S

ELS

Since January 2020 Elsevier has created a COVID-19 resource centre with
free information in English and Mandarin on the novel coronavirus COVID-
19. The COVID-19 resource centre is hosted on Elsevier Connect, the

company's public news and information website.

Elsevier hereby grants permission to make all its COVID-19-related
research that is available on the COVID-19 resource centre - including this
research content - immediately available in PubMed Central and other
publicly funded repositories, such as the WHO COVID database with rights
for unrestricted research re-use and analyses in any form or by any means
with acknowledgement of the original source. These permissions are
granted for free by Elsevier for as long as the COVID-19 resource centre

remains active.



Applied Catalysis B: Environmental 317 (2022) 121709

e 4

ELSEVIER

Contents lists available at ScienceDirect
Applied Catalysis B: Environmental

journal homepage: www.elsevier.com/locate/apcatb

The role of trace N-Oxyl compounds as redox mediator in enhancing

Check for

updates

antiviral ribavirin elimination in UV/Chlorine process

Qiyuan Sun®%!, Jing Yang ™', Yongjie Fan®, Kaicong Cai ™, Zhilei Lu®?, Zhenle He a

2 College of Environmental Science and Engineering, Fujian Normal University, Fuzhou, Fujian 350007, China
Y College of Chemistry and Materials Science, Fujian Provincial Key Laboratory of Advanced Materials Oriented Chemical Engineering, Fujian Normal University, Fuzhou

350007, China

¢ Fujian Provincial Key Laboratory of Theoretical and Computational Chemistry, Xiamen 361005, China

9 Fujian Key Laboratory of Pollution Control & Resource Reuse, Fuzhou, Fujian 350007, China

€ Key Laboratory of Drinking Water Science and Technology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, 18 Shuang-qing Road,

Beijing 100085, China

ARTICLE INFO ABSTRACT

Keywords:
Ribavirin

N-oxyl compounds
TEMPO

NHPI

UV/Chlorine

Ribavirin (RBV) is an antiviral drug used for treating COVID-19 infection. Its release into natural waters would
threaten the health of aquatic ecosystem. This study reports an effective approach to degrade RBV by the trace N-
oxyl compounds (2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO) and N-Hydroxyphthalimide (NHPI)) enhanced
UV activated free chlorine (UV/Chlorine) process. The results indicated that TEMPO and NHPI at low concen-
trations (0.1 pM and 1 pM, respectively) could strongly enhance RBV degradation in both deionized water with

different pHs and practical surface water. The enhancement was verified to be attributed to the transformation of
TEMPO and NHPI into their reactive forms (i.e., TEMPO" and PINO), which generations deeply relied on rad-
icals. The two N-oxyl compounds inhibit ClOe yield by hindering the reaction of free chlorine vs. HOe and Cle.
The analyses on acute toxicities of RBV degradation products indicate that UV/Chlorine/N-oxyl compounds
process can detoxify RBV more efficiently than UV/Chlorine process.

1. Introduction

Ribavirin (RBV, molecular structure illustrated in Fig.S1) has been
widely used in clinical treatments for antiretroviral therapy. In
responding to the rapid spread of the Corona Virus Disease 2019
(COVID-19) pandemic, RBV was recommended by World Health Orga-
nization (WHO) to treat the infections caused by COVID-19 [1]. Along
with the heavy usage, RBV will inevitably be discharged into the natural
surface water. The concentrations of RBV detected in rivers near hos-
pitals of Jinyintan, Huoshenshan and Leishenshan in Wuhan, China,
were higher than those reported in historical studies, which might
threaten aquatic organisms [2]. According to the Predicted No-Effect
Concentrations (PNEC) analyses for aquatic organisms (e.g., green
algae, daphnia, and fish), RBV has a higher chronic toxicity than other
antiviral drugs such as ritonavir, chloroquine, and rapamycin. Algae

appeared to be the most sensitive species to RBV based on Risk quotient
(RQ) analysis [3,4]. As such, it is necessary to remove the RBV in natural
surface water to minimize its adverse impact on aquatic ecosystem
security.

Several processes have been proposed to remove RBV in water. Most
of them belong to advanced oxidation processes (AOPs), such as ho-
mogeneous photocatalysis using ozone/PMS, Fenton-like system, and
heterogeneous photocatalysis using nanoscale Bi4VOgCl [5-8]. Among
these processes, ultraviolet light activated free chlorine (hereafter
referred to UV/Chlorine) process appears to be one of the most attractive
technologies. UV/Chlorine process has been widely used for drinking
water disinfection and sewage treatment, which can remove pollutants
by direct UV photolysis, oxidations by free chlorine and hydroxyl radical
(HOe), as well as a series of reactive chlorine species (RCS) [9]. How-
ever, the degradation performances of UV/Chlorine process toward
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different pollutants are largely determined by the second order rate
constants of the reactions between radicals and pollutants. RBV, with a
relatively low second order rate constant of HOe vs. RBV (1.2-1.9 x 10°
M 1.s71), is difficult to be decomposed because of its dual-heterocyclic
conjugate structure [5]. Thus, it is necessary to modify UV/Chlorine
process to enhance the RBV degradation.

