Water Air Soil Pollut (2021) 232: 410
https://doi.org/10.1007/s11270-021-05351-5

q

Check for
updates

Photodegradation of Sulfamethoxypyridazine in UV/Co(II)/
Peroxymonosulfate System: Kinetics, Influencing Factors,
Degradation Pathways, and Toxicity Assessment

Xiaolan Zeng - Xiaozi Sun - Yu Meng -
Ningning Yu - Jing Liu

Received: 23 February 2021 / Accepted: 12 September 2021 / Published online: 1 October 2021
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2021

Abstract Sulfonamides (SAs) including sulfameth-
oxypyridazine (SMP) are regarded as a new type of
persistent pollutant at present due to their abuse. In
this work, the direct photodegradation behavior of
11 SAs under simulated sunlight was first investi-
gated, and the results indicated that the direct pho-
tolysis of SMP is the slowest among these SAs. Then
the oxidation degradation of SMP in UV/Co(Il)/
peroxymonosulfate (PMS) system was systemati-
cally explored. Up to 95.2% removal of 0.071 mM
SMP was observed after 20 min of reaction under
the optimal condition with a molar ratio of 1:150:5
between SMP, PMS, and Co(Il). The effects of some
coexisting anions on degradation of SMP were inves-
tigated. It was found that Cl~ and high concentra-
tions of CO,>~ and HCO;~ have a significant inhibi-
tory effect, while HPO,>~ has only a slight positive
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effect. Radical scavenger experiments indicated that
hydroxyl radicals (HO®) are prevailing active spe-
cies responsible for SMP removal in UV/Co(II)/PMS
system. The degradation of SMP in UV/Co(Il)/PMS
system was accomplished mainly by hydroxylation of
the aromatic ring, extrusion of SO,, oxidation of NH,
group, and N—S bond cleavage. Eight intermediates
for SMP degradation were identified, and their tox-
icities to aquatic organisms were predicted by using
the ECOSAR program based on the structure — activ-
ity relationships (SARs), which suggested that the
chronic toxicities of SMP and its degradation inter-
mediates are more significant than their acute toxici-
ties. The present research indicates that UV/Co(II)/
PMS system is applicable for SMP degradation in
aqueous solutions and may be helpful to understand
the transformation behavior of SAs.

Keywords Sulfamethoxypyridazine - Degradation
kinetics - UV/Co(Il)/peroxymonosulfate - Influencing
factors - Degradation pathways - Toxicities

1 Introduction

Sulfonamide (SA) antibiotics have been used exten-
sively in human medicine, livestock production, and
aquaculture for disease treatment and prevention
(Kong et al., 2015; Mili¢ et al., 2013; Song et al.,
2017). However, most sulfonamides (SAs) cannot
be completely absorbed by humans and animals,
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thus, large amounts of residual antibiotics have been
introduced into the aquatic environment (Lapworth
et al., 2012). In particular, more than 10 types of
SAs have been detected with high concentrations in
various environment mediums including water, sedi-
ment, and soil (Dong et al., 2016; Song et al., 2018;
Verlicchi et al., 2012). Moreover, the adverse effects
of SAs such as toxicity to organisms, drug resist-
ance increase, and the production of resistant genes
have been reported to pose a threat to the ecological
environment and human health (Batista et al., 2016;
Yin et al., 2018). In addition, SAs can persist in the
environment for a long time because of its poor bio-
degradability and low removal efficiency by the
conventional treatments (Batista et al., 2016; Yin
et al., 2018). Therefore, it is necessary to develop
effective methods for the removal of SAs in aquatic
environments.

Up to now, various methods including biological,
physical, and chemical treatments have been devel-
oped for the elimination of those SAs in water. In gen-
eral, the removal efficiency of biological and physical
technologies are low and they can only be applied
to the pretreatment of drinking water and wastewa-
ter. Whereas, the most commonly studied chemical
methods for water treatment are the advanced oxida-
tion processes (AOPs) (Al-Maqdi et al., 2018; Wang
et al., 2019). Hydroxyl radical (HO®) and sulfate radi-
cal (SO, *)-based AOPs have been developed into an
efficient technology for the removal of organic pol-
lutants in aqueous environments. HO® and SO,™* are
typically generated by the activation of oxidants such
as peroxymonosulfate (PMS) and persulfate (PS), and
the activation methods include ultrasonic (Hori et al.,
2012), heat (Pan et al., 2018; Sakulthaew et al., 2020),
transition metals (TM) (Feng et al., 2017; Pan et al.,
2017; Yao et al., 2019; Zeng et al., 2017), and UV (Qi
et al., 2019). Previous studies have shown that some
combination systems of UV and TM such as UV/TM/
PMS and UV/TM/PS systems can improve the degra-
dation rate of target pollutants by co-activating PS or
PMS (Nie et al., 2018).

