journal of environmental sciences 117 (2022) 141–150

Available online at www.sciencedirect.com

www.elsevier.com/locate/jes

Micropollutant removal and disinfection byproduct
control by sequential peroxymonosulfate-UV
treatment in water: A case study with
sulfamethoxazole
Tian-Yang Zhang 1,2, Yong-Shan Lu 1, Zhen-Ning Luo 1, Wen-Jun Sun 3,
Bin Xu 1,2,∗, Chen-Yan Hu 4, Yu-Lin Tang 1,2, Zheng-Yu Dong 1,
Xiao-Meng Ren 5
1 State

Key Laboratory of Pollution Control and Resource Reuse, Key Laboratory of Yangtze Water Environment,
Ministry of Education, College of Environmental Science and Engineering, Tongji University, Shanghai 200092, China
2 Shanghai Institute of Pollution Control and Ecological Security, Shanghai 200092, China
3 School of Environment, Tsinghua University, Beijing 100084, China
4 College of Environmental and Chemical Engineering, Shanghai University of Electric Power, Shanghai 200090,
China
5 PLA Naval Medical Center, Shanghai 200433, China

a r t i c l e

i n f o

a b s t r a c t

Article history:

UV/peroxymonosulfate (UV/PMS) advanced oxidation process has attracted significant at-

Received 19 December 2021

tention for removal of micropollutants in water. However, during practical water treatment

Revised 29 March 2022

applications, the PMS treatment must be performed before the UV treatment to achieve

Accepted 31 March 2022

full contact. In this study, sulfamethoxazole (SMX) was selected as the target micropol-
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lutant. Four different operational approaches, including UV alone, PMS alone, simultaneous UV/PMS and sequential PMS-UV, were compared for their differences in SMX removal
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and disinfection by-product (DBP) formation potentials during chlorine-driven disinfection.
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Among the four approaches, UV/PMS and PMS-UV achieved over 90% removal efficiencies

Sulfamethoxazole (SMX)

for SMX without substantial differences. For raw water, the trichloronitromethane (TCNM)

Disinfection by-products (DBPs)

formation potential after treatment with PMS-UV was lower than that after UV/PMS treat-

Operational approaches

ment. The time interval over which the PMS-UV process was conducted had little effect

Water treatment

on the final removal efficiency for SMX. However, a brief (5 min) pre-PMS treatment significantly reduced the TCNM formation potential and the genotoxicity from DBPs. The formation risk for TCNM during chlorination increased markedly with increasing PMS dosages,
and the appropriate dosage under these experimental conditions was suggested to be 0.5–
1.0 mmol/L. Under alkaline conditions, PMS-UV treatment can enhance SMX degradation
as well as dramatically reduced the formation potentials for haloketones, haloacetonitriles
and halonitromethanes. This study suggests that proper optimization of UV/PMS processes
can remove SMX and reduce its DBP formation.
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Introduction
In recent years, pharmaceuticals and personal care products
(PPCPs) have attracted an increasing amount of public attention as emerging pollutants (Yang et al., 2017a). Although
the concentration of PPCPs in surface water environments is
usually reported at only ng-μg/L levels (Bu et al. 2013), these
PPCPs still pose potential ecological risks to aquatic organisms
and human beings (Richardson and Ternes, 2011). However,
conventional water treatment processes show poor removal
efficiencies for most of these micropollutants (Yang et al.,
2017a), so advanced oxidation processes (AOPs) for PPCP
degradation, especially UV-based AOPs, have become popular technologies that have been investigated in the past
ten years (Miklos et al., 2018; Tufail et al., 2021). Among
these UV-based AOPs, UV/peroxymonosulfate (UV/PMS) and
UV/peroxydisulfate (UV/PDS) have attracted much attention
from many researchers because the sulfate radical (SO4 ·− ) produced has a higher redox potential (2.5–3.1 V) than the traditional hydroxyl radical (·OH, 1.8–2.7 V) (Lee et al., 2020). In
addition, SO4 ·− is more stable and long-lived, with a half-life
of 30–40 μs (Lin et al., 2017), which is longer than that of ·OH
(20 ns) (Tsitonaki et al., 2010). Moreover, when reacting with
organic matter, SO4 ·− is a selective free radical, while ·OH is
nonselective (Yang et al., 2017b).
Due to the advantages of SO4 ·− for pollutant removal, many
researchers have focused on the activation of PMS and PDS,
especially via UV irradiation (Guan et al., 2011; Yang et al.,
2019). However, most of these studies have only focused on
the degradation and transformation of target pollutants and
the production and reaction mechanisms of free radicals.
While these studies have played important roles in enhancing our understanding of UV/PMS and UV/PDS processes, applying these technologies well in practical engineering scenarios is an emerging challenge to address in future research
(Yang et al., 2019). Taking the UV/PMS process as an example, it is very easy to realize the simultaneous addition of UV
and PMS under laboratory conditions. However, in practical
engineered systems, it is difficult to fully achieve the synchronization of PMS agent addition and UV radiation. Due to the
short hydraulic retention time of a UV reactor (Li et al., 2020),
it is necessary to add a certain dose of PMS into the water
in advance and to mix it thoroughly before the water enters
the UV reactor for irradiation to achieve UV/PMS advanced
oxidation. Therefore, the time interval applied for this prePMS dosing step becomes an unknown factor. Some previous
studies have reported that nonactivated PMS can also react
with organic matter when no SO4 ·− is produced (Berruti et al.,
2021; Zhang et al., 2020). Additionally, the reaction pathways
and products associated with direct PMS oxidation are quite
different from those of the UV/PMS process (Ji et al., 2018).
Therefore, how PMS reacts with a target pollutant or other
dissolved organic matter (DOM) and how the PMS pretreatment time interval affects the subsequent molecular transformations during UV irradiation need to be further studied.
This information is of great significance for guiding the operational approaches for UV and PMS processes in practical
applications.

