrochemical reduction meth-
ods, and advanced oxidation processes (AOPs) [3-7]. Among these,
AOPs, which involve the use of hydroxyl radicals ("OH) [8] and
other oxidizing species like sulfate radical (SO4'~) [9], have shown
promise for degrading micropollutants. Ozone, as a strong oxi-
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dant, has received considerable attention in wastewater treatment
[10,11]. However, the ozone oxidation process has limitations such
as low utilization rate, high cost, and incomplete mineralization of
micro-pollutants [12]. To improve utilisation efficiency of ozone,
combined ozone advanced oxidation technologies have been pro-
posed, including O3/H,0,, O3/H,0,/UV and O5/UV [13].

The UV/O3; process has been applied for the degradation of
organic compounds due to its mild conditions and high oxida-
tion ability [14]. However, it has certain limitations, including the
additional energy required for ozone generation and the depen-
dence on operating parameters [15]. Recent research has shown
that the coexistence of *OH and sulfate radicals (SO4*~) in the
UV/Os/persulfate (PDS) process can enhance pollutant degrada-
tion [16]. This combination activates ozone and PDS simultane-
ously, leading to a synergistic effect and increased mineralization
of recalcitrant pollutants [17]. However, the coexistence of antibi-
otics and high salinity in pharmaceutical and poultry wastewater
has been commonly observed according to previous investigations
[18]. Ions in high salinity wastewater, most as common free radical
scavengers [19], potentially affect the performance of AOPs, while
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their impact on the UV/O3/PDS process remains unclear. Further-
more, it is now well established that the initial pH is a critical pa-
rameter when treating wastewater containing TC by AOPs. Under
different pH, the properties of TC molecules vary and amounts of
generated free radicals change [5,20]. Despite the promising appli-
cation of the UV/03/PDS process for the removal of TC, its degrada-
tion performance and mechanisms under different operation con-
ditions have not been systematically studied yet.

Therefore, this study aims to assess the degradation perfor-
mance and mechanisms of TC in wastewater by UV/O3/PDS pro-
cess under various operating parameters. In particular, the syner-
gistic effects of PDS on UV/O3; processes are discussed in detail.
The specific objectives are to: (1) Investigate the performance of
UV/O3/PDS process for the removal of TC; (2) Determine the im-
pact of different operating parameters, i.e., the dosage of PDS, pres-
ence of different ions and initial pH; (3) Identify the dominant
reactive oxidation species (ROS) during the UV/O3/PDS process;
(4) Explore the plausible degradation pathway of TC in UV/O3/PDS
process and quantify the toxicity of intermediates.

All information of the chemicals and reagents, analysis methods
are provided in Texts S1 and S2 (Supporting information). All ex-
periments were conducted in a 3L quartz cylindrical reactor (Fig.
S1 in Supporting information) at 25 °C without buffer to avoid in-
terference of phosphate ions. Ozone was provided by a laboratory
03 generator (CH-ZTW, Guangzhou Chuanghuan Ozone Technology
Co., Ltd., China) at a constant flowrate of 2L/min (8.4mg/L), and
diffused into the bulk solution via a micro-porous diffuser placed
at the mid-bottom of reactor. The exhausted gas was diverted
and absorbed by saturated KI solution. A low-pressure mercury
monochromatic UV lamp (254nm) enfolded in a hollow quartz
tube was placed in the centre of reactor, which was turned on
20 min before each experiment to ensure a stable light intensity.
The UV lamp was calibrated at 2.5 mW/cm? by a portable UV light
meter (LS125, Shenzhen Linshang Technology Co., Ltd.). To initi-
ate each batch experiment, a predetermined weight of PDS crystals
were dissolved in 3L deionized water, and TC at a desirable con-
centration was spiked into the solution. At pre-set intervals, 4.0 mL
of the sample was collected in a vial and analysed immediately to
avoid further degradation. All experiments were performed at least
in triplicate.

