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h i g h l i g h t s
� A dual effect of Cl� on coumarin degradation in UV/PMS systems was observed.
� AOX value increased markedly with the addition of chloride.
� Some toxic chlorinated byproducts were identified by GC-MS measurement.
� Mineralization rate of coumarin decreased with increasing Cl�.
� Effective measures should be taken to mitigate the adverse effect of chloride.
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a b s t r a c t

Recently, UV/peroxymonosulfate (PMS) seems as a panacea for the treatment of recalcitrant organic
pollutants; however, the presence of high concentration of chloride in saline wastewater indeed com-
plicates this end-of-pipe technology. Here a negative case of UV/PMS for the treatment of one of sec-
ondary degradation byproducts of dyes (coumarin, COU) is demonstrated. The removal rate of COU is
reduced by addition of Cl� (0e10mM). Further increase in Cl� content favors a rapid COU degradation,
whereas Cl� involvement seems to open a “Pandora's box”: 1) a variety of chlorinated organic in-
termediates such as 4-chloroisocoumarin and 5-chloro-2-hydroxy-benzaldehyde are identified; 2)
Accumulation and relative increase of absorbable organic halogen (AOX) with reaction time in the
presence of high levels of chloride are observed; 3) the acute toxicity of the treated COU solution in-
creases; 4) mineralization rate of COU decreases with the increasing [Cl�]. The fluorescence intensity in
the UV/PMS/COU system declines with the addition of Cl�, implying the scavenging effects of chloride on
hydroxyl radicals. The possible reaction pathways of COU are discussed. These findings highlight the
imperativeness of minimizing auxiliary salt dosages in dyeing processes (i.e., source reduction) and
developing new end-of-pipe technologies that can work in a saline environment.

© 2019 Elsevier Ltd. All rights reserved.
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1. Introduction

Advanced oxidation processes (AOPs), especially ultraviolet
(UV)-based AOPs, have proved to be effective in the degradation of
recalcitrant organic pollutants (Deng et al., 2013; He et al., 2013;
Khan et al., 2013). UV-photolyzed peroxymonosulfate (PMS), an
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efficient precursor of SO ,­
4 production, is suggested to generate �OH

and SO ,­
4 in a benign and economic way (Guan et al., 2010; Verma

et al., 2016). However, recent investigations indicate that chloride
ions in chloride-rich wastewater would greatly influence the
oxidation efficiency of AOPs by scavenging radicals (e.g., SO ,­

4 or
�OH) to yield less reactive chlorine radicals (Cl ,­

2 /Cl�) or reacting
directly with PMS to produce Cl2/HClO (Wang et al., 2011a, 2017a;
Fang et al., 2016). Wang et al. (2011a) reported that the decolor-
ization rate of acid orange 7 (AO7) was inhibited when
[Cl�]< 0.1M, whereas it accelerated with increase in Cl� dosage up
to 1.0M in the UV/PMS system. However, our recent work indicated
that absorbable organic halogen (AOX) and even some more toxic
organic byproducts were formed with external chloride by the UV/
PMS process (Wang et al., 2017b).

Coumarin (COU), consisting of fused benzene and a-pyrone
rings, is an important low-molecular-weight phenolic compound
present in natural organic matter, typically found in water (Clark
et al., 2002; Leenheer and Croua, 2003). Recently, COU and its de-
rivatives are widely used as antibacterial agents (El-Saghier and
Khodairy, 2000), novel dyes (Yıldırım et al., 2016), fluorescent
probes, sensors and switches (Donovalov�a et al., 2012), and so on. In
addition, COU is a well-known trapping reagent that could react
directly with hydroxyl radicals to generate the strong fluorescent
compound 7-hydroxycoumarin (7-HC) (Liu et al., 2017; Zhang and
Nosaka, 2013; Ikhlaq et al., 2012; Jean-M et al., 2018) (shown in
eq. (1)). Newton andMilligan (2006) reported that the yield of 7-HC
formation in their radiolysis experiments is estimated as 4.7% per
generated �OH. The fraction of �OH not resulting in 7-HC would
produce other nonfluorescent hydroxylated compounds, which is
not detected by the technique used (Burgos-Castillo et al., 2018;
Newton and Milligan, 2006; Louit et al., 2005). Therefore, 7-HC is
supposed to be a reliable indicator of �OH attack.