Sulfonamides (SAs) are the most frequently detected antibiotics in aquatic environments due to their widespread
use (Baran et al., 2011; Wang et al., 2020). Among them, sulfamethoxazole (SMX) is one of the most widely used SA,
showing a high detection rate in aquatic environments. According to available studies, SMX has been widely detected
in different surface waters, source waters and even drinking waters. Its concentrations have ranged from dozens to
hundreds of ng/L (Hu et al., 2018; Wang et al., 2020). Due
to its high solubility, chemical stability and persistence,
SMX is difficult to completely remove by conventional processes in both wastewater and drinking water treatment
plants. Thus, SMX has been selected by many researchers
as a typical PPCP for investigating the efficiency and mechanisms of different water treatment technologies, including UV/PMS (Ao and Liu, 2017; Cui et al., 2016; Yang et al.,
2017b). Previous studies have shown that UV/PMS is an efficient method for the removal of SMX (Ao and Liu, 2017;
Cui et al., 2016; Yang et al., 2017b). Ji et al. (2018) revealed
that when nonactivated PMS reacts with SMX, a transition
state complex is produced when the PMS molecule combines
with the -NH2 group of SMX, and the subsequent products
are N4 -hydroxyl-sulfamethoxazole (N4 -OH-SMX), 4-nitrososulfamethoxazole (4-NO-SMX) and 4-nitro-sulfamethoxazole
(4-NO2 -SMX). In other words, after PMS is added to water, the
molecule easily binds to aniline groups. However, it is not
clear how this process affects the degradation of SMX under the subsequent UV irradiation process during sequential
PMS-UV.
Another concern regarding the application of UV/PMS
technology for SMX removal is the risk of formation of disinfection by-products (DBPs) during the subsequent disinfection treatment. Water disinfection is an indispensable step
that inactivates microorganisms and ensures water safety in
both waste and drinking water treatment plants, especially
during the SARS-CoV-2 pandemic (Li et al., 2021). During the
disinfection process, disinfectants such as free chlorine and
chloramines react with organic contaminants to form various DBPs, which have been proven to be carcinogenic, teratogenic and mutagenic toxicants, presenting hazards to human
health (Postigo and Richardson, 2014). Undoubtedly, UV/PMS is
an effective method to remove SMX during water treatment.
However, SMX can only be degraded to other intermediates
under actual water treatment conditions, and it is difficult to
completely mineralize. These intermediates then become the
precursors for DBP formation during the subsequent chlorinebased disinfection processes. However, few studies have focused on the DBP formation that occurs during disinfection
processes applied downstream of the UV/PMS treatment of
SMX.
Therefore, the effect of the operational approach for PMS
and UV irradiation on SMX removal and DBP formation potential (DBPFP) as well as on water toxicity evaluation after subsequent chlorination was investigated in this study. In practical
engineered applications, the time interval between PMS addition and UV irradiation, the PMS dosage and the pH values
of the water are the most essential operating factors. Therefore, this work mainly focused on the effects of these factors
on the degradation efficiency of the target pollutant and on
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their DBP formation risks. The results will provide useful information for guiding UV/PMS operations in practical water
treatment applications.

1.