The performances of different oxidation processes (O3, UV,
PDS, UV/O3, and UV/0O3/PDS) in degrading TC were compared
to assess their synergistic enhancement (Fig. 1a). UV irradiation
and PDS alone resulted in incomplete degradation, removing only
10.94mg/L and 7.66 mg/L of TC, respectively within 30 min, in-
dicating the presence of potentially toxic intermediates. In the
UV/03/PDS process, TC degradation exhibited a two-phase be-
haviour. Initially, 57.0% of TC was rapidly removed within 2 min,
followed by a slower reaction rate. After 10 min, TC degradation
resumed, and the residual TC was gradually decomposed over the
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Fig. 1. The degradation rates (a) and pseudo-first-order rate constants (b) of
TC in different oxidation systems. Experimental conditions: [PDSy]=5mmol/L,
[TCo] =20mg/L, [O3]=8.4mg/L, pHp 5.6.
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next 20 min. This suggested the presence of refractory transfor-
mation products during TC degradation, with their further reaction
acting as a rate-limiting step [21]. Calculations of pseudo-first-order
rate constants (ko) revealed that the UV/O3;/PDS process exhib-
ited significantly enhanced degradation performance, with a kg
of 0.0949 min~!, which was 2.3 times higher than UV/O; and 3.2
times higher than UV alone (Fig. 1b). Similarly, the TC minerali-
sation rate in the UV/O3/PDS process shows a 50% enhancement
compared to that of UV/O3 process (Fig. S2 in Supporting informa-
tion). Furthermore, the synergy index (n) for the UV/O3/PDS pro-
cess was determined to be 1.34 according to Eq. 1 [22], affirming a
synergistic effect relative to each of the individual processes.

_ _ kuvjo,/rps (1)
kuv + ko, + kpps

To evaluate the feasibility of the UV/O3/PDS process, an eco-
nomic analysis was conducted. The specific energy consumption
(SEC) of different process was calculated to compare the electri-
cal and chemical costs incurred per unit of treated pollutants (Text
S3 in Supporting information) [23]. As delineated in Fig. S3 (Sup-
porting information), although the SEC for PDS alone was elevated,
it was observed that SEC of the integrated UV/O3/PDS process re-
duced and was lower than that of the UV/O3 process alone. This
reduction can be attributed to the enhanced TC degradation effi-
cacy observed in the UV/O3/PDS process. Moreover, the UV/O3/PDS
process demonstrated the consistent and effective TC removal in
different water matrices, including wastewater, tap water, and river
water (Fig. S4 and Table S2 in Supporting information), underscor-
ing its potential for practical applications.

The impacts of PDS dosage, initial TC concentration and pH
on TC degradation were then investigated. As shown in Fig. 2a,
increasing the PDS dosage resulted in enhanced TC degradation,
with degradation rates increasing from 74.8% to 98.1% within the
first 20 min. This can be attributed to the greater generation of
SO4'~ and *OH when higher PDS dosages are combined with UV
and O3, leading to improved TC removal. These findings empha-
size the outstanding oxidizing ability of the integrated UV/O3/PDS
process, enabling the degradation of high concentrations of pollu-
tants with a moderate PDS dosage. As the initial concentration of
TC increased from 10 mg/L to 50 mg/L (Fig. 2b), the removal rate
of TC decreased from 96.5% to 69.7% after 20 min reaction, while
the kops dropped from 0.1517 min~! to 0.0383 min~!. Inasmuch
as the O3 concentration, PDS and UV dosage, as well as initial pH
were kept constant through all the experiments, the reactive oxi-
dation species generated in UV/O3/PDS process were supposed to
be the same quantities. As the initial TC concentration increased,
more competitive reactions occurred between TC and its degrada-
tion products. Interestingly, the k,, decreased from 0.1517 min~!
to 0.0949 min~—! when the initial TC concentration increased from
10 mg/L to 20 mg/L, but the final degradation rates of TC were close
for both cases after 30 min, which indicated a longer retention time
was necessary for removing high concentration of pollutants with
a relatively low dosage of PDS. As illustrated by Fig. 2c, TC was
almost completely destructed after 30 min in every batch experi-
ment with varying initial pH, which proved the UV/O3/PDS process
was effective in a wide range of operating pH. Interestingly, when
the initial pH increased to 11, the phenomenon of intermediate ac-
cumulation did not occur at 2min and TC was not degraded as
rapidly as in other pH conditions when the reaction was just initi-
ated. There are two possible explanations for this result. Firstly, a
relatively acidic environment favours the generation of SO4*~ rad-
icals according to Egs. 2 and 3 [5]. Secondly, SO4"~ radicals tend
to transfer into the weaker *OH radicals by excessive OH~ at a
strong alkaline condition [24]. Nevertheless, the UV/O3/PDS process
seemed resilient to pH changes and could eliminate contaminants
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Fig. 2. The degradation rates and pseudo-first-order rate constants (insert graph) of TC under different PDS dosages (a), initial TC concentrations (b) and initial pH (c).
Experimental conditions (if not altered): [PDSp] =5 mmol/L, [TCy]=20mg/L, [03]=8.4mg/L, pH, 5.6.
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Fig. 3. The degradation rates of TC with different concentrations of (a) CI-, (b) NO3~, (c) HCO3~, (d) SO42, (f) NH4*. Insert graphs and (e) depict corresponding pseudo-
first-order rate constants (kops). Experimental conditions: [PDSg] =5 mmol/L, [TCo] =20 mg/L, [O3]=8.4mg/L, pHy 5.6.

