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e(II) and peroxymonosulfate for
enhancement of sulfamethoxazole
photodegradation: mechanism study and toxicity
elimination†

Han Gong,a Wei Chu,*b He Gong,c Airu Huang,a Jingjun Lina and Muting Yan *a

This study aims at systematically examining the potential of removing the emerging pollutant

sulfamethoxazole (SMX) from aqueous solution under photo-assisted peroxymonosulfate (PMS)

activation by Fe(II). The residual SMX was determined by HPLC analysis. The concentration of Fe(II)

([Fe(II)]) was monitored during SMX degradation. Fe(II) and PMS cooperated with each other for faster

SMX photodegradation; a relatively lower or higher molar ratio between Fe(II) and PMS led to lower SMX

removal efficiency due to the insufficient radicals or scavenging effect. A fixed reaction ratio of

[Fe(II)]D : [PMS]0 with 1.6 : 1 at the first 5 min was detected for reactions with [Fe(II)]0 $ 0.5 mM or [PMS]0
# 0.25 mM. The pH level of around 6.0 was recommended for optimal SMX removal under the

treatment process UVA + Fe(II) + PMS. Six transformation products were detected through UPLC/ESI-MS

analysis, and four of the proposed intermediates were newly reported. Concentrations of the

intermediates were proposed based on the isoxazole-ring balance and the Beer–Lambert law. Total

Organic Carbon (TOC) reduction was mainly attributed to the loss of benzene ring, N–S cleavage, and

isoxazole ring opening during SMX degradation. The contributions of reactive species OHc and SO4c
�

were determined based on quench tests. The acute toxicity of SMX to the rotifers was eliminated after

the proposed treatment, demonstrating that the process was effective for SMX treatment and safe to the

environment.
1. Introduction

Pharmaceuticals and personal care products, PPCPs, being
detected in natural waters, have raised global concern for their
potential environmental and health effects.1 Sulfamethoxazole
(SMX) is a pharmaceutical that is largely used for the treatment
of bacterial infections such as urinary tract infections, bron-
chitis, and prostatitis. A previous study showed that SMX has
low biodegradability and may result in direct or indirect toxi-
cological effects on the environment and human health.2

Especially, as an antibiotic, residues of SMX may pose a poten-
tial risk for developing antibiotic resistant bacteria.3

Common water/wastewater treatments processes cannot
effectively remove antibiotics including SMX because of its
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35657
antibacterial nature. Owing to the low removal efficiency of SMX
in wastewater by activated sludge treatment process,4 a large
amount of SMX enters the environment annually. SMX has been
detected in the effluents of sewage treatment plants as well as
surface water, groundwater, and even tap water.5 The concen-
tration of SMX was detected as high as 2000 ng L�1 in many
municipal sewage treatment plants and ranging from 30 to
480 ng L�1 in surface water.6,7 Governments of different coun-
tries and researchers are getting aware of the discharged anti-
biotics and their by-products in nature water. Therefore,
effective treatment techniques for enhancement of the SMX
removal efficiency are urgently in need.

Advanced Oxidation Processes (AOPs) provide prospective
procedures in degrading the refractory pollutants including
POPs (persistent organic pollutants) and antibiotics.8–17 In
terms of the treatment of SMX, photolysis, photocatalysis,
Fenton, ozonation, sulfate radicals-based processes, and ultra-
sonic process have been widely explored.18–22 Among the treat-
ment processes, sulfate radicals-based processes raised great
interests in recent years because of its high efficiency, and less
pH sensitivity.23

Peroxymonosulfate (PMS) was widely used as the oxidant to
generate powerful sulfate radicals (SO4c

�).23–26 It is comparatively
This journal is © The Royal Society of Chemistry 2020
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more stable and easier to handle because of its solid state at
ambient temperature.27 Though using PMS directly to react with
organics gives a slow reaction rate, PMS can be activated into
highly reactive radicals by heat or transition metals e.g. Fe(II), the
environmental friendly metal.28 The limitation of coupling Fe(II)
and PMS is its slow regeneration rate of Fe(II) from Fe(III), and UV
irradiation may solve this drawback.29

Previous studies prove the high efficiency in SMX removal by
processes based on sulfate radicals including UV + Persulfate,
Thermo + Persulfate, Fe(II) + Persulfate, Benzoquinone + PMS,
and Hydroxylamine + Fe(II) + PMS.20,30–33 Despite the high effi-
ciency, the treated SMX was reported to be more toxic for heat
activated persulfate process.34 Therefore, in case the degrada-
tion by-products of SMX possess toxicity to the aquatic envi-
ronment, it is also essential to monitor the toxicity of the treated
solution.