Materials and methods

1.1.

Chemicals and materials

All chemicals were of analytical grade unless noted otherwise. A potassium monopersulfate triple salt (PMS,
2KHSO5 ·KHSO4 ·K2 SO4 , ≥ 47% KHSO5 basis), sulfamethoxazole (SMX, 99.0%) and sulfadiazine (SDZ, 98.0%) were
purchased from Aladdin Chemistry Co., Ltd. (Shanghai,
China). Sodium hypochlorite (NaOCl, 4.00%-4.99%), sodium
hydroxide (NaOH, ≥ 98%), and potassium dihydrogen phosphate (KH2 PO4 , ≥ 99%) were purchased from Sigma–Aldrich
(USA). Sulfuric acid (H2 SO4 ), ascorbic acid and sodium thiosulfate (Na2 S2 O3 ) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Methyl tert-butyl ether
(MtBE) and acetonitrile (HPLC) were obtained from J.T. Baker
(USA). DBP standard solutions (EPA 551A and 551B halogenated volatiles mixes including trihalomethanes (THMs),
haloketones (HKs), haloacetonitriles (HANs) and halonitromethanes (HNMs)) were purchased from Sigma–Aldrich
(USA). Raw water samples were collected from the Huangpu
River in Shanghai, China. After filtration through 0.45 μm
cellulose acetate membranes (Anpel, Shanghai, China), this
raw water sample was stored at 4 °C in the dark before
using it in the experiments. The quality parameters for this
raw water are shown in Appendix A Table S1, including
its pH, turbidity, dissolved organic carbon (DOC), total nitrogen (TN), UV254/272 , NH3 -N and Br− concentrations. All
solutions and samples were prepared with ultra-pure water
produced from a Milli-Q water purification system (Millipore,
USA).

1.2.

UV irradiation system

The UV irradiation experiments were conducted using a photochemical reactor (XPA-7, Xujiang Electromechanical Plant,
Nanjing, China) consisting of a quartz sleeve and a UV lamp
based on our previous study (Zhang et al., 2016). A lowpressure (LP) Hg UV lamp (11 W, 4P-SE, Philips) was placed
in the center of the reactor to generate quasi-parallel UV at
a wavelength of 254 nm, and 12 quartz reactors surrounded
the lamp in a circle at a fixed distance of 8 cm. Small stirrers were placed at the bottom of the reactors to ensure homogeneous UV exposure. The UV intensity of the LP Hg UV
lamp was 130 μW/cm2 , detected by an ultraviolet radiometer
(Photoelectric Instrument Factory, Beijing Normal University,
model UV-B) at 254 nm. In addition, the photochemical reactor
was connected to a constant-temperature water bath. The water was circulated by an internal micropump (MP-10R, Keyuan
Pumps Co., Ltd., Shanghai, China) and an external peristaltic
pump (DP-130, Shanghai Magnetic Pump Co., Ltd., Shanghai,
China). The system temperature was maintained at 25 ± 1 °C
(Appendix A Fig. S1).

1.3.
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Experimental procedures

In the SMX degradation experiments, four different treatment
scenarios were tested in this work, including PMS oxidation
alone, UV irradiation alone, UV/PMS and PMS-UV treatment.
UV/PMS means that the UV light and PMS reagent were introduced simultaneously and reacted continuously. PMS-UV
means that the PMS reagent was added prior to UV exposure
and mixed for a period of time, and then UV light was introduced, after which the residual PMS started to act in concert
with the UV light. All the reactions were carried out in quartz
tubes containing 50 mL of SMX solutions with initial concentrations of 15 μmol/L. The pH value was buffered at 7.0 using
10 mmol/L phosphate. The PMS dose was 1 mmol/L, and the
UV intensity was controlled at 130 μW/cm2 . The overall reaction time was 30 min, during which the pre-PMS and postUV processing times were 20 min and 10 min, respectively.
The temperature was maintained at 25 ± 1 °C during the reaction. At different time points, 1 mL solution aliquots were
rapidly transferred into vials, quenched with excess Na2 S2 O3
([Na2 S2 O3 ]/[PMS] = 1.5 mol/mol) and analyzed by UPLC within
24 hr (Ji et al., 2018).
To evaluate the variations in the DBPFPs after the different
treatments, the samples were chlorinated at a dose of 10 mgCl2 /L NaOCl in 45 mL glass vials and stored at 25 ± 1 °C in
the dark under headspace-free conditions. After 24 hr of storage, the samples were quenched with ascorbic acid ([ascorbic
acid]/[oxidant] = 1.5 mol/mol) and extracted with 2 mL of MtBE
to measure the concentration of DBPs. In addition, a series of
experiments on various impact factors were carried out based
on the pre-PMS/ post-UV process, including the time intervals
between PMS dosing and UV irradiation, the PMS dosages and
pH values.
To verify the SMX degradation mechanism, another pollutant, SDZ, was selected for experiments in this study. Both
SMX and SDZ have chemical structures similar to that of aniline. However, because SDZ is more difficult to degrade than
SMX by the PMS-UV process, the UV intensity and irradiation
time for the SDZ experiments in this study were extended to
400 μW/cm2 and 20 min, respectively. The other reaction conditions were consistent with the SMX experiments. All experiments were conducted with two duplicate samples, and the
average data are reported.