So far, many studies have shown that HO®, SO,°,
or other reactive species-based AOPs have been
successfully applied to remove some SAs in vari-
ous aqueous environments. However, most previous
studies focused on the removal of several SAs such
as sulfadiazine (SDZ) (Liu et al., 2018; Zhang et al.,
2020), sulfamethazine (SMZ) (Payan et al., 2019; Wu
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et al., 2019), sulfadimethoxine (SDM) (Yang et al.,
2018) and sulfamethoxazole (SMX) (Du et al., 2020;
Qiu et al., 2019; Wang & Wang, 2018). As far as we
know, few studies on the degradation of sulfameth-
oxypyridazine (SMP) using HO® and SO, °*-based
AOPs have been reported (Gao et al., 2019). There-
fore, it is necessary to develop and apply an AOP for
the effective removal of SMP in water.

Based on the above considerations, this study con-
ducted an exploration on direct photolysis behavior of
some SAs and photo-oxidative degradation of SMP
in UV/Co(II)/PMS system. Furthermore, the toxici-
ties of the main intermediates for SMP degradation
in UV/Co(II)/PMS system to some aquatic organisms
were predicted by using the ECOSAR program.

2 Materials and Methods
2.1 Chemical Reagents

Sulfamethoxazole (SMX, C,;,H;N;05S, 98%),
sulfadiazine (SDZ, C,,H;(N,O,S 99%), sulfathia-
zole (STZ, CyHyN;0,S,, 98.0%), sulfapyridine
(SPD, C,;H;N;0,S, 99%), sulfamethizole (STZ2,

CoH,(N,O,S,,>98.0%), sulfamerazine (SM1,
C,,H;,N,0,S,>98.0%), sulfamethazine (SM2,
C,,H,4N,0,S,>98.0%), sulfamonomethoxine

(SMM, C,H;N,0;S, 95.0%), sulfisoxazole (SIZ,
C,1H3N;305S, 99%), sulfamethoxypyridazine (SMP,
C,1H,N,O;S, 98%) and sulfadimethoxine (SDM,
C,H,N,O,S, 98%) were provided by J&K Chemi-
cal Reagent Co., Ltd (Beijing, China). fert-Butanol
(TBA) and methanol (MeOH) were also supplied
by J&K Chemical Ltd. Other chemicals used in this
study such as peroxymonosulfate (PMS), HCl and
NaOH were analytical reagent grade. All chemicals
were used without further purification. Ultrapure
water (>18.2 MQ cm) was prepared using a Milli-Q
Plus system (Millipore, Bedford USA) throughout all
experiments.

2.2 Photodegradation Experiments

All photodegradation experiments were carried out in
an XPA-7 multi-tube agitated photochemical reactor
(Xujiang Technology Co., Ltd. Nanjing, China), as
displayed in Fig. S1 and in our previous work (Zeng
et al., 2016). A 500 W Xe lamp or a 300 W medium
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pressure Hg lamp was employed as simulated sunlight
source in direct photolysis experiments or as simu-
lated UV light source in UV/Co(II)/PMS process,
respectively. The emission spectra of used Xe and Hg
lamps are also provided in Fig. S1. The light source
was vertically placed inside a cylindrical quartz jacket
with circulating water to cool the lamp, while the cir-
culating water outside the jacket was used to keep the
reaction temperature constant. To achieve uniform
light exposure, the test reactive tubes were rotated by
a merry-go-round apparatus within the photochemi-
cal reactor and the distance between the light source
and the test tubes was 5 cm. The light intensity at the
sample position was about 48.0 and 4.15 mW cm™>
for Xe and Hg lamp, respectively.