within a wide pH range in realistic conditions.

S;03 + H* — HS,05 (2)

HS;05 + e~ — SO, +S0;™ + H* 3)

Previous studies have reported that the degradation processes
of organic pollutants in complicated aqueous matrix were suscep-
tible to the co-existing inorganic ions [25-27], while the impact of
various ions on the degradation efficiency has become a contro-
versial and much-disputed topic. Thus, a deeper understanding of
the influence of various co-existing anions and ammonium on TC
degradation is of great significance.

The effect of chloride ions (ClI7) on TC degradation was stud-
ied and the results are depicted in Fig. 3a. The presence of Cl~
has almost no inhibitory effect on the degradation of TC in the
UV/03/PDS process. When the contents of Cl~ increased from 0
to 5000 mg/L, the ko, dropped slightly (ie., from 0.1078 min~!
to 0.0929 min—'). These results may be related to the dual effects
of chloride anions on SR-AOP. Firstly, the reactive chlorine species
(RCS) generated in the UV/O3/PDS process contributes to TC degra-
dation. Previous research has established that SO4*~ tends to ox-
idize Cl~ to CI' and generate "OH when pH is above 5.0 (Egs. 4-
6) [28]. Although Eq. 6 is reversible, due to the extremely fast re-
action rate of the forward reaction, the reverse reaction becomes
significant only when the pH is below 3.0 [29]. The generated ROS
along with *OH was capable of degrading TC effectively in spite of
their relatively weaker oxidation potentials than SO4*~ [30]. Sec-
ondly, the presence of ClI~ leads to a better dissolubility of O3 and

a higher mass transfer constant, which almost compensates com-
pletely the scavenging of O3 by Cl~ itself (Eqs. 7 and 8) when Cl~
concentration is lower than 15g/L [31]. Therefore, these findings
suggest that the UV/O3/PDS process could be applied to the treat-
ment of TC wastewater containing high contents of Cl-.

S0, +Cl- — S0~ +CI- (4)

Cl + H,0 — CIOH"~ + H* (5)
CIOH"~ < OH* + Cl™ (kgor = 6.1 x 109 571,

krey = 4.3 x 10°L mol~! s71) (6)

2Cl~ +2H* + 03 — 0, + H,0 +Cl, (7)

Cl- +03 — 0, +CIO~ (8)

As illustrated in Fig. 3b, the degradation rate of TC dropped
from 99.0% to 81.1% after 30 min with the increase of nitrate ions
from 0 to 5000mg/L, and the k,,s declined significantly from
0.1255 min~! to 0.0433 min~!, respectively. The NO3" is a weaker
free radical compared with S04~ (+ 2.3 ~+2.6 Vyyg for NO3® and
+2.5~+3.1 Vyye for SO4 ) [32,33], and thus the degradation of TC
is to be greatly suppressed when the majority of SO4*~ are trans-
formed into NO3". However, Yu et al. showed that the presence of
NO3~ could slightly enhance the degradation efficiency of pollu-
tants in UV/O3/PDS process, which was ascribed to the photosen-
sitive effect of NO5;~ in the formation of "OH and O~ under UV ir-
radiation (Egs. 9 and 10) [34]. This discrepancy could be attributed
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to the distinct concentrations of NO;~ in different studies, as the
accelerative effect of NO3~ was merely found when the concentra-
tion was relatively low (6-31mg/L) [35]. Therefore, the NO3~ con-
centration should be valued in UV/O3/PDS process.