Coumarin þ �OH / 7-HC, k¼ 5.6� 109M�1 s�1 (1)

Recently, our investigations demonstrated that the impacts of
chloride on the oxidation of dyes and their intermediate (phthalic
acid) were substantially different (Huang et al., 2017). Interestingly,
COU is also one of the degradation intermediates of dyes in AOPs
(Stylidi et al., 2003; Wang et al., 2014; Yuan et al., 2011, 2012; Tao
et al., 2015; Huang et al., 2018a). COU could be produced during
the degradation of AO7 in the UV/TiO2 system (Stylidi et al., 2003;
Wang et al., 2014; Yuan et al., 2012), Co/PMS system (Yuan et al.,
2011), and PI (polyimides)/PMS/Vis system (Tao et al., 2015). Yuan
et al. (2012) observed that further degradation of coumarin
would generate heterocyclic compounds containing a five- and a
six-atom ring, such as 1(3H)-isobenzofuranone, 2,3-dihydro-1H-
inden-1-one and 1H-indene-1,3(2H)-dione. Moreover, COU was
also identified during the decoloration of other azo dyes. Huang
et al. (2018a) reported that coumarin was one of the aromatic in-
termediates of orange G (OG) in activated carbon fiber/ultrasound/
peroxydisulfate (ACF/US/PDS) system and would be further
oxidized to heterocyclic compounds. However, our previous work
have measured some chlorinated coumarin derivatives such as 3,4-
dichloroisocoumain (Yuan et al., 2011) and 5-chloro-1-indanone
(Yuan et al., 2012). To date, although it is known that the pres-
ence of external chloride ions could reduce the formation of 7-HC
by competing with COU for reaction with �OH (Lin et al., 2015),
the mechanism of formation of chlorinated COU byproducts is
largely unknown in AOP-based saline wastewater treatment.

In this study, coumarin is chosen as a typical aromatic inter-
mediate of dyes to examine the degradation kinetics and byproduct
generation in the UV/PMS process in the presence and absence of
chloride ions. The effects of PMS dosage, pH, and chloride con-
centration were investigated. Additionally, identification of
chlorinated compounds, AOX determination, toxicity analysis,
mineralization, and fluorescence intensity measurement were
carried out. A possible oxidation pathway is proposed. These results
may provide valuable insight into the degradation mechanism of
fluorescent secondary degradation byproducts of dyes and the
generation pathway of chlorinated intermediates in the treatment
of saline wastewater.

2. Experimental

2.1. Materials

Coumarin (C9H6O2, 98%, COU) and Oxone® ([2KHSO5$KH-
SO4$K2SO4] salt, 95%, PMS) of the purest grade available were ob-
tained from Sigma-Aldrich. The chemical structure of COU is shown
in Table S1. Na2SO3 and NaNO2 were purchased from Sinopharm
Chemical Reagent Co., Ltd, China. All the other reagents such as
NaCl, NaOH, and H2SO4 were of analytical grade and used without
further purification. Each stock solutionwas prepared by Barnstead
UltraPure water (18.3MU cm) freshly.

2.2. Procedure

The photodegradation of COU was carried out in an XPA-7-type
photochemical reactor (Xujiang Electromechanical Plant, Nanjing,
China). A 100W medium-pressure mercury vapor lamp was used
as the light source in a water-cooled borosilicate glass immersion
well. The light intensity at reactor vessel positions was measured to
be 12.7mW/cm2 by a UV-A irradiation meter supplied by Photo-
electric Instrument Factory of Beijing Normal University, China. The
spectrum distribution and relative energy of the Hg lamp are
shown in Table S2. An open borosilicate glass quartz tube of 50ml
capacity at a batch mode was used for all the photodegradation
experiments at room temperature without controlling the pH un-
less specified. Samples were taken from the solution at specific
time intervals and quenched with NaNO2 for GC-MS, TOC, AOX, or
toxicity analysis immediately. Each experiment was performed in
duplicate, with the final data error less than 5%.