The stock solution (200 mg L~') prepared using
ultrapure water was diluted to obtain the test solu-
tions and the volume of used quartz reaction tube was
50 mL. To simulate the conditions in natural water,
the initial solution pH was adjusted to 7.0+0.1 by
NaOH and HCI solution except in the experiments
involving the effects of pH on SMP degradation
(unless particularly stated). At given time intervals, a
0.8 mL sample solution was extracted from the reac-
tion solution and immediately quenched with 0.2 mL
methanol for subsequent quantitative analysis. All
photodegradation experiments were performed in
triplicates and the results are presented as the mean
value + standard deviation. It should be noted that the
experiments involving the pH effects on SMP degra-
dation were explored without buffer control.

2.3 Analytical Methods

The concentration of SMP and other SAs was ana-
lyzed employing an HPLC (Agilent Technologies,
Series 1200) system equipped with a Aglient ZOR-
BAX SB-C18 column (5 pm, 4.6Xx 150 mm) and a
UV detector. The used absorbance wavelengths for
SMP and other SAs (A) were summarized in Table 1.
A mixture of 50/50% (V/V) methanol and acetonitrile
was used as the mobile phase, and the flow rate was
0.5 mL min~".

Based on the method proposed by Liang et al.
(Liang et al., 2008), the remaining concentration of
PMS at different reaction times was determined. Spe-
cifically, different volumes of PMS standard solu-
tions and 250 pL samples were respectively added

Table 1 The pseudo-first order rate constants for direct pho-
tolysis of SMP and other SAs and their some calculated molec-
ular structure parameters

SAsname A (nm) Rate R? AE (au.) Lgy (A)
constants
(min~")

SPD 262 0.0005 0.9884 0.2639 1.653

SDZ 260 0.0006 0.9954 0.2539 1.657
SM1 264 0.0007 0.9996 0.2573 1.658
SM2 265 0.0006 0.9817 0.2606 1.656
SMM 265 0.0009 0.9818 0.2637 1.656
SDM 269 0.0017 0.9814 0.267 1.658
STZ 286 0.0014 0.9986 0.2646 1.662
STZ2 255 0.0015 0.9970 0.2634 1.667
S1Z 270 0.0034 0.9463 0.2682 1.676
SMX 259 0.0030 0.9618 0.2702 1.663
SMP 254 0.0003 0.9974 0.2459 1.668

into a solution containing 0.25 g NaHCO; and 5 g
KI, and the solution was diluted to 50 mL. After
standing for 15 min, the absorbance of the above
solutions was determined at 352 nm on a UV-vis
spectrophotometer.

2.4 Degradation Intermediates Identification

The degradation intermediates of SMP in UV/Co(II)/
PMS system were analyzed by using LC/MS/MS
technique and the employed instrument is a Waters
Acquity UPLC system in tandem with a Waters Xevo
G2-XS QToF Mass Spectrometer. An Acquity UPLC
BEH C18 column (1.7 pm, 2.1 X50 mm) was used to
accomplish the separation. More detailed experimen-
tal parameters were described in our recent research
report (Zeng et al., 2021).

2.5 Toxicity Evaluation of Degradation
Intermediates in UV/Co(II)/PMS System

To evaluate the toxicity level of the intermediates
for SMP degradation in UV/Co(I[)/PMS system,
the acute and chronic toxicities of these intermedi-
ates to fish, daphnids and green algae were predicted
employing the ECOSAR program based on the glob-
ally harmonized system of classification and labeling
of chemicals (GHSCLC).

@ Springer
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2.6 Theoretical Calculation Methods

To probe the essential causes of different rate con-
stants for direct photolysis of SMP and other 10
SAs, a quantitative structure—activity relationship
analysis was carried out based on the experimen-
tally determined rate constants and the molecular
structural parameters obtained by theoretical calcu-
lation. Specific calculation details are included in
the supplementary data (Text S1). The structure and
atomic numbering of SMP and other SAs are shown
in Fig. S2. Table S1 lists the calculated values of all
molecular structural descriptors.

3 Results and Discussion

3.1 Direct Photodegradation Kinetics of SMP and
Other 10 SAs

Direct photolysis experiments of SMP and other
10 SAs (see Table 1) in aqueous solution were per-
formed. The obtained results revealed that photoly-
sis rates of the investigated sulfonamides are subject
to the pseudo-first-order reaction kinetics model.
According to the linear plot depicted in Eq. (1), the

photolysis rate constants (k) can be derived.