NO3 + hv — NO; + O~ 9)

0~ + H,0 — OH- + OH~ (10)

Fig. 3c shows the variation of kg, was negligible from
0.0877 min~! to 0.0814 min~! with the increase of HCO3;~ con-
centration from 0mg/L to 5000 mg/L. It is reported that HCO5~ is
a scavenger of ‘OH and SO4~ to form CO3*~ [36]. However, the
former investigation also indicated that the presence of HCO3~ will
not impact the performance of SR-AOP [37], which is in accordance
with present study. It may be because that the quenching reaction
between HCO3~ and SO4"~ is slower than that between HCO3;~ and
*OH, which maintained a relatively high concentration of SO4*~ in
the bulk solution [38]. Besides, the introduction of HCO3~ provides
the buffer effect, and thus the pH of bulk solution will not decrease
drastically during the reaction [39]. As the pH plays a critical role
in ozonation, when the pH drops, the TC removal by ozone will be
tremendously inhibited [40], which happens in non-buffered SR-
AOP [41]. Thus, the constantly high rate of TC degradation by the
ozonation process with HCO3~ buffered solution can partly com-
pensate for the quenching of "OH and SO, .

S042~ ions are common anions in industrial wastewater, espe-
cially for pharmaceutical factories [42], and the main products of
SR-AOP [43]. However, there has been little discussion about the
influence of SO42~ on UV/O3/PDS. It is reported that SO42~ can
react with ‘OH to generate SO4"~ (Eq. 11) [44], which enhances
the removal efficiency of pollutants due to the higher redox po-
tential of SO4"~. The contrary results were obtained in this study.
The addition of 1000 mg/L SO42~ prior to the reaction inhibited TC
removal significantly as the degradation rate reduced from 98.0%
to 57.4% after 30 min reaction (Fig. 3d), and the ks reduced by
73.8% (Fig. 3e). In ozone treatment, high SO4%~ concentrations are
known to accelerate ozone’s self-decomposition and enhance its
mass-transfer constant, thereby generating smaller ozone gas bub-
bles [31]. Although this is advantageous for dissolving ozone gas
in water [45], it poses a challenge for the combined UV/O3/PDS
process. The increased bubble scatters UV light more extensively,
thereby diminishing UV intensity. Given the unsatisfactory degra-

dation efficiency of TC with O3 and PDS alone (Fig. 1), the reduced
UV intensity resulted in lower TC degradation performance in the
presence of excessive SO42~. Consequently, the dual role of SO4%~
needs careful consideration during the application of UV/O3/PDS
process.
OH* + 503~ — SO; + OH~ (11)
The presence of ammonium ions was detrimental to the
degradation of TC in UV/O3/PDS process (Fig. 3f). As ammonium
concentration increased from Omg/L to 5000 mg/L, the removal
rate of TC declined from 98.0% to 83.2% and the k,,s reduced
from 0.1078 min~! to 0.0467 min~!, respectively. The reasons
could be inferred as follows: (1) Under UV irradiation, the aqueous
ammonium can be oxidized into nitrite and finally nitrate ions
through photocatalytic degradation [41,46], and the nitrate ions
are radical quenchers for "OH and SO4'~ as discussed above; (2)
PDS activated by UV light can react directly with ammonium ions
at a rate constant of 4 x 1076 mol L-! min~! [47], by which the
TC degradation is competed and inhibited (Eqs. 12 and 13); (3)
the hydrolysis of ammonium ions generates protons and thus
reduces the pH of bulk solution during the reaction, exerting a
negative influence on the SO4*~ generation. Since ammonium ions
are almost ubiquitous in all kinds of wastewater [48], a note of
caution should be sounded before applying UV/O3/PDS process for
wastewater treatment.