2.3. Analysis

The concentration of COU was measured on a UVeVis spectro-
photometer (Hitachi Model U-2910) at 277 nm, as recommended
by Ikhlaq et al. (2012). The calibration curve for COU is shown in
Fig. S2 (R2¼ 0.998), with the limit of detection as 0.06 ppm. AOX
was determined using an instrumental analyzer (AOX, multi X
2500, Jena, Germany). Samples were adjusted to pH< 2.0 before
enrichment on activated carbon. The Automatic Preparation Unit 2
(Jena, Germany) for automatic sample adsorption was used for
pretreating samples. The temperature of the combustion system
was set to 950 �C. HCl (0.010M) was applied for titration. The
detection limit of AOX was 1 mg (calculated as the absolute content
of chloride). A multi N/C 3100 TOC analyzer (Jena, Germany) was
applied to measure total organic carbon (TOC), with a detection
limit of 4.0 mg/L. Owing to the role of COU as a fluorescent probe for
�OH generated by UV irradiation (Czili and Horvath, 2008; Du et al.,
2008), a luminescence spectrometer (LS55, PerkinElmer precisely)
was employed to verify the formation of �OH during the oxidation
process. 7-Hydroxycoumarin was measured by monitoring the
fluorescence emission at 460 nm under excitation at 332 nm. A
bioluminescent bacterium, Photobacterium phosphoreum (CS233),
was used as the indicator for toxicity analysis on a toxicity testing
instrument (BHP9514, Hamamatsu Photon Medical Technology
(Langfang) Co., Ltd). The bioluminescence was assessed by the
relative luminosity and measured after 15min of exposure at
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20 �C.All the samples were tested in duplicate to obtain an average
value. To identify the intermediate products during the COU
degradation process, a gas chromatography-mass spectrometer
(GC-MS) (Agilent 7890A-5975C, USA) was employed. Samples were
pretreated by the solid phase extraction (SPE) method (using
CNWBOND LC-C18 SPE tube) and silylation method (using hex-
amethyldisilazane and chlorotrimethylsilane). A gas chromato-
graph (Agilent 7890A) equipped with a HB-5 MS capillary column
(30m� 320 mm� 0.5 mm film thickness), interfaced directly to the
mass spectrometer (5975A inert XL MSD with Triple-Axis Detec-
tor), was used to obtain the spectra. The column oven was pro-
grammed from 40 �C (2min) to 100 �C at a rate of 12 �C/min, then to
200 �C at 5 �C/min, and finally to 270 �C (5min) at a rate of 20 �C/
min. Electron impact (EI) mode at 70 eV was used, and the spectra
were obtained in a scan range of 10e400 m/z. Analysis of the in-
termediates was verified from the NIST08 mass spectral library
database.

The pseudo-first-order kinetic model was adopted to describe
the degradation kinetics under various oxidation conditions, and
the expression is shown in eq. (2), where C0 and C represent COU
concentrations (mM) at time t¼ 0 and t min, respectively; k is the
observed pseudo-first-order rate constant (min�1); and t repre-
sents the reaction time (min).

C =C0 ¼ e�kt (2)

Relative luminosity is regarded as one of the most common
analytical indexes in bacterium toxicity testing, as shown in eq. (3)
(Zhao et al., 2015), where Ii and I0 are the luminous intensities (a.u.)
of the COU sample and standard sample (3% NaCl), respectively.

Relative luminosityð%Þ¼ Ii=I0 � 100% (3)

3. Results and discussion

3.1. COU degradation

3.1.1. Effect of peroxymonosulfate concentration
The impact of peroxymonosulfate concentration on COU

degradation rates in the UV/PMS system was investigated. As
illustrated in Fig. 1a, an increase in the PMS level resulted in faster
oxidation of COU. The degradation rate constant increased from
2.33� 10�3 to 9.57� 10�2 min�1 (R2> 0.98), while the content of
PMS varied from 0 to 10mM. The formation of free radicals from
UV-assisted PMS activation is supposed to increase with PMS
dosage, hence leading to the decomposition of the substrate effi-
ciently. Notably, 18% of COU was degraded with 0mM PMS after
90min treatment, possibly due to the photocleavage of coumarin
under UV irradiation (Fan et al., 2014). Czili and Horvath, 2008 also
demonstrated that a slow degradation of COU occurred and a small
amount of luminescent compounds were generated by exposing
COU to UV light (40W).