In (C/Cy) = —kgpst (1)

where C and C, indicate the concentrations of
sulfonamide reactants at any time and at the ini-
tial reaction time, respectively. The linear regres-
sion coefficients (R?) were found to be in the range
of 0.9463~0.9996, suggesting a good linearity. The
derived rate constants of direct photolysis for 11
SAs and the corresponding correlation coefficient
(R?) are listed in Table 1. We can see from Table 1
that the first-order rate constants for direct photoly-
sis of 11 SAs are all low and the values range from
0.0003 min~! (for SMP) to 0.0034 min~! (for SIZ).
Moreover, based on the developed two-parameter
optimal quantitative structure—activity relationship
model (logk.,,= —49.1624+38.437TAE+21.738lg ),
we found that the main factors affecting the direct
photolysis rate of SAs are the energy differences
between two frontier molecular orbitals (AE) and N-S
bond length in SA molecules (/). The differences
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between observed (logk,,) and the predicted values
(logky,,.) of the model are listed in Table S2. The plot
of predicted (logkpre) versus observed (logk,,) values
is shown in Fig. S3. Table S2 and Fig. S3 confirmed
the linear character and good predictive ability of the
obtained logk,,, model. The detailed discussion was
displayed in the supplementary data (Text S2).
Compared with other selected SAs, SMP is the
most difficult to be degradated under simulated
sunlight. Thus, developing a more efficient way to
remove SMP in aqueous solution is essential. How-
ever, it is critical to explore the optimal operational
parameters for successful removal of polluants at a
low cost. Thus, the optimal conditions for oxidation
removal of SMP in UV/Co(II)/PMS system are dis-

cussed in detail below.

3.2 Photodegradation of SMP in UV/Co(I1)/PMS
System

3.2.1 Effects of PMS and Co(Il) Concentrations

Batch experiments were conducted to establish the
optimum concentration of PMS and Co(Il) for effi-
cient degradation of SMP in UV/Co(II)/PMS sys-
tem. Firstly, five different molar concentrations of
PMS were used to perform degradation experimen-
tals. In all experiments, the initial pH was adjusted
to 7.0+0.1 using 0.1 M HCI and/or 0.1 M NaOH,
and SMP concentration is fixed at 20 mg L~
(0.071 mM). Figure la and c depicts the effect of
different PMS concentrations on SMP degradation.
Experimental results showed that when using UV
alone, the removal rate of SMP is only 25.4% within
60 min irradiation time. When PMS with different
concentrations was added into the reaction sys-
tem, the removal efficiency of SMP was improved
in different degrees. Increasing PMS concentration
from 1.775 to 10.65 mM showed an increase of the
removal rate of SMP from 53.6 to 93.8% (Fig. 1a).
However, when PMS concentration was further
increased to 14.20 mM, the SMP removal rate was
not significantly improved. Moreover, the degra-
dation of SMP follows the pseudo-first-order rate
equation, and the corresponding rate constants (k)
are displayed in Fig. 1c. When PMS concentration
was varied from 1.775 to 14.20 mM, the k., values
changed in the range of 0.014 ~0.052 min~!, and the
maximum value was observed at PMS concentration
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Fig. 1 Effects of PMS and
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of 10.65 mM. This was probably because increasing HSO; +hv — SO;" + HO® )
PMS dosage could produce more SO,~* and HO®
(Eq. (2)) and thus facilitate the degradation of SMP. B ~ ~ - .
However, extra dose of PMS could result in further SO4 + H805 - Sos + S04 +H €)]
secondary reactions (Eqs. (3)—(5)) (Khan et al.,
2013, 2016) and produce less-active SO5™° radi- HSOS_ +HO® —» SO;‘ +OH" )
cals, while SO5™° radicals can also react with each
other, resulting in a decrease of the degradation
g £ SO;" +S0;" = $,02 )

efficiency of SMP. Thus the optimum molar ratio
of SMP to PMS was 1:150 (which corresponds to
[SMP],=0.071 mM and [PMS]=10.65 mM) in the
present study and was used in the follow-up experi-
mental exploration.