In this study, the process based on photo-assisted Fe(II) +
PMS process was studied for SMX degradation. The effects of
the parameters were investigated by evaluating the SMX
removal under different light source, Fe(II) concentration, PMS
concentration, and pH level. Prediction of degradation rate by
varying SMX concentration was conducted. Besides, the reac-
tion mechanism including mineralization, degradation prod-
ucts and pathways were determined and the toxicity of the
treated solution was assessed.
2. Methodology
2.1 Chemicals and reagents

All chemicals are of analytic reagent grade and all solvents as
mobile phases are of HPLC or LC/MS grade. SMX (C10H11N3O3S:
99.0%), PMS (KHSO5$0.5KHSO4$0.5K2SO4: 95%), and ferrous
sulfate (FeSO4$7H2O: 99.0%) were purchased from Sigma-
Aldrich Inc. (USA). Sulfuric acid (H2SO4) and sodium
hydroxide (NaOH) were used to adjust the initial pH of the
solutions; monopotassium phosphate (KH2PO4), phosphate
acid (H3PO4), and sodium nitrite (NaNO2) were obtained from
British Drug Houses (BDH, England). Acetonitrile (ACN,
C2H3N), tertbutyl alcohol (TBA, C4H10O) and methanol (MeOH,
CH4O) were purchased from Tedia Company, USA. 1,10-Phe-
nanthroline (C12H10N2O) was obtained from International
Laboratory (IL, USA). Ultrapure water generated from a Barn-
stead NANO pure water treatment system (Thermo Fisher
Scientic Inc., USA) was employed for preparation of the
solutions.
2.2 Experimental procedures

For SMX degradation, all experiments were performed in
cylindrical borosilicate glass quartz beakers at 23 � 2 �C. The
beakers were placed on amagnetic stirrer at the center of a CCP-
4V computer controlled photochemical reactor (Luzchem
Research Inc.). Two phosphor-coated low-pressure mercury
lamps emitting monochromatic light were symmetrically
arranged on the top center within the reactor as the irradiation
source. Four different types of lamps at 254, 300, 350 and
420 nm as UVC, UVB, UVA and VIS were investigated for the
This journal is © The Royal Society of Chemistry 2020
effect of light source. The power of the UV lamps was approxi-
mately 25 watts. The absorbance spectrum of relative energy of
the UV lamps provided by the producer was shown in Fig. S1.†

The lamps were turned on 10 minutes before the start of the
experiment for warming up and to ensure stable light irradia-
tion. A cooling fan was installed in the reactor for temperature
control. The fan was internally installed by the producer of the
reactor. Therefore, the stable temperature (23 � 2 �C) in the
reactor can be ensured during the reaction and circulating
cooling water was not needed. The reaction was initiated by the
addition of predetermined amount of PMS and Fe(II) solution.
The initial volume of each reaction solution was xed at 400mL.
The beakers were stirred for a complete mixture and homoge-
neity throughout the reactions. Samples were taken at the
preset time intervals and quenched with methanol (v/v ¼ 1 : 1)
for determination of the remaining SMX and transformation
products. For TOC measurement, concentrated NaNO2 was
used as the quencher. For determination of the remaining Fe(II),
samples of 1.5 mL were taken and mixed with 1.5 mL 1,10-
phenanthroline. To identify the possible species in the reaction
system, quenchers including TBA and MeOH were employed.
The mole ratio of the quencher to PMS is 1000 : 1.
2.3 Analytical methods

The residual SMX was quantied by High Performance Liquid
Chromatography (HPLC) which consists of a Waters 515 HPLC
pump and a Waters 2487 UV detector. An isocratic ow running
at a ow rate 1 mL min�1 was used with the mobile phase of
ACN/10 mM monopotassium phosphate (50/50, pH adjustment
to 3.0 with H3PO4). The injection volume was 10 mL. The UV
detector wavelength was set at single wavelength at 258 nm. The
retention time of SMX in this mobile phase was around
4.70 min. The peak area of detected SMX was recorded. Linear
correlation was detected between varied SMX concentrations
and the corresponding peak areas. SMX removal was presented
in C/C0, representing the normalized concentration with refer-
ence to the initial SMX concentration.