3.1.2. Effect of pH
It is suggested that pH is a significant parameter in the treat-

ment of wastewater based on AOPs (Guan et al., 2010; Sheng et al.,
2018). Fig. 1b presents the impact of the initial solution pH on the
oxidation of coumarin. The kinetic rate constant (k) ranged from
3.1� 10�2 to 3.4� 10�2min�1 at pH 2.0e7.0. This indicates that UV/
PMS is not significantly affected by the change in pH. Khan et al.
(2014) also reported that the performance of UV/PMS was more
independent of initial pH values when they determined the
degradation of atrazine by UV/peroxygen. The pH independence of
degradation efficiency of UV/PMS probably resulted from the
unchanged radical quantum yield while the solution pH was less
than 8.0 (Guan et al., 2010).
3.1.3. Effect of Cl� concentration
It is well known that chloride ions would affect the efficiency of

AOPs considerably (Liao et al., 2001; De Laat and Le, 2006).
Therefore, the impact of different concentrations of chloride ions on
the COU degradation process was investigated. As displayed in
Fig.1c, a dual effect of Cl�with a different concentration on the COU
oxidation process was observed. An inhibitory impact occurred at a
low Cl� content (<10mM), whereas an accelerating impact of Cl�

was found when [Cl�]>10mM. Moreover, the higher concentra-
tions of chloride ions strongly enhanced the degradation rates of
COU. This phenomenon was also observed in the oxidation of dyes
and other organic contaminants (Wang et al., 2017b; Wang et al.,
2011a,b; Zhou et al., 2015). Wang et al. (2011a,b) found that chlo-
ride played a dual (inhibitory, then promoting) impact on Org II dye
bleaching in the Co2þ/PMS system. A similar phenomenonwas also
discovered on the oxidation process of 4-chlorophenol (Wang et al.,
2017b) and 4-chloro-2-nitrophenol (Zhou et al., 2015) in PMS-
based systems.
3.2. AOX formation

Various degradation intermediates, potentially more toxic than
their parent organic compound, would occur during the application
of AOPs (Xu et al., 2013; Qi et al., 2014; Karci et al., 2012). AOX is a
significant variable for the identification of halogenated com-
pounds and would provide more overall information about the
impact of Cl� on efficiencies of AOPs. As shown in Fig. 1d, AOX
formation during COU oxidationwith different chloride contents in
the UV/PMS system was investigated. The formation of AOX was
found to be a time-dependent process, and AOX accumulated
gradually within 90min of reaction. The value of AOX increased
rapidly when Cl� dosage increased from 0 to 100mM. It is worth
noting that the AOX value exceeded the current German AOX
threshold value for wastewater (0.5mg/L) when the Cl� content
was up to 50mM. Therefore, the secondary degradation products of
dyes are likely to form more toxic organic pollutants in saline
wastewater once they are discharged into the environment without
further treatment.
3.3. Fluorescence intensity measurement

To further investigate the formation and transformation of
radicals during the reaction, the intensity of fluorescence was
measured (Fig. 2). The fluorescence intensity is not necessarily
correlated with the reaction time in the UV/PMS system. The
maximum fluorescence intensity occurred at 5min, whereas the
fluorescence intensity decreased significantly afterwards. The
degradation of COU at different Cl� dosages (0e300mM) with pH
varying from 2.0 to 7.0 was further studied. As shown in Fig. 3 and
Fig. S3, the maximum fluorescence intensity reduced significantly
by increasing the initial chloride levels at the same pH value. For
example, the maximum fluorescence intensity in the absence of
chloride was 17 times higher than that in the presence of 300mM
chloride at pH¼ 3.0. This indicates that the formation of 7-HC de-
creases with increase in initial contents of chloride. Moreover, as
shown in Fig. 3, the maximum fluorescence intensity was consid-
erably enhanced with pH increasing from 2.0 to 7.0 at the same
chloride dosage, which indicates an increase in 7-HC production.
Therefore, the yield of �OH trapped by COU was dependent on the
reaction time, chloride levels, and pH.