NH;r + H;0 — NHs5 + H3O+ (12)

SO;” + NH3 — H* + 503 + NH; (13)

Quenching experiments were carried out to investigate the
dominant ROS in various oxidation systems with methanol (MeOH)
and tert-butyl alcohol (TBA) [49]. As illustrated in Fig. 4a, the
presence of MeOH and TBA inhibited TC degradation, and the in-
hibitory effects enhanced with the increase of dosage of MeOH and
TBA. The percentage of residual TC was 18.3% and 19.6% by adding
200 mmol/L TBA and MeOH, respectively, which implied that *‘OH
and SO4~ contributed to TC degradation. Nevertheless, the over-
all insignificant inhibition of TC degradation by EtOH and TBA in-
dicated that *OH or SO4~ were not dominant ROS. Subsequent
scavenging experiments with L-ascorbic acid (L-AC) and L-histidine
were performed to examine the existence of O,"~ and !0,, respec-
tively [50,51]. As shown in Figs. 4b and c, TC degradation was com-
pletely inhibited when adding 40.0 mmol/L of L-AC, while 72.8% of
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Fig. 5. Daphnia Magna LCso (48 h) (a), development toxicity (b) and mutagenicity (c) of TC and degradation intermediates.

TC were still degraded with 40.0 mmol/L of L-histidine, which in-
dicated that O,*~ contributed more than 10, for TC degradation.
Moreover, EPR spectra (Figs. 4d-f) confirmed the involvement of
all aforementioned ROS, underlining their synergistic effect in TC
degradation within the UV/O3/PDS process.

The transformation products (TP) of TC in UV/O3/PDS process
were identified by UPLC-MS and the total ion chromatograms of
TC degradation are presented in Fig. S5 (Supporting information).
The possible degradation pathways were depicted in Fig. S6 in Sup-
porting information and the detailed information of each interme-
diate was listed in Table S1 and Text S4 (Supporting information).
Based on the comparison of isotope simulation and actual mass
spectrum, 16 possible TP were speculated during TC degradation
and 15 of them were captured. Then, the toxicity of intermediates
generated during TC degradation was assessed, and three parame-
ters were evaluated, i.e., Daphnia Magna LCsq (48 h), developmental
toxicity and mutagenicity (Fig. 5). Daphnia Magna LCso (48 h) rep-
resents the level of acute toxicity, namely, the concentration of a
chemical that causes 50% of Daphnia Magna to die within 48 h.
TC along with three of its degradation products were categorised
as “Toxic”. Especially for the decarbonylation product P1, its acute
toxicity was even higher than TC, which may be ascribed to the
higher toxicity of cyclopentenol than its counterpart [52]. For in-
termediates further oxidized, the acute toxicity was gradually alle-
viated by the breaking of benzene ring, and some small molecular
products were labelled as “Not harmful”. The developmental toxic-
ity of all intermediates as well as TC was considered as “Develop-
mental toxicant”, but the mutagenicity of some intermediates was
decreased and reckoned “Negative” in mutagenicity (e.g., P10, P14
and P16). Nevertheless, the comprehensive toxicity of each inter-
mediate should be determined taking into consideration their con-
centration at various degradation durations. Therefore, some degra-
dation products are more toxic than TC, while their concentration
may be much lower than TC, thus bringing about degressive com-
prehensive toxicity throughout the degradation process [53].

In this study, the degradation mechanisms and performance of
TC by UV/O3/PDS process were extensively investigated. The results
demonstrate that PDS plays an outstanding synergistic role in the
degradation of TC combing with the UV/O3 process. The removal
rate of TC was significantly promoted in UV/O3/PDS process (97.3%)
compared with UV/O3 process (70.5%). The increase of initial PDS
dosage led to a faster degradation rate (kgu,=0.1844 min~! for
7 mmol/L vs. Kyps =0.0430 min~! for 3 mmol/L), and the fluctua-
tion of initial pH had limited impact on TC removal efficiency. It
was also found that the existence of CI~ and HCO;~ showed in-
significant effect on TC abatement, even at a high concentration
(5g/L). However, the presence of NO;~, SO42~ and NH4* could
inhibit TC removal, which acted as radical quenchers or induced
competition reactions. Multiple ROS were all responsible for TC
degradation in the UV/O3/PDS process and exhibited a synergistic
effect. Two major degradation pathways have been speculated. Al-
though some intermediates are estimated more toxic than TC, the

final products are less harmful. The results obtained in this study
proved that UV/O3/PDS process is capable of degrading TC effec-
tively in wastewater.
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