The identication of the transformation products was per-
formed by the Ultra-High Performance Liquid Chromatography/
Electrospray Ionization-Mass Spectrometry (UPLC/ESI-MS)
system. The UPLC (Dionex UltiMate 3000) comprises a degasser,
a pump, an autosampler, a diode array detector (DAD), a column
compartment and a column (Thermo Hypersil GOLD, 1.9 mm, 50
� 2.1 mm). A gradient ow of the mobile phase containing ACN
(A) and 0.1% formic acid (B) at 0.15 mLmin�1 was employed. The
injection volume was 5 mL. The ratio of A was kept at 10% during
the rst 2 min, then increased to 60% linearly during 2–15 min
and held at 60% for 3 min. Finally, the ratio of mobile phase was
returned to the initial composition until the end of the run. For
mass analysis, alternative ion mode was employed. A Bruker
amaZon SL ion trap mass analyzer coupled with an ion trap mass
spectrometer detector (MSD) was performed.

TOC of the solution was measured with a TOC analyzer
(Shimadzu, TOC-L). The concentration of Fe(II) was determined
with a UV-vis spectrophotometer (MRC, Spectro UV-11) at
510 nm.
RSC Adv., 2020, 10, 35646–35657 | 35647
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2.4 Toxicity test

The rotifer (Brachionus calyciorus), an important aquatic
species widely used in the toxicity assessment of pollutants, was
employed for acute toxicity in this study. Toxicity testing was
conducted using a 24-well polystyrene plate with the test solu-
tion adjusted to pH 7.0 � 0.5. Ultrapure water was used as the
culture medium for the control group and starve group. Ten
healthy juveniles with age 0–2 h were selected into each well and
exposed to the test sample of 1 mL for 24 h at 20 � 0.5 �C in the
Fig. 1 SMX degradation in different reaction systems. (a) SMX decay curve
0.05 mM, [Fe(II)]0 ¼ 0.25 mM, [PMS]0 ¼ 0.25 mM, [pH]0 ¼ 6.09, two UVA

35648 | RSC Adv., 2020, 10, 35646–35657
dark. The green algae Chlorella pyrenoidesa of 50 mL was intro-
duced as the food of rotifers to all groups except for the starve
group. The survival of the rotifers was measured as the test
parameter. Three replicates were performed for each group.
3. Results and discussion
3.1 Degradation of SMX in different systems

Fig. 1a presents the decay curves of SMX in different reaction
systems. Only about 3% of SMX was degraded by UVA + PMS
s. (b) Concentration change of Fe(II). Experimental conditions: [SMX]0¼
lamps were employed.

This journal is © The Royal Society of Chemistry 2020
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system, indicating that PMS could be slightly activated by UVA
(eqn (1)).35

HSO5
� ����!hy

SO4
�� þ OH� (1)

In the system of UVA + Fe(II), around 15% of SMX was
removed within 25 min. As SMX degradation was negligible in
the presence of sole UVA or sole Fe(II) (data not shown), the SMX
degradation in this system was mainly due to the generation of
Fig. 2 SMX degradation in the Fe(II) + PMS systemwith varied light source
conditions: [SMX]0 ¼ 0.05 mM, [PMS]0 ¼ 0.25 mM, [Fe(II)]0 ¼ 0.25 mM, [

This journal is © The Royal Society of Chemistry 2020
OHc from [Fe(OH)]2+, a common species resulting from the
hydrolysis of Fe(III) (eqn (2)–(4)).36 From Fig. 1b, the concentra-
tion of Fe(II) kept unchanged throughout the whole reaction
because of the Fe(II)/Fe(III) cycle in the presence of UVA.