Fig. 1. Effect of PMS concentration (a), pH (b), and chloride (c) concentration on coumarin degradation rates and AOX formation (d) with different concentrations of chloride during
UV/PMS treatment. Conditions: [coumarin]0¼ 0.1mM, [PMS]0¼ 2.5mM, pH¼ 3.0 (except for Fig. 1(b)), temperature¼ 25 �C.
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3.4. Identification of intermediates

GC-MS was applied to identify the intermediates produced in
the oxidation of COU for the two Cl� contents (i.e., 10 and 100mM)
during 90min of reaction time. Thirteen kinds of aromatic in-
termediates were detected in the presence of 10mM chloride in the
solution, such as benzofuranone, benzaldehyde, benzoic acids,
phenols (Miller et al., 1975), and so on, whereas no chlorinated
intermediates were identified in the solution. However, when the
Cl� dosage was increased up to 100mM, 19 kinds of aromatic
products (e.g., benzofuran and phenols (Miller et al., 1975)) and 8
chlorinated organic byproducts were identified in the reaction
solution.

To confirm the position of Cl atom in the chlorinated com-
pounds, the NBO (natural bond orbital) charge population of the
carbon cation was calculated approximately by employing quan-
tum chemistry methods at the B3LYP/6-311 þ G** levels of theory
(Frisch et al., 2009). As shown in Fig. 4, the NBO charge for the C1
and C2 atoms was 0.519 and�0.165 e, respectively, which indicates
the C1 atom easily loses electrons compared to the C2 atom, and
Cl ,­

2 radical is more feasible to react with C1 than with C2. Two
possible products, P1 (4-chloroisocoumarin) and P2 (3-
chloroisocoumarin), are illustrated in Fig. 4. P2 was approxi-
mately 10 kJ/mol lower than P1 at the levels of B3LYP/6-311 þ G**.
Therefore, it is assumed that P2 (3-chloroisocoumarin) should be
the dominant product as COU is chlorinated. In addition, 5-chloro-
2-hydroxy-benzaldehyde, tetrahydrofurfuryl chloride, 3-chloro-
propionic acid tetrahydro-furan-2-ylmethyl ester, and other small
molecular chlorinated products were identified with 100 mM
chloride in the reaction, as illustrated in Fig. 5. Hence, the number
of identified intermediates, especially chlorinated byproducts, is
enhanced with an increase in Cl� dosages during the reaction
process.

To further identify the generation and transformation of chlo-
rinated organic products with reaction time in the UV/PMS system,
a variety of intermediate products at 30min, 60min, and 90min
were analyzed, as listed in Table S3. It indicates that the chlorinated
byproducts could be detected at the beginning of the reaction and
were accumulated with time. Moreover, a highly fluorescent
compound, 7-hydroxycoumarin (7-HC), was detected only at low
levels of Cl� dosages (10mM). This could be attributed to the reason
that excess Cl� could competewith COU for �OH in the solutionwith
a high reaction rate (Buxton et al., 1988) at high Cl� concentration.
3.5. Toxicity

Toxicity was assessed for samples collected initially and at
90min of reaction time using luminous bacteria. Table S4 shows
the potential toxic effect of degradation byproducts by monitoring
the luminosity change of COU in the presence of Cl� in the UV/PMS
system. The relative luminosity intensity of blank control contain-
ing only 3% NaCl was 100.7% and 100.6% at 0 and 90min, respec-
tively. In UV/PMS (without Cl�), the relative luminosity intensity of
the initial COU solution was 99.8%, which decreased to 93.8% after
reaction for 90min. In the presence of 10mM chloride, the relative
luminosity intensity decreased from 98.4% to 91.6% after 90min of



Fig. 2. Fluorescence intensity of the coumarin degradation process during UV/PMS treatment in the presence of different Cl� concentrations. Condition: [coumarin]0¼ 0.1mM,
[PMS]0¼ 2.5mM, pH¼ 3.0, temperature¼ 25 �C.
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oxidation. When the Cl� concentration was up to 100mM, the
relative luminosity intensity changed from 97.2% to 89.8% after
90min of treatment. The results clearly indicate that the acute
toxicity of the COU solution increases as both Cl� dosages and
reaction time increase, which is in good agreement with the data
from GC-MS and AOX measurement. There have been some ex-
amples where the parent compound is less toxic than degradation
products such as 4-chloro-2-methylphenoxyacetic acid (Zertal



Fig. 3. Effect of chloride contents on maximum fluorescence intensity at different pH values during the coumarin degradation process in the UV/PMS system. Condition:
[coumarin]0¼ 0.1mM, [PMS]0¼ 2.5mM, time¼ 5min, temperature¼ 25 �C.