1.4.

Analytical methods

Both SMX and SDZ were measured by UPLC (Waters, USA)
equipped with an XTerraR MS C18 column (250 × 2.1 mm,
i.d. 5 μm film thickness, Waters, USA) by a UV detector at
a wavelength of 265 nm. The mobile phase consisted of
35%/65% (V/V) acetonitrile and Milli-Q water at a flow rate of
0.50 mL/min. The injection volume was 10 μL. Multilevel calibration curves for SMX and SDZ were established at 5 concentration levels (0.2–20 μmol/L). Each sample was analyzed
3 times with a linear correlation coefficient R2 > 0.9992 and
average RSDs < 3% for these two compounds. The instrumental limit of detection (LOD, S/N ≥ 3) and limit of quantification (LOQ, S/N ≥ 10) for SMX were determined to be
0.03 and 0.09 μmol/L, respectively. The LOD and LOQ for SDZ
were determined to be 0.04 and 0.11 μmol/L, respectively. DBP
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Fig. 1 – Operational approach schematic of PMS combined with UV in water treatment and the possible reaction pathway of
SMX oxidation by PMS alone.

yields were measured by a gas chromatograph (GC-2010, Shimadzu, Japan) equipped with an electron capture detector and
an HP-5 capillary column (30 m × 0.25 mm i.d., 0.25 μm
film thickness, J&W, USA) based on the USEPA Method 551.1
(USEPA, 1995). The injector temperature was set to 200 °C, and
the detector temperature was 290 °C. Nitrogen (N2 ) was used
as the carrier gas, and its flow rate was 17.1 mL/min. The temperature program for the GC analytical method was as follows:
the temperature was held at 37 °C for 10 min, then increased
to 50 °C at a rate of 5 °C/min and maintained for 5 min, then
increased to 260 °C at a rate of 30 °C/min and maintained for
10 min (Zhang et al., 2019). The LOQ values for each DBP are
listed in Appendix A Table S2. The concentrations of the four
kinds of DBPs (THMs, HKs, HANs and HNMs) were lower than
their LOQ values in the blank control sample. The pH was measured with a pH meter (FE20-FiveEasy, Mettler Toledo, Switzerland) that was calibrated regularly. Based on previous studies,
the cytotoxicity and genotoxicity associated with each DBP
were calculated by dividing the DBP’s detected yield by its corresponding LC50 and 50% tail DNA value, which are listed in
Appendix A Table S2 (Wagner and Plewa, 2017; Furst et al.,
2018).

2.

Results and discussion

2.1.
Degradation of SMX by different operational
approaches in pure and raw water
During practical water treatment, to achieve UV/PMS advanced oxidation, the PMS addition site must be located upstream of the UV reactor to ensure that the reagent is fully
mixed. In addition, considering the indispensability of disinfection for both drinking water and sewage water treatment
effluents, the entire process can be simplified into three main
stages (Fig. 1). Fig. 1 shows the sequential schematic for the

PMS, UV and chlorine disinfection processes during practical
engineering applications. Stage I is the addition of PMS, during which some of the nonactivated PMS molecules react with
SMX. In Stage II, PMS is activated by UV irradiation to produce
SO4 ·− and ·OH (as shown in Eq. (1)), rapidly degrading SMX and
other DOM in water.
−
HSO−
5 + hv → SO4 · + ·OH

(1)