To further improve the efficiency for SMP degra-
dation, transition metal Co(Il) coupled with UV light
was selected to co-activate PMS. Batch experiments

@ Springer
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were also performed to assess the influence of Co(II)
dose on photolysis of SMP. Figure 1b and d depicts the
efficiency for SMP degradation using UV/Co(II)/PMS
system at different concentrations of Co(Il), where the
initial concentrations of SMP and PMS were fixed at
0.071 mM and 10.65 mM, respectively. As indicated in
Fig. 1b, when the concentration of Co(II) was increased
from O to 0.355 mM, the removal rate of SMP increases
sharply from 58.4 to 95.2% after 20 min of reaction, and
the corresponding rate constants increased from 0.0298
to 0.2562 min~" (Fig. 1d). However, as the concentra-
tion of Co(Il) was further increased, the degradation
efficiency of SMP hardly increased. Thus the optimum
molar ratio of SMP, PMS and Co(II) was 1:150:5 (cor-
responding to [SMP],=0.071 mM, [PMS]=10.65 mM
and [Co(II)]=0.355 mM) in the current work. In addi-
tion, the advantageous synergistic effect of Co(Il) and
UV light was observed in SMP removal in an aqueous
solution. The result is similar to that of the previous
studies on the degradation of 2,3,7,8-tetrachlorinated
dibenzo-p-dioxins (TeCDD) in UV/Fe(Il)/PMS (Zeng
et al., 2017) and UV/Fe(Il)/H,O, (Wang et al., 2019)
systems. The synergistic effect could be due to the
ability of both Co(II) and UV light to activate PMS in
generating reactive radicals (Eqgs. (2) and (6)—(8)) (Xu
et al., 2020). To better understand the activation poten-
tial of Co(Il) for PMS oxidation of SMP, the remain-
ing concentrations of PMS in the reaction solutions
were determined and shown in Fig. le. As compared
with the system using only UV to activate PMS, PMS
was decomposed at a significantly accelerated rate in
the UV/Co(Il)/PMS system. For example, only 4.7%
PMS was decomposed after 10 min of degradation in
the UV/PMS system, while 95.2% PMS was consumed
after 10 min of reaction in the UV/Co(Il)/PMS system,
which was consistent with much higher removal rates
of SMP in the UV/Co(II)/PMS system. Therefore, we
can infer that Co(Il) can activate PMS more remarkably
than UV to produce more radicals and consequently
accelerate the removal of SMP. The above results sug-
gested that SMP can be degraded efficiently in aqueous
solution using UV/Co(Il)/PMS system. The optimal
concentration ratio of SMP, PMS and Co(II) was used
in further experimental investigation.

C3r +HSO; — CJF +S0;" + HO™ (6)
CH + HSO; — C3 +S0;" + HY 7

@ Springer

SO;" +HO orH,0 — HO’ (8)

3.2.2 Effect of Initial pH

The pH of the reaction solution may have a signifi-
cant influence on the behavior of free radical species
and it can impact the performance of UV/Co(II)/PMS
system. Thus, the effect of the initial pH of solution
on SMP degradation in UV/Co(II)/PMS system was
investigated. Figure 2 shows SMP degradation effi-
ciency at different pH, and the highest degradation
rate of SMP appeared at pH of 9 and it reached almost
100% in 30 min. The SMP degradation efficiency
showed an irregular variation trend when the initial
pH changes from 3 to 11, and it varied slightly in the
pH range of 5 to 7. However, the degradation rate of
SMP was only 42.3% at pH=11. These results indi-
cated that SMP was degraded more efficiently under
weakly acidic or alkaline conditions, which can be
explained based on the existing form of SMP in aque-
ous solution and the amount of radical species that
directly cause the degradation of SMP. Since both
acidic amide group (—NH—) and basic amine group
(—NH,) occur simultaneously in SMP molecule with
pK,;=2.2 and pK,,=7.2, it can exist in cationic, neu-
tral, and anionic forms in aqueous solution. Obvi-
ously, as the pH of the aqueous solution gradually
increases, the relative content of the anionic form in

= —t
g
2
S —=—pH=3
= —o— pH=5
—a— pH=7
—v— pH=9
pH=11
0.0+ T

0 5 10 15 20 25 30
Time (min)