Fig. 4. Optimized geometric structure and mulliken atomic charges of coumarin radical cation (a) and its possible byproducts P1 (b) and P2 (c) after reaction with Cl ,­
2 . Gray, red,

green, and white represent carbon, oxygen, chlorine, and hydrogen, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

Y. Huang et al. / Chemosphere 229 (2019) 374e382 379



Fig. 5. Identification of chlorinated byproducts in the coumarin degradation process with 100mM chloride ion in the UV/PMS system. Condition: [coumarin]0¼ 0.1mM,
[PMS]0¼ 2.5mM, pH¼ 3.0, temperature¼ 25 �C.
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et al., 2001), 2,4,6-trichlorophenol (Fang et al., 2016), and 4-
chlorophenol (Wang et al., 2017b).
3.6. Mineralization

AOXmeasurement, GC-MS analysis, and toxicity test all indicate
that chlorinated organic products would be formed when certain
contents of chloride are present in the UV/PMS system. Hence, it is
necessary tomeasure TOC values in addition to degradation rates to
evaluate the oxidation efficiencies of the UV/PMS/Cl� system. As
depicted in Fig. 6, the mineralization percentage of COU increased
when the reaction time extended. TOC removal of COU without
chloride addition was 16.3%, 29.9%, and 34.8% after 30min, 60min,
and 90min of the reaction, respectively. However, in the presence
of chloride ion (10e100mM), the extent of mineralization
decreased with increase in Cl� contents. Only 13.3% of COU was
mineralized in the presence of 100mM Cl� after 90min of oxida-
tion. A similar phenomenon (high degradation rate but low
mineralization extent) was observed with the oxidation of the dye
AO7 by Yuan et al. (2011). Moreover, the effect of pH on the
mineralization of COUwas further investigated, as shown in Fig. S4.
It indicates that the mineralization of COU was nearly independent
of pH.
Fig. 6. Mineralization of coumarin degradation with different concentrations of
chloride in the UV/PMS system. Condition: [coumarin]0¼ 0.1mM, [PMS]0¼ 2.5mM,
pH¼ 3.0, temperature¼ 25 �C.
3.7. Proposed reaction mechanism

According to the kinetic data and degradation intermediates
identified by GC-MS and in previous studies (Huang et al., 2017;
Wang et al., 2011b, 2017b), a possible reaction mechanism is pro-
posed for the production of chlorinated organic byproducts during
the degradation of coumarin in the UV/PMS system.

It is suggested that SO ,­
4 generated by a one-electron process

from PMS reduction would be further scavenged by Cl� in the so-
lution to form less reactive chlorine radicals (Cl�/Cl ,­

2 ). This set of
reactions would lead to the reduction of COU degradation. This
inhibiting impact of chloride ion is significant at low dosages of
chloride (<10mM). Hence, the mineralization rate of COU de-
creases. Moreover, it reported that SO ,­

4 could be converted to �OH
(Lutze et al., 2015), especially in a weakly acidic or neutral solution
(Guan et al., 2010). However, SO ,­

4 could be quenched by additional
Cl�, leading to the reduced yield of �OH in the aqueous solution.
Therefore, the fluorescence intensity decreased.

A further addition of chloride ion dramatically increased the
COU degradation. Chloride ions are directly oxidized by PMS
through two-electron transfer (eq (4) and (5)) to yield active
chlorine species (HOCl/Cl2) (Lente et al., 2009), which could rapidly
decompose COU. These reactions would govern the overall COU
degradation with high contents of chloride (>10mM). However,
some refractory chlorinated organic compounds with aromatic ring
were detected by GC-MS with the increase in Cl� content, which
decrease the mineralization degree of COU and increase the AOX
levels. More importantly, chlorinated byproducts are more toxic
than their precursors. In addition, HOCl generated in the presence
of high levels of chloride is supposed to quench 7-HC in the reaction
solution (Pay�a et al., 1992) or directly react with COU, but their
products are nonfluorescent.