Fe2þ ����!hy
Fe3þ þ e� (2)

Fe3+ + H2O / [Fe(OH)]2+ + H+ (3)
. (a) SMX decay curves. (b) Concentration change of Fe(II). Experimental
pH]0 ¼ 6.09, two lamps were employed.

RSC Adv., 2020, 10, 35646–35657 | 35649
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½FeðOHÞ�2þ ����!hy
Fe2þ þ OH

�
(4)

Compared to UVA, Fe(II) is more effective in activating PMS,
with a SMX removal of 35% achieved within 25 min in the
system of PMS + Fe(II). Besides, the possible involvement of
Fe(IV)O2

+ in the reaction system PMS + Fe(II) may also contribute
to the relatively higher removal efficiency.37 The SMX
Fig. 3 Effect of Fe(II) concentration on SMX degradation in the Fe(II) + PM
Experimental conditions: [SMX]0 ¼ 0.05 mM, [PMS]0 ¼ 0.25 mM, [pH]0 ¼

35650 | RSC Adv., 2020, 10, 35646–35657
degradation is much more signicant in the rst 5 minutes
(with approximately 30% removal efficiency) than that in the
following 20 minutes (with only about 5% additional removal).
From Fig. 1b, the concentration of Fe(II) was decreased during
the process because of the activation of PMS (to form sulfate
radicals) and the transformation to Fe(III), simultaneously. Fe(II)
was used up during the rst 5 minutes, and cannot be regen-
erated from the benecial Fe(II)/Fe(III) cycle without the
S + UVA system. (a) SMX degradation. (b) Concentration change of Fe(II).
6.09, two UVA lamps were employed.

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra05704e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 2

/1
5/

20
26

 3
:5

6:
11

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
assistant of UVA. Because of the approaching of complete
consumption of both Fe(II) and PMS, the reaction was retarded
aerwards.

Fe2+ + HSO5
� / SO4c

� + Fe3+ + OH� (5)

The removal efficiency of SMX in the UVA + Fe(II) + PMS
system is substantially higher than those in the above systems.
It is shown in Fig. 1a that the degradation process possesses
a relatively stable curve during the 25 minute reaction time,
Fig. 4 Effect of PMS concentration on SMX degradation in the Fe(II) + PM
Experimental conditions: [SMX]0 ¼ 0.05 mM, [Fe(II)]0 ¼ 0.25 mM, [pH]0 ¼

This journal is © The Royal Society of Chemistry 2020
which corresponds to the pseudo rst-order kinetics. In this
system, SO4c

� can be formed through the activation of PMS by
either Fe(II) or UVA (eqn (1) and (2)). And OHc can be formed
through the activation of PMS or Fe(II) by UVA (eqn (1), (3)–(5)).
Though Fe(II) can be transformed to Fe(III) by both UVA and
PMS, the remaining of [Fe(II)] at the 5th min (0.025 mM) is
apparently high enough to maintain a healthy continuity of the
process compared to that of the depletion of Fe(II) in the dark
system. The regeneration of Fe(II) from Fe(III) due to the pres-
ence of UVA is apparently the key (Fig. 1b).
S + UVA system. (a) SMX degradation. (b) Concentration change of Fe(II).
6.09, two UVA lamps were employed.

RSC Adv., 2020, 10, 35646–35657 | 35651
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3.2 SMX degradation in Fe(II) + PMS system activated with
different light sources

The contribution of hydrolysis to the SMX degradation was
evaluated and proven to be insignicant in this study (data not
shown). However, SMX removal efficiency via direct photolysis
under UVC and UVB was found to be 97% and 55%, respectively
(Fig. 2a). Direct photolysis was not helpful for TOC removal21

and the shortwave UV is not available in the sunlight, thus UVC
and UVB was not recommended for SMX degradation.

The direct photolysis of SMX under UVA and VIS was insig-
nicant due to their low energy and the lower absorption of
SMX at higher range of the light wavelength. However, the
degradation performance under UVA + Fe(II) + PMS process is
much better than that under VIS + Fe(II) + PMS. For the treat-
ment process VIS + Fe(II) + PMS, SMX degradation was limited to
the initial 10 min and being retarded aerward, indicating the
limited ability of VIS to activate Fe(II) + PMS.