Stage III is the disinfection step, in which chlorine is the
most commonly used disinfectant. The decomposition products from the first two stages will react with chlorine to produce various highly toxic DBPs in this stage. Under laboratory conditions, we compressed the time interval for Stage I
as much as possible, almost achieving the simultaneous introduction of PMS and UV irradiation. Therefore, four different operational approaches, including PMS oxidation alone,
UV irradiation alone, simultaneous UV/PMS and sequential
PMS-UV (UV irradiation started at 20 min), were compared in
pure and raw water samples to investigate SMX degradation
(Fig. 2).
As shown in Fig. 2, in both the pure and raw water samples,
the order of degradation rates for SMX was UV/PMS > UV >
PMS, and all the degradation processes fit pseudo-first-order
kinetics. During the sequential PMS-UV process, the degradation rate for SMX increased markedly when UV irradiation
was introduced at 20 min, and the final removal efficiency
at 30 min was almost equal to that during the simultaneous
UV/PMS process. The degradation efficiencies for SMX by the
PMS-UV process in pure and raw waters reached 94.97% and
92.00%, respectively. The slightly lower degradation efficiency
in the raw water was due to competitive reactions of radicals
with DOM. It is worth noting that in the raw water samples,
the degradation rate during the UV stage of the PMS-UV process (kobs = 0.2041 min−1 ) was significantly higher than that
during the UV/PMS process (kobs = 0.1287 min−1 ) (Appendix
A Table S3). This may be attributed to the fact that the free
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Fig. 2 – Degradation kinetics of SMX during different processes in pure water (a, c) and raw water (b, d) (PMS: only treated by
PMS; UV: only treated by UV irradiation; UV/PMS: UV and PMS dosed simultaneously; PMS-UV: PMS and UV dosed
sequentially, and UV irradiation started at 20 min. Experimental conditions: [SMX]0 = 15 μmol/L, [PMS]0 = 1 mmol/L,
pH = 7.0, UV intensity = 130 μW/cm2 , sampling time = 0-30 min. Error bars represent the standard deviation of replicates).

radicals produced by the UV/PMS advanced oxidation process
were competitively consumed by other DOM present in the
raw water. During the sequential PMS-UV process, PMS preferentially combined with the aniline group of SMX (Fig. 1), which
reduced the competitive consumption of PMS by other DOM
and made more PMS available for the subsequent reactions in
the UV stage. Therefore, the degradation rate during the UV
stage of the PMS-UV process was enhanced in raw water.

2.2.
DBPFPs during different operational approaches in
pure and raw water
Due to the different degradation pathways of the organic precursors during these four operational approaches (UV, PMS,
UV/PMS and PMS-UV), the DBPFPs of the processes after water treatment are also expected to be different. As shown
in Fig. 3(a), SMX in pure water was first treated by the four
processes and then chlorinated for 24 hr. Three carbonaceous DBPs (C-DBPs), trichloromethane (TCM), dichloroacetone (DCA) and trichloroacetone (TCA), and three nitrogenous
DBPs (N-DBPs), dichloroacetonitrile (DCAN), trichloroacetonitrile (TCAN) and trichloronitromethane (TCNM), were detected. For the C-DBPs, the order of formation potentials was
as follows: UV ≈ UV/PMS < PMS-UV < PMS, and significant
differences mainly occurred with respect to TCA formation.
This was because the precursor for TCA was mainly located
on the oxazole ring (penta-heterocycle) of SMX with the –
O– group. Due to the existence of a methyl substituent, the
electron density of the oxazole ring is higher than that of
the other parts of the molecule, thus favoring electrophilic
attacks from the radicals produced during the UV/PMS pro-

cess (Dogan et al., 1990). In addition, UV irradiation has also
been proven to degrade oxazole rings easily (Willach et al.,
2018). Therefore, the –O– group is expected to be damaged
more easily during the UV and UV/PMS processes, thus leading to a lower production of TCA. In contrast, PMS mainly
combined with the aniline group of SMX and preserved sufficient amounts of the TCA precursor group (–O–). This is why
the highest TCA formation potential occurred after the PMS
alone process. For the N-DBPs, the order of formation potentials was as follows: UV/PMS < PMS-UV < PMS < UV, and both
DCAN and TCNM varied substantially. Samples treated with
UV alone had the highest DCAN formation risk during chlorination because the UV irradiation mainly photodegraded the
penta-heterocycle portion of the SMX molecule and produced
more -NH2 groups (Willach et al., 2018). These provided sufficient precursors for the key functional group (-C≡N) of HANs,
as shown in Eqs. (2) and (3) (How et al., 2017).
chlorination