Fig.2 The degradation efficiency of SMP in UV/Co(Il)/
PMS system at different initial pH, the ratio of SMP, PMS
and Co(II) was fixed at an initial molar ratio of 1:150:5
([SMP],=0.071 mM)
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the three existing forms of SMP gradually increases,
and it dominates in alkaline solution. As illustrated
in our recent research (Zeng et al., 2020), the anionic
form of SMP should be more reactive toward HO®
than its other forms. So it can reasonably be inferred
that SMP is more easily degraded in alkaline solu-
tions. Moreover, the molar absorption coefficient
of PMS in aqueous solution substantially increases
with increasing pH, which lead to an increase in
the amount of radical species. However, the sharp
decrease of reactivity of Co(Il) by the appearance of
precipitation at strongly alkaline conditions may lead
to an obvious reduction in the amount of radical spe-
cies. Therefore, the combined effect of these factors
results in the highest degradation efficiency of SMP
at pH=9.

3.2.3 Effects of Coexisting Inorganic Ions on SMP
Degradation

Coexisting inorganic ions in water bodies affect the
oxidation degradation process of the target pollut-
ants because they have significant impacts on the spe-
ciation concentration of reactive oxidants (Lei et al.,
2020; Xu et al., 2020). Thus, water bodies compo-
nents such as CI~, CO32‘, HCO;™ and HPO42‘ were
selected to study their effects on SMP removal by the
UV/Co(Il)/PMS oxidation. The concentrations of 2
and 10 mM for C1~, CO5*~, HCO;™ and HPO,*~ were
used to carry out the experiments. The experimental
results are depicted in Fig. 3. As shown in Fig. 3a,
CI™ has adverse effect on SMP degradation, and the
inhibition of SMP degradation became more obvious
as the Cl™ level increases. The possible reason is that
highly reactive sulfate radicals were transformed into
less reactive chlorine species such as C1°, HOCI, Cl,,
and Cl,*~ by CI™ according to the following reactions
(Egs. (9)—(12)). Similar trend has also been reported
by Sharma et al. for oxidation degradation of Bisphe-
nol A using UV-C/PMS system (Sharma et al., 2015).

SO;" +CI” - SO;” +CI' )
CI'+ClI" & (l, (10)
CI; +CI; - 2CI" +Cl, (11)

Cl, + H,0 - HOCl + CI” + H* (12)

Figure 4b and c shows that SMP degradation was
not obviously influenced by CO,*~ and HCO;~ with
a low concentration of 2 mM. However, the stronger
inhibition of SMP degradation was observed at
higher concentrations of CO,*~ and HCO;~ ions
(10 mM). This is because HCO;~ and CO;>~ can
quench hydroxyl radicals and sulfate radicals via the
reactions shown in Egs.(13)-(16) (Ao & Liu, 2017).
Thus HCO,~ and CO5>~ with higher concentrations
(10 mM) would have a significant negative effect on
SMP removal.

SO," + HCO; — SO~ + CO5* (13)
HO® + HCO; — H,0 + CO;” (14)
SO;* +CO;™ — SO;™ + CO;" (15)
HO' + CO;~ —» HO™ + CO;}" (16)

By comparing the result in Fig. 3b with that
in Fig. 3c, we can see that the inhibitory effect of
CO4*~ with a concentration of 10 mM on SMP deg-
radation is greater than that of HCO;~ with the same
concentration. For example, the degradation rate of
SMP after 30 min of reaction dropped from 97.2%
(UV/Co(II)/PMS alone) to 63.1% or 74.1% in pres-
ence of CO32_ or HCO;™, respectively. This may
be due to the increase in pH caused by the reaction
between HO® and CO32_ as shown in Eq. (16). It was
reported that HPO,>~ has the ability to activate PMS
(Lou et al., 2014). However, as shown in Fig. 3d, low-
dosage HPO,?>~ (2 mM and 10 mM) may have only
a limited activation ability in the current study. This
implies that the role of HPO,*~ may be related to the
type of reaction substrates and reaction conditions.