The limited ability was also illustrated from Fig. 2b, where
the [Fe(II)] evolution in the VIS + Fe(II) + PMS was similar to that
in the Dark + Fe(II) + PMS. While the [Fe(II)] evolution in the UV +
Fe(II) + PMS systems, despite the wavelength, shows similar
patterns. Therefore, the regeneration of Fe(II) can be realized
under the irradiation of UV. As UVA also has the potential for
using solar light as the free energy source, UVA + Fe(II) + PMS
was further investigated for the SMX degradation in this study.
Fig. 5 Effect of pH on SMX degradation in the Fe(II) + PMS + UVA
system. Experimental conditions: [SMX]0 ¼ 0.05 mM, [Fe(II)]0 ¼
0.25 mM, [PMS]0 ¼ 0.25 mM, two UVA lamps were employed.
3.3 SMX degradation performance in the Fe(II) + PMS + UVA
system

3.3.1 Effect of the reagents on SMX degradation. The
reaction rates of SMX degradation with varied concentrations of
reagents were calculated according to the pseudo rst-order
kinetics (Fig. 3a). As the concentration of Fe(II) ([Fe(II)])
increased from 0.0625 to 0.25 mM, the reaction rate increased
from 0.0675 to 0.0937 min�1, but then gradually decreased to
0.0341 min�1 as the [Fe(II)] continued to increase to 1.00 mM.
Therefore, the optimal dosage of the reagent Fe(II) in this study
is determined to be 0.25 mM. It's interesting to note that for the
reactions with [Fe(II)]0 at or lower than 0.25 mM, Fe(II) was
exhausted quickly (Fig. 3b). This means Fe(II) as the limiting
factor, the insufficient of Fe(II) would lead to decient radicals
generated. Under these circumstance, the untouched PMS in
the solution may actively play the role as scavenger, which
terminates the precious sulfate radicals into SO4

2� (eqn (6)).38

Aer the rapid drop of [Fe(II)] in the rst 5 min, a steady stage of
[Fe(II)] was followed in the next 5 min, which may be attributed
to the balance of consumption and regeneration of Fe(II).
Aerwards, [Fe(II)] increased likely due to the excess of Fe(II)
regeneration than its consumption.

As [Fe(II)]0 was overdosed at or above 0.50 mM, it is inter-
esting to note that, around 0.40 mM of Fe(II) ([Fe(II)]D) was
consumed with a xed [PMS]0 at 0.25 mM in 5 min of the
reaction regardless of the [Fe(II)]0 (i.e., [Fe(II)]D : [PMS]0 ¼
1.6 : 1). In this case, a large amount of free Fe(II) was le in the
solution and resulted in additional scavenging effect (eqn (7)
and (8)).29,39 The sulfate radicals and hydroxyl radicals may be
35652 | RSC Adv., 2020, 10, 35646–35657
transformed by the overdosed Fe(II) to SO4
2� and OH�,

respectively.27

HSO5
� + SO4c

�/ SO5c
�+ SO4

2� + H+ (6)

Fe2+ + SO4c
� / Fe3+ + SO4

2� (7)

Fe2+ + OHc / Fe3+ + OH� (8)

Similarly, the SMX removal was enhanced within the [PMS]0
from 0.0625 to 0.25 mM and then reduced with the continue
increase of [PMS]0 (Fig. 4a). As can be seen from Fig. 4b, for the
reactions with [PMS]0 lower than 0.25 mM, the reaction ratio of
[Fe(II)]D : [PMS]0 at the rst 5 min was also 1.6 : 1. However,
higher [PMS]0 at 0.25 mM or above was unable to react with
[Fe(II)] effectively, with around 0.20 mM Fe(II) consumed. Low
dosage of PMS means insufficient radicals, as well as surplus
Fe(II) leading to scavenging effect (eqn (6) and (7)). While over-
dosed PMS increases the chance to quench the radicals (eqn
(5)). Therefore, the properly adjusted [Fe(II)]0 and [PMS]0 played
a critical role in SMX degradation. Relatively lower or higher
Fe(II)/PMS would retard the reaction, and the optimal ratio of
[Fe(II)]0 : [PMS]0 for SMX degradation in this study was deter-
mined at 1 : 1.