dechlorination



R − NH2 −−−−−−−−→ R − NHCl/R − NCl2 −−−−−−−−−→ R − C ≡ N
(2)
However, the addition of PMS greatly affected the -NH2
group, converting it to a -NO or -NO2 group, as shown in
Fig. 1. This process reduced the precursors for HANs but increased the formation risk for HNMs. The oxidation of -NH2
to -NO2 can be achieved by the simultaneous UV/PMS process
(Yan et al., 2021). PMS alone can also oxidize SMX to 4-NOSMX and 4-NO2 -SMX successively (Ji et al., 2018; Zhang et al.,
2020). However, due to the limited oxidation capacity of PMS,
the conversion rate from -NH2 to -NO2 was lower when SMX
was oxidized by PMS alone, resulting in a lower TCNM but a
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ence from other DOM, mineralization was suppressed, and
more organic precursors and intermediates then participated
in the subsequent chlorination process, leading to a significant increase in TCNM production. From the perspective of the
comprehensive toxicity due to the overall DBPFP, the trends
were similar in pure and raw water. The toxicity risk due to
the DBPs formed after sequential PMS-UV was slightly higher
than that after simultaneous UV/PMS (Appendix A Fig. S2).

2.3.
Effect of time on the SMX degradation and DBPFPs
during the PMS-UV process

Fig. 3 – DBPFPs of SMX after treated by different processes
in pure water (a) and raw water (b) (UV/PMS: UV and PMS
dosed simultaneously; PMS-UV: PMS and UV dosed
sequentially. Experimental conditions: [SMX]0 = 15 μmol/L,
[PMS]0 = 1 mmol/L, pH = 7.0, UV intensity = 130 μW/cm2 ,
UV irradiation time = 30 min, PMS reaction time = 30 min,
pre-PMS time in PMS-UV = 20 min, post UV irradiation
time in PMS-UV = 10 min, chlorine dose = 10 mg-Cl2 /L,
chlorination time = 24 hr. Error bars represent the standard
deviation of replicates).

higher DCAN formation potential than during the UV/PMS and
PMS-UV processes. In addition, the free radical production and
reaction time (only 10 min in this study) during the PMS-UV
process were lower than those during the UV/PMS process, so
the degree of mineralization was not as high as that during
the UV/PMS process (reaction time was 30 min in this study),
which led to a slightly higher DCAN formation potential via
the PMS-UV process than via the UV/PMS process.
However, in raw water, more bromo-DBPs (Br-DBPs) were
detected under the influence of other DOM and Br− (39.8 μg/L,
Appendix A Table S1), including bromodichloromethane
(BDCM), dibromochloromethane (DBCM), tribromomethane
(TBM), bromochloroacetonitrile (BCAN) and dibromoacetonitrile (DBAN). For C-DBPs, the overall trend was consistent with
the pure water samples. However, for N-DBPs, the risk via the
UV/PMS process was the highest, especially for TCNM formation. This may be attributed to the large number of -NO2
groups produced during this process, but due to the interfer-

Since PMS must be added upstream of the UV irradiation reactor to achieve the UV/PMS advanced oxidation process, the
time interval between the PMS and UV sequential introductions is expected to be a very important impact factor on SMX
degradation and DBP formation. In this study, the influence
of the time interval between PMS and UV introductions on
the SMX degradation efficiency and DBPFP was investigated.
Based on the results in Fig. 4(a), with an increase in the time
interval, the removal efficiency for SMX by the pre-PMS treatment increased gradually, but this did not significantly affect
the final removal efficiency for SMX after UV treatment, which
remained at approximately 90%. However, for the DBPFP, the
difference was significant. As shown in Fig. 4(b), the formation potential for the C-DBPs after treatment by UV/PMS advanced oxidation was the lowest, especially for TCA. During the PMS-UV process, the formation potential for TCM did
not change substantially, but the TCA formation potential increased markedly with increasing PMS pretreatment time intervals. The precursor group for TCA formation (–O–) on the
oxazole ring can be easily damaged by radicals (Dogan et al.,
1990). The shorter PMS pretreatment caused more residual
PMS to be activated by the UV irradiation to produce more
radicals. Thus, the shorter the time interval was, the less TCA
was produced. However, for TCM, its precursor group was unaffected by these reactions. For the formation potential of NDBPs, after UV/PMS advanced oxidation treatment, the formation potential for DCAN was very low, but that for TCNM was
quite high (up to 28.08 μg/L). However, when the PMS-UV process was used, a short time interval (pre-PMS treatment of
5 min) resulted in a significant decrease and increase in the
formation potentials for TCNM and DCAN, respectively. With
increasing time intervals, the TCNM formation potentials increased again, and the DCAN formation potentials continued
to decrease. As TCNM shows higher genotoxicity than DCAN
(Appendix A Table S2), the comprehensive genotoxicity due to
the DBPs was the lowest after treatment with the PMS-UV process with a 5 min pre-PMS treatment time interval (Appendix
A Fig. S3). This phenomenon can also be explained by the direct reactions occurring between the PMS molecules and SMX.
As shown in Fig. 1, due to the short contact time available for
the reaction, the PMS molecule did not have sufficient time
to oxidize large quantities of SMX to 4-NO2 -SMX but could
only produce the intermediates N4 -OH-SMX and 4-NO-SMX,
which greatly reduced the precursors for TCNM formation.
This point was confirmed in a previous study by Ji et al. (2018).
Based on their results, under the same experimental conditions as this work ([SMX]0 = 15 μmol/L, [PMS]0 = 1 mmol/L, pH
= 7.0), 4-NO-SMX was the dominant product during the ini-
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Fig. 4 – Effect of time interval on SMX degradation (a) and
DBPFPs (b) in PMS-UV process (Experimental conditions:
[SMX]0 = 15 μmol/L, [PMS]0 = 1 mmol/L, pH = 7.0, UV
intensity = 130 μW/cm2 , pre-PMS time in
PMS-UV = 0-35 min, post UV irradiation time in
PMS-UV = 10 min, chlorine dose = 10 mg-Cl2 /L,
chlorination time = 24 hr. Error bars represent the standard
deviation of replicates).