3.2.4 The Contribution of Radical Species
to Oxidative Degradation of SMP

In order to confirm the contribution of radical species
for SMP degradation, radical scavenging tests were
performed by adding two radical scavengers includ-
ing tert-butyl alcohol (TBA) and methanol (MeOH)
into the reaction solution, separately. TBA and
MeOH were usually utilized as effective scavengers

@ Springer
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(a)
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Fig. 3 Effects of inorganic anions on oxidative degrada-
tion of SMP in UV/Co(II)/PMS system, a Cl™, b CO32_,
¢ HCO;™, and d H,PO,”. The experimental conditions

to distinguish the contribution of HO® and SO,*
based on the following Egs. (17)—(20). MeOH is con-
sidered as an effective quencher for both SO,* and
HO® since the two scavenging reactions between
MeOH and SO,~* or HO® (Egs. (17)—(18)) are both
fast (Xie et al., 2015). However, TBA is only an
effective quenching agent for HO®, because the rate
constant for the reaction between TBA and SO,”* is
much smaller than that between TBA and HO® (Eqs.
(19)—(20)). Therefore, the difference of inhibition
effects of MeOH and TBA on SMP degradation can
be used to identify the contribution of HO® and SO,~*
in the current reaction system.

@ Springer
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are as follows: [SMP];=0.071 mM, [PMS],=10.65 mM,
[C02+]0 =0.355 mM and initial pH=7.0

HO® + MeOH — products k = 9.7 x 105M~'s7! (17)

SO;" + MeOH — products k = 1.1 x 10'M™'s™"
(18)

HO® 4+ TBA — products k = 6.0 x 10°M~'s™!  (19)

SO;," 4+ TBA — products k = 4 x 10°M's7! (20

As shown in Fig. 4, when two concentrations (7.1
and 142 mM) of MeOH or TBA were introduced
into the reaction solution, significant inhibition was
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Fig. 4 The result of radical scavenging tests for oxidative
degradation of SMP in UV/Co(II)/PMS system. Experimental
conditions: SMP: PMS: Co(Il)=1:150:5, [SMP]0=0.071 mM,
pH=9.0

observed for SMP degradation. Moreover, Fig. 4
indicated that the more MeOH or TBA were added,
the stronger its inhibition effect on SMP degradation
was. Specifically, about 98% SMP degradation was
achieved after 30 min reaction without scavengers,
whereas SMP degradation rates were declined to
65.9% or 67.6% with the addition of 7.1 mM MeOH
or TBA, respectively. The degradation rate of SMP
after 30 min reaction was declined to 44.4% or 55.4%
with the addition of 142 mM MeOH or TBA, respec-
tively. These results showed that the inhibiting degree
of MeOH on SMP degradation is higher than that of
TBA, which suggests that although both SO,~* and
HO*® were produced in UV/Co(Il)/PMS system, HO®
played a leading role in SMP degradation at pH of 9.
Zhang et al. (2019) also found that HO® was the dom-
inant radical in the degradation of haloacetonitriles
with UV/PMS process.

3.2.5 Identification of Intermediates and Possible
Degradation Pathways

MS/MS technique was employed to determine the
main intermediates for SMP degradation in UV/
Co(II)/PMS system. Eight plausible intermediates
were detected based on the obtained MS data in the
positive mode, and their suggested molecular formu-
las and the corresponding fragmentation patterns are
indicated in Fig. S4.

Based on the molecular structures of eight inter-
mediates, four plausible pathways for SMP degrada-
tion in UV/Co(II)/PMS system were suggested and
shown in Fig. 5. According to pathway I, HO® attacks
C atoms on the benzene or pyridazine rings firstly to
give monohydroxylated intermediate P1 with a m/z of
297.06, and then the amino group on the benzene ring
of P1 was oxidized to nitro group, affording the inter-
mediated P2 with a m/z of 327.03. It should be noted
that the formation of P1 can also be accomplished by
initial attack of SO,™* on the aromatic ring of SMP
via direct electron transfer to form radical cations and
the subsequent hydrolysis process. Moreover, accord-
ing to our previous theoretical investigation on HO®
addition reactions of three sulfonamides (Zeng et al.,
2020), benzene ring may be more advantageous posi-
tions for HO® addition of neutral sulfonamides than
corresponding heterocycles. In the pathway II, the
extraction of SO, from SMP leads to formation of
the intermediate P3 with a m/z of 217.70. Subsequent
oxidation or elimination of aniline moiety in P3 can
give intermediate P4 or P5. In the pathway III, direct
oxidation of aniline moiety in SMP can lead to the
formation of intermediate P6 with a m/z of 311.04.
Pathway IV involves the breakage of N—S bond,
resulting in the formation of intermediate P7 with a
m/z of 126.06. Subsequent oxidation of amino group
in P7 can produce intermediate P8. The above four
degradation pathways were also identified in a previ-
ous research involving SMP degradation in the UV/
PS system (Gao et al., 2019).