3.3.2 Effect of pH. The pH level shows signicant effect on
SMX degradation performance. As shown in Fig. 5, the
optimum pH for SMX degradation was determined to be around
6.0, where the fastest decay rate and highest overall removal
were observed.

The removal efficiency of SMX was enhanced signicantly
with the increase of the initial pH from 2.07 to 6.09. Previous
studies stated that the free Fe(II) was reduced in extremely acidic
condition or at high pH levels due to the formation of
[Fe$H2O]

2+ or Fe(OH)2, respectively.40 Besides, large amount of
H+ could plays the role of SO4c

� scavenger,41 extremely low pH
was not favorable for SMX removal in this process. With further
increase of pH to 9.27, SMX decay was signicantly retarded,
with nal removals around 40%. In alkaline conditions, the self-
This journal is © The Royal Society of Chemistry 2020
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dissociation may occur to PMS, and the active oxygen of PMS
starts to decompose.42,43 This would lead to less sulfate radicals
available for SMX degradation, and thus inhibited SMX degra-
dation at high pH levels. Therefore, the pH level of around 6.0 is
recommended for SMX degradation, which is also a great
advantage of the proposed process for real application.

3.3.3 Prediction of degradation rate with varied initial
concentration of SMX. To investigate the application of pseudo
Fig. 6 Prediction of kinetics with varied SMX concentration in the Fe(II) + P
¼ 0.25 mM, [pH]0 ¼ 6.09, two UVA lamps were employed.

This journal is © The Royal Society of Chemistry 2020
rst-order kinetic equation and the degradation capability of
SMX, wide range of initial SMX concentration ([SMX]0) was
selected. As is shown in Fig. 6, SMX degradation with all the
investigated concentrations followed pseudo rst-order reac-
tions. The removal efficiency or decay rate of SMX was reduced
with the increase of [SMX]0 as the [Fe(II)]0 and [PMS]0 were xed
at 0.25 mM. It is reasonable that higher dosages of radicals were
required to remove more SMX molecules. When the dosages of
MS+UVA system. Experimental conditions: [Fe(II)]0¼ 0.25mM, [PMS]0

RSC Adv., 2020, 10, 35646–35657 | 35653
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Fig. 7 Effect of inorganic ions on SMX degradation by Fe(II) + PMS +
UVA process. Experimental conditions: [Fe(II)]0 ¼ 0.25 mM, [PMS]0 ¼
0.25 mM, [Ion]0 ¼ 0.10 mM, [pH]0 ¼ 6.09, two UVA lamps were
employed.
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the reagents and the UVA intensity were xed, the radicals
generated would be decient at higher [SMX]0. From Fig. 6, the
degradation rate at varied [SMX]0 was determined. A linear
correlation between the reaction rate constant k and [SMX]0

�1

was established, hence the k values can be predicated with
varied [SMX]0.

k ¼ 0.0089/[SMX]0 (R
2 ¼ 0.9708) (9)

3.3.4 Effect of anions. The effect of the inorganic anions
including Cl�, F� and SO4

2� on the performance of the process
was studied. From Fig. 7, it was observed that F� and SO4

2� had
no signicant inuence on SMX degradation. Though Cl� has
similar chemical property with F�, it showed different effect on
SMX degradation. SMX degradation was accelerated with the
presence of Cl�. The positive effect was possibly due to the
generation of chlorine and hypochlorous acid (eqn (10) and
(11))44 which had good potential of removing SMX45 and the
intermediates. Besides, a pervious study showed that Cl� could
activate PMS to remove the azo dye Acid Orange 7.