tial 30-min reaction between SMX and the nonactivated PMS.
Subsequently, 4-NO2 -SMX was continuously produced as the
main oxidation product. This explains why the formation potential for TCNM increased significantly with increasing the
pre-PMS treatment time.
To verify this explanation, another pollutant, SDZ, with a
chemical structure similar to SMX, was selected for experiments in this study. As shown in Appendix A Fig. S4, only
three DBPs, TCM, DCAN and TCNM, were detected in postchlorination. Due to the lower degradation efficiency of SDZ
than SMX, the difference in DBPFPs was not as significant
as that in the SMX experiments. However, the overall trend
remained similar. As the time interval for the PMS-UV process was increased from 0 to 35 min, the degradation efficiency of SDZ remained at 42%–48%. The DCAN concentration
increased slightly and then substantially decreased, and the
TCNM concentration gradually increased with increasing time
intervals. This result verified that a longer pre-PMS treatment
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Fig. 5 – Effect of PMS dosage on SMX degradation (a) and
DBPFPs (b) in PMS-UV process (Experimental conditions:
[SMX]0 = 15 μmol/L, [PMS]0 = 0.2-2.0 mmol/L, pH = 7.0, UV
intensity = 130 μW/cm2 , pre-PMS time in
PMS-UV = 20 min, post UV irradiation time in
PMS-UV = 10 min, chlorine dose = 10 mg-Cl2 /L,
chlorination time = 24 hr. Error bars represent the standard
deviation of replicates).

time can produce more -NO2 groups, leading to an increase
in TCNM precursors. Correspondingly, DCAN precursors were
reduced due to the competition for nitrogen.

2.4.
Effect of PMS dosage on SMX degradation and
DBPFPs during the PMS-UV process
The PMS dosage was also considered an important factor in
evaluating the best operational method for the PMS-UV process. Based on the results in Fig. 5(a), PMS dosage has a distinct effect on SMX removal during the overall process of PMSUV treatment. During the pre-PMS treatment stage, the higher
the added PMS dosage was, the higher the SMX removal efficiency. In addition, the SMX degradation rate constant kobs
was linearly correlated with the dosage of PMS. However, during the subsequent UV stage, when the PMS dosage reached
1 mmol/L, the final removal rate for SMX was more than 95%,
and further dosing made little difference. The kobs of SMX first
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the formation potential for TCA continued to increase, while
that of TCM increased first and then decreased as the PMS
dosages increased. For N-DBPs, with increasing PMS dosages,
the DCAN formation potential continued to decrease, while
that of TCNM sharply increased. Especially when the PMS
dosage exceeded 1 mmol/L, the increase in TCNM was particularly obvious. Overall, considering the SMX removal and
DBP generation risk, the optimal dosage of PMS during the
PMS-UV process under our experimental conditions was 0.5–
1.0 mmol/L.