3.2.6 Prediction of Toxicities for SMP
and the Degradation Intermediates

Based on the globally harmonized system of classi-
fication and labeling of chemicals (GHSCLC), acute
and chronic toxicities of SMP and the intermedi-
ates for SMP degradation in UV/Co(II)/PMS system
(P1~P8) to fish, daphnids, and green algae were
predicted employing ECOSAR program, and the
obtained data are listed in Table 2. We can see from
Table 2 that the chronic toxicities of SMP and P1 ~P8
to three aquatic organisms are more significant than
their acute toxicities. Moreover, they show stronger
acute toxicities to daphnid and green algae than to
fish in general, while they have more remarkable
chronic toxicities to fish and daphnid. Compared with
SMP, although P1 and P8 are less toxic, P3 and P7

@ Springer
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Fig. 5 Proposed degradation pathways of SMP in UV/Co(II)/PMS system

Table 2 Predicted acute and chronic toxicities of SMP and the intermediates for SMP degradation by the ECOSAR program

Compound Acute toxicity (mg L™") Chronic toxicity (mg L")
Fish Daphnid Green algae Fish Daphnid Green algae
(LC50)96h  (LC50)/48h  (EC50)/96 h Chv Chv Chv
SMP 719 2.08 8.56 13.1
P1 1642 223 118 172

P2 313 251 13.2
P3 118 1.58 389

P4 67 40 36
P5 45 27 25

P6 537 967 13.4
P7 226 093 3.39
P 4342 2111 1526

* Green: Not harmful. LCS0/EC50/ChV > 100 mg L™,
Blue: Harmful. 10 mg L™ < LC50/EC50/ChV < 100 mg L™".
BUBR: Toxic. 1 mg L' < LCS0/EC50/ChV <10 mg L™,
.: Very toxic. LC50/EC50/ChV <1 mg L.

[\
[=)}
[oe]

211
6.54
10.5
76
8.04
530
151
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have stronger toxicities. As for P2, P4, P5, and P6, the
situation is much more complex, and their acute and
chronic toxicities are distributed divergently. It should
be noted that P8 does not exhibit any acute or chronic
toxicity to three aquatic organisms in all intermedi-
ates, and is even harmless to them. In a word, SMP
and its degradation intermediates in the UV/Co(II)/
PMS system could be classified to different toxicity
levels. Therefore, both the removal rate of SMP and
the toxicities of degradation intermediates should be
considered in SMP degradation by UV/Co(II)/PMS
system.

4 Conclusions

The direct photodegradation of SMP under simu-
lated sunlight followed pseudo first-order kinet-
ics and was the slowest compared with other
selected SAs. So UV/Co(Il)/PMS system was
employed as an AOP to remove SMP in an aque-
ous solution. The obtained results showed that
SMP could be effectively degraded in UV/Co(Il)/
PMS system. The optimal reaction conditions are
[SMP]:[PMS]:[Co(II)]=1:150:5 (molar ratio) and
pH 9.0. The observed degradation rate constants are
dependent on the concentrations of Co** and PMS.
The presence of coexisting inorganic anions such as
CI7, CO4*", and HCO;™ showed a negative effect on
SMP degradation. Scavenging experiments showed
that HO® played a major role in SMP degradation
under mildly alkaline conditions (pH=9.0). Hydrox-
ylation of the aromatic ring, extrusion of SO,, oxi-
dation of NH, group and N—S bond cleavage were
primary pathways for aqueous SMP degradation in
UV/Co(II)/PMS system. The intermediates involved
in SMP degradation show divergent toxicity distribu-
tion. It can be concluded that the technology utilizing
UV and Co** to activate PMS is an effective approach
for SMP removal in an aqueous solution.
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