2Cl� / Cl2 + 2e� (10)

Cl2 + H2O / HOCl + Cl� + H+ (11)

3.4 Reaction mechanism of SMX degradation

3.4.1 Proposed intermediates and pathways. During SMX
degradation under the treatment process UVA + Fe(II) + PMS, six
intermediates including C269, C283, C162, C98, C294, and C345

were detected by UPLC/ESI-MS (Fig. 8a). The structures of the
intermediates were determined based on the MS/MS2 spectrum
(Fig. S2†). The detailed information including detention time
and detection mode of the intermediates was displayed in Table
35654 | RSC Adv., 2020, 10, 35646–35657
S1.† Compared to previous studies, C269 and C98were frequently
detected in other treatment processes. While four of the
proposed intermediates including C283, C162, C294, and C345

were newly reported.
The product C269 (m/z¼ 269.82 for [M +H]+), increasing by 16

mass units from the parent compound SMX, suggests the
addition of one hydroxyl group to SMX. The location of the
hydroxyl group cannot be conrmed due to the insufficient
information provided in the MS/MS2 spectrum. The presence of
C269 was also detected during SMX degradation by ultrasound +
ozone oxidation,22 thermo + persulfate oxidation,32 ferrate
oxidation,46 ferrate + US process,47 and Fe(II) + montmorillonite
catalyzed ozonation.48

C283, at m/z 283.83 in positive ion mode, was supposed to
result from the carboxylation of the methyl group on the iso-
xazole ring. The variation of 30 mass units from the parent
compound SMX, was proposed to come from the introduction
of two oxygen molecular, as well as the loss of two hydrogen
molecular. The amino group on the benzene ring of C283 was
conrmed by the mass difference of 91 units between the
product ion at m/z 283.82 and that at m/z 192.70.

The intermediate C162 detected in negative ion mode was
proposed to result from the loss of the benzene ring (together
with the amino group) from the parent compound.

The intermediate C98 was proposed to result from the bond
cleavage of S–N between sulfonyl and benzene ring. It was also
detected in SMX degradation by treatment processes including
Fe(II) + persulfate49 and UV + H2O2.18

The species C294, with m/z 293.08 in negative ion mode,
differing by 40 mass units from the SMX molecular, was
attributed to the addition of two hydroxyl groups, as well as the
oxidation of the benzene ring. The product ion at m/z 201.68,
corresponding to loss of 92 units from the product ion at m/z
293.08, was obtained from the loss of the isoxazole and one
amino group. The product ions at m/z 235.87 in the MS2
spectra, with variation of around 57mass units fromm/z 293.08,
was proposed to be –CH2COOH group formed from the oxida-
tion of the benzene ring.

The MS data which shows the fragment ion at m/z 344.08 in
negative ion mode suggests the introduction of groups with
mass 92 based on the parent compound (m/z 253.83). The
fragment at m/z 313.04, with difference value of 64 units m/z
from the fragment ion at m/z 247.79 shown from MS2 data,
indicates four hydroxyl groups. And the remaining mass
difference of 28 indicates the addition of –CO group. Therefore,
the intermediate C345 comes from the introduction of four
hydroxyl groups, as well as the transformation of –NH2 to
–NH2CO on the benzene ring. The latter one may be obtained
from the combination of the –NH2 group with the –HCOOH
group from the formic acid, a common product formed during
AOPs.

According to the proposed intermediates, carboxylation,
hydroxylation, isoxazole ring opening, loss of benzene ring, N–S
cleavage and dehydration condensation were illustrated as SMX
degradation pathways under the process UVA + Fe(II) + PMS
(Fig. 8a).
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 Reaction mechanism of SMX degradation in the Fe(II) + PMS + UVA system. (a) Proposed degradation pathways. (b) TOC reduction and
proposed concentration of the degradation products. (c) SMX degradation with quenchers. Experimental conditions: [SMX]0 ¼ 0.05 mM, [Fe(II)]0
¼ 0.25 mM, [PMS]0 ¼ 0.25 mM, [pH]0 ¼ 6.09, two UVA lamps were employed.

This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 35646–35657 | 35655
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Fig. 9 The effect of SMX solution to rotifers before and after treat-
ment. Treatment conditions: [SMX]0 ¼ 0.05 mM, [Fe(II)]0 ¼ 0.25 mM,
[PMS]0 ¼ 0.25 mM, [pH]0 ¼ 6.09, two UVA lamps were employed.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Se

pt
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 2

/1
5/

20
26

 3
:5

6:
11

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
3.4.2 Mineralization and proposed concentration of the
generated intermediates. During SMX degradation, only about
17% TOC reduction was reached as SMX was removed
completely (Fig. 8b). From the proposed degradation pathway,
the TOC reduction was mainly due to isoxazole ring opening,
loss of benzene ring, and N–S cleavage.