2.5.
Effect of pH on SMX degradation and DBPFPs during
the PMS-UV process
According to previous reports, pH is also a key factor affecting the direct oxidation of PMS molecules and UV/PMS advanced oxidation processes (Guan et al., 2011; Ji et al., 2018;
Zhang et al., 2020). Thus, this study also focused on the effect
of pH on the PMS-UV process. Under the conditions of this
work (pH = 5.5–8.5), the target pollutant SMX mainly existed
as an anionic species (Eq. (5)) (Boreen et al., 2004; Qiang and
Adams, 2004), which more easily reacts with PMS molecules
(Jie et al., 2018). Therefore, as the pH increased from 5.5 to 8.5,
the SMX degradation rate during the pre-PMS treatment increased from 0.0103 to 0.0328 min−1 (Appendix A Table S5).
pKa1 =1.85

pKa2 =5.60

SMX + H+ ←−−−−−→ SMX ←−−−−−→ SMX − H−

Fig. 6 – Effect of pH on SMX degradation (a) and DBPFPs (b)
in PMS-UV process (Experimental conditions:
[SMX]0 = 15 μmol/L, [PMS]0 = 1 mmol/L, pH = 5.5, 7.0 and
8.5, UV intensity = 130 μW/cm2 , pre-PMS time in
PMS-UV = 20 min, post UV irradiation time in
PMS-UV = 10 min, chlorine dose = 10 mg-Cl2 /L,
chlorination time = 24 hr. Error bars represent the standard
deviation of replicates).

increased, then decreased and then increased again as the
PMS dosage increased from 0.2 to 2.0 mmol/L after the UV irradiation was dosed Fig. 5(a) and Appendix A Table S4). This
can be explained by the fact that the SO4 ·− and ·OH produced
during the UV stage react with each other and partially selfquench (Eqs. (3) and (4)) (Neta et al., 1988; Klaning et al., 1991).
When the concentration of PMS reached a certain level, some
free radicals began to aggregate and self-quench, resulting in
a decrease in the degradation rate (Dong et al., 2021). However,
when the dosage of PMS continued to increase, the degradation rate increased again in the presence of the excess PMS
molecules and free radicals that had no time to self-quench.
−

−

SO4 · + SO4 · →

S2 O82−

−
OH + SO−
4 · → HSO5

8

−1

k = 3.1 × 10 (mol/L )

· sec

k = 1.0 × 1010 (mol/L )−1 · sec−1

−1

(3)
(4)

In addition, the variation in PMS dosage also affected the
DBPFPs after treatment. As shown in Fig. 5(b), the formation potential for C-DBPs first increased and then remained
stable with increasing PMS dosages. Among these C-DBPs,

(5)

In addition, previous studies also confirmed that the yields
of SO4 ·− and ·OH were higher under alkaline conditions during the UV/PMS process (Ao and Liu, 2017; Guan et al., 2011),
so the kobs of SMX also increased with increasing pH during
the post-UV irradiation stage (from 0.1770 min−1 at pH 5.5 to
0.3023 min−1 at pH 8.5).
Although the variation in SMX degradation rates was moderate at pH values ranging from 5.5 to 8.5, the DBPFPs changed
significantly, as shown in Fig. 6(b). In contrast with the formation potential for TCM, the formation potential for two HKs
(DCA and TCA), two HANs (DCAN and TCAN) and TCNM decreased sharply as the pH increased from 5.5 to 8.5. Due to the
low cytotoxicity of TCM, the calculated cytotoxicity and genotoxicity of the DBPFPs after treatment with PMS-UV under alkaline conditions were lower than those under acidic and neutral conditions (Appendix A Fig. S5). Therefore, the application
of the PMS-UV process under alkaline conditions can not only
achieve a higher removal efficiency for SMX but also make the
effluent water quality safer after chlorine disinfection.

3.

Conclusions

UV/PMS is an effective advanced oxidation process for enhancing the removal of micropollutants in water. However,
during practical water treatment, it is necessary to apply PMSUV sequentially to achieve the homogenous exposure of PMS
to UV light. The results of this study showed that the sequential PMS-UV process and the ideal simultaneous UV/PMS process as well as the different time intervals between the PMSUV sequential additions had no significant difference on the
final removal efficiency of the target pollutant SMX. However,
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when a short pre-PMS contact time was used during sequential PMS-UV, the formation risk for TCNM during the subsequent chlorine-based disinfection process was markedly reduced. In addition, indefinitely increasing the PMS dosage not
only did not improve the removal efficiency for SMX but also
greatly increased the formation risk of TCNM during chlorination. Therefore, an appropriate dosage of PMS should be carefully considered during the PMS-UV process. In addition, the
application of PMS-UV treatment under alkaline conditions
not only improved the degradation of the target pollutant SMX
but also sharply reduced the formation risks for HKs, HANs
and HNMs as well as the comprehensive toxicity of DBPs during the subsequent chlorine-driven disinfection process.
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