2Cl- þ HSO5
� þ Hþ / SO4

2� þ Cl2 þ H2O (4)

Cl� þ HSO5
� / SO4

2� þ HOCl (5)

Based on the oxidation products identified by GC-MS and the
results exhibited in Fig. 5, a possible pathway for COU degradation
in the UV/PMS system under a chloride-rich solution is proposed, as
shown in Fig. S5. First, the oxidation of COU could form heterocyclic
compounds such as benzofuran, 3(2H)-benzofuranone, and 7-
hydroxycoumarin. The heterocyclic compounds could be further
oxidized to 2-hydroxybenzaldehyde, 2-hydroxybenzoic acid
methyl ester, 4-ethyl-benzoic acid methyl ester, 3,4-dimethyl-
benzoic acid methyl ester, and phenol. In addition, the partial
degradation of the above aromatic organic compounds would
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produce carboxylic acids such as 3-(2-hydroxyphenyl)-acrylic acid,
3-hydroxy-3-(4-hydroxyphenyl)-propionic acid, phthalic acid dii-
sobutyl ester, and so on. Some organic acid products and alkanes
such as acetic acids, propionic acids, pentanoic acids, butane-1,4-
diol, and propane-1,3-diol could be formed in the UV/PMS sys-
tem. Some ring-opening compounds may be oxidized to CO2 and
H2O.

It is well known that Cl�/Cl ,­
2 radicals formed by scavenging

SO ,­
4 radical by Cl� may react with organic compounds and their

intermediate products by H-abstraction, one-electron oxidation,
and addition to the unsaturated CeC bonds, which depended on
the character of the substrate (Grebel et al., 2010; Hasegawa and
Neta, 1978). The formation of the main chlorinated intermediates
detected in the system is shown in Fig. S2. First, the SO ,­

4 radical
may add to the aromatic ring of the intermediates of the COU
degradation in all cases (Anipsitakis et al., 2006). The formation of
the corresponding chlorinated species takes place by electrophilic
substitution mostly in the para or ortho position of the aromatic
organic compounds (see Fig. S6 for more details).

In our previous work, the degradation of phthalic acid (PA), one
of the common degradation byproducts of dyes, and the production
of AOX were inhibited with increasing chloride ion levels in the Co/
PMS system (Huang et al., 2017) owing to the low reaction activity
of the chlorine species toward the aromatic ring with a deactivating
carboxyl group on it. This indicates that most of chlorinated organic
byproducts formed during the dye oxidation process may root from
the chlorination of the parent compounds of PA (dyes or other main
intermediates) in chloride-rich waters. Moreover, an inhibitory
effect of Cl� on maleic acid (MA) decomposition was observed in
the Fe/PMS system, whereas the yield of AOX increased (Huang
et al., 2018b). This could be ascribed to the low reactivity of chlo-
rine towards unsaturated bonds and carboxylic acid moieties.
Chlorination of the secondary degradation byproducts of organic
compounds rather than MA itself was responsible for the accu-
mulation of the chlorinated byproducts in the presence of Cl�

during dyeing wastewater treatment. However, a dual effect of Cl�

on COU oxidation and the accumulation of AOX by the UV/PMS
process indicates that the chlorination of COU itself could possibly
lead to the generation of the chlorinated byproducts during dye
degradation in a chloride-rich environment. Therefore, the mo-
lecular structure of the secondary degradation byproducts of dyes
is important for the generation of chlorinated byproducts in in-
dustrial chloride-rich wastewater. The presence of deactivating
groups is supposed to reduce the degradation of substrates and
affect the formation pathway of AOX.

4. Conclusions

The effect of chloride on the UV/PMS oxidation process of COU
was tested in this study. A dual (inhibitory, then accelerating) effect
of Cl� levels (0e300mM) on COU depletion was observed, while
the mineralization of COU reduced by enhancing the chloride
contents. The formation of potentially more toxic chlorinated
organic compounds was identified by GC-MS in the presence of
chloride, which was confirmed by the results of AOX accumulation
and acute toxicity measurement. The decrease in fluorescence in-
tensity of the reaction solution with increase in Cl� dosage in-
dicates transformation of �OH to other oxidized species and/or
decay of COU or 7-HC as a result of radicals or reactive chlorine
attack. However, the conversion efficiency from SO ,­

4 to �OH
dramatically enhanced with the degradation rate of COU un-
changed when pH increased from 2.0 to 7.0. Thus, a possible reac-
tion pathwaywas proposed. Hence, UV/PMSmay be not suitable for
the treatment of saline wastewater because of low mineralization
rate, elevated toxicity, and toxic byproduct formation in the
presence of chloride. It is imperative to develop a new end-of-pipe
technology for the treatment of secondary degradation in-
termediates of recalcitrant organic compounds.
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