The peak areas of the detected intermediates from the
chromatography were recorded in Fig. S3.† As the standards of
these generated intermediates were not available from the
market, it is impractical to provide the exact concentrations of
each intermediates. According to the structures of the detected
intermediates and the low TOC reduction, it was assumed that
no isoxazole-ring was opened at the initial stage and hence the
isoxazole-ring balance was followed during the reaction.
Besides, the concentrations of the intermediates are assumed to
be linear to the corresponding areas from the chromatographic
peaks based on the Beer–Lambert law. Then the concentration
of the detected intermediates may be proposed with the
following equation.

ASMXðt¼0Þ ¼ ASMXðtxÞ þ
Aint1ðtxÞ

§int1
�
§SMX

þ Aint2ðtxÞ
§int1

�
§SMX

.þ AintnðtxÞ
§intn

�
§SMX

(12)

where ASMX and Aint represents the peak area of the parent
compound (i.e., SMX) and the intermediate, respectively. The
§SMX and §int is the molar absorptivity of SMX and the inter-
mediate, respectively.

Six formulas were built up as the experiment data (ASMX and
Aint at 5, 10, 15, 20, 25, and 30 min) were put into the above eqn
(12). The unknown values of §SMX/§int for C283, C269, C162, C98,
C294 and C345 are solved to be 0.67, 1.05, 1.52, 3.23, 1.32 and
3.47, respectively. Therefore, the concentration of the interme-
diate can be determined and the result was shown in Fig. 8b.

3.4.3 Identication of the reactive species. TBA scavenged
OHc radicals and MeOH scavenged both of OHc and SO4c

�

radicals.50 From Fig. 8c, around 33% decrease of SMX removal
efficiency was observed as the radicals OHc were quenched, and
35656 | RSC Adv., 2020, 10, 35646–35657
additional 25% decrease was detected by further quench of
SO4c

�. The result suggests the involvement of both OHc and
SO4c

� radicals during SMX degradation, and OHc radicals
contributed more to SMX degradation.
3.5 Toxicity of the treated solution to rotifers

The survival of the rotifers was threatened by SMX solution, only
around 30% rotifers survived as exposed to 0.05 mM SMX. Aer
treatment for 40 min, the parent compound was removed
completely (at least the concentration was lower than the
detection limitation of LC). Though only around 17% TOC
reduction was reached, only two intermediates (C98 and C294 at
around 0.002 mM) were detected at the 40th min of the treat-
ment. Though higher toxicity of C98was predicted by ECOSAR in
previous studies by Yang et al., and Milh et al.,20,51 no adverse
effect of C98 at 5.6 mMwas detected by testing growth inhibition
of Vibrio scheri by Majewsky et al.52 In this study, the solution
aer treatment for 40 min showed no signicant difference
compared to that in control group (Fig. 9). Though the toxicity
of C294was unknown, the result indicates the mixture of C98 and
C294 at around 0.002 mM was safe to the survival of rotifers.
Taking into consideration of the residual 87% TOC, it can be
predicted that the undetected low-molecular organic
substances have no signicant adverse effect on the survival of
rotifers. Therefore, it is believed that the treatment process was
efficient to transform the toxic SMX to harmfulless substances.
4. Conclusion

In this study, SMX was removed efficiently under the treatment
process UVA + Fe(II) + PMS. The performance of the treatment
process was affected by operating parameters such as the
concentration of [Fe(II)], [PMS], and the pH level of solution. The
optimum SMX degradation efficiency was observed in the pH
level of around 6.0, with [Fe(II)] : [PMS] ¼ 1 : 1. A model was
established to predict the removal efficiency or reaction rate in
terms of the initial concentration of SMX. Six transformation
products and the corresponding concentrations were proposed.
Around 17% TOC reduction was reached as SMX was removed
completely. Carboxylation, hydroxylation, isoxazole ring
opening, loss of benzene ring, N–S cleavage and dehydration
condensation were involved as the degradation pathways. The
radicals OHc and SO4c

� were involved and OHc contributed
more to SMX degradation. The treated SMX showed no acute
toxicity to the tested rotifers. This study provided an efficient
method to remove SMX.
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