Redox mediator can enhance pollutants degradation by AOPs in at
least two ways. In one way, it can act as an “electron shuttle” to promote
the electron transfer, which increases the yield of AOPs derived radicals.
In the other way, it can be oxidized by oxidants, and transformed into
reactive intermediate, which can degrade pollutants by extracting their
hydrogen atoms or oxidizing their hydroxyl groups [10,11]. The tradi-
tional redox mediators can be divided into three categories, which are
carbon redox mediators, transition metal redox mediators, and metal
porous carbon composite redox mediators [12,13]. In recent years, trace
organic redox mediators have been proposed. Nonetheless, there are
only few researches focused on this field, which has limited their ap-
plications in the improvement of pollutants degradation by AOPs
[14-17].

N-Oxyl compounds, such as 2,2,6,6-tetramethylpiperidine-N-oxyl
(TEMPO) and N-Hydroxyphthalimide (NHPI), have been widely used
as catalysts or redox mediators in polymerization reactions [18,19].
TEMPO could be oxidized into N-oxoammonium ion (TEMPO™) by an
electrochemical process, which serves as an active catalytic species that
can react readily with secondary hydroxyl group to produce carbonyls
[19]. NHPI, likewise, could also be oxidized into phthalimide N-oxyl
(PINO), which is conductive to extract hydrogen atoms from relatively
weak C-H bonds in the functional groups such as allyl and benzyl groups
[19-22]. Recent literatures mentioned that TEMPO" derived from
TEMPO by Mn(VII) oxidation could degrade organic pollutants, and
isopropylbenzene could also be oxidized by the system of NHPI, Fe
(acac)s; and 1,10-phenanthroline [19,23]. However, currently the
N-Oxyl redox mediators are mainly used in non-illuminated AOPs, such
as Fenton-like processes or electrochemical processes. Little attention is
paid to the application of N-Oxyl redox mediator in illuminated AOPs (e.
g., UV/Chlorine process) to enhance pollutants removal efficiency. Also,
the associated degradation mechanisms, such as the effects of N-Oxyl
redox mediator on the generation of radicals and degradation pathway,
are still unclear.

N-Oxyl-compounds (e.g., TEMPO and NHPI) have been widely used
not only in catalysis field, but also in biomedical field. Several literatures
have reported that TEMPO is a relatively safe antioxidant when it is
applied at low concentrations (< 0.1 mM), and has no significant effects
on cell survival, glutathione (GSH) level, or the expression of apoptosis
signal pathway molecules [24,25]. Similarly, NHPI can selectively
inhibit the proliferation of breast cancer cells in the concentration range
of 0-40 pM. When NHPI was applied to mice with tumors at a dose of 40
mgekg ™! for 53 days, it not only showed no adverse effects on the body
weights of mice, but also inhibited tumor growth by 53%, indicating that
it is safe to use trace amount of NHPI in organisms [26,27]. Meanwhile,
according to ECOSAR analysis, the LC50 (median lethal concentration)
of TEMPO and NHPI for fish are 680 pM and 180 pM, respectively.
Therefore, it can be deduced that there will not be harmful effect of
using trace amount TEMPO and NHPI in UV/Chlorine process to remove
contaminants.

The key hypothesis of this study is that the two N-Oxyl redox me-
diators (i.e., TEMPO and NHPI) can be served as electron shuttles or
reactive intermediates to enhance the degradation of RBV by UV/
Chlorine process. To test this hypothesis, the second-order rate constants
of a series of radicals vs. RBV were determined. Then, the kinetics of RBV
degradation by UV/Chlorine process in the absence and presence of N-
Oxyl redox mediators were investigated, and the effects of pH, DOM,
anions, and practical surface water on RBV degradation by this process
were elucidated. Afterward, the radical-based degradation mechanisms
of RBV by UV/Chlorine process were explored. Finally, the toxicities of
RBV and its degradation products were assessed by ECOSAR analysis.
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2. Materials and methods
2.1. Chemicals

Sources of chemicals are detailed in supporting information (SI Text
S1).

2.2. Experimental procedures

The UV lamp consisted of a series of LED beads that mainly emit at
the wavelength of 254 nm. The UV fluence (Ip) delivered to the reaction
solution was measured by KI/KIO3 actinometry [28]. The output spec-
trum of UV lamp was measured by a spectrometer (in SI Fig.S2) (Ocean
optics, USB-4000). Prior to irradiation, UV lamp was preheated for at
least 30 min to ensure the stability of UV radiation.

The photodegradation of RBV by UV/Chlorine process was con-
ducted as the following steps. Prior to UV irradiation, 1 mL RBV (1
g-L™1) was spiked into a cylindrical jacketed reaction dish that pre-filled
with 50 mL of 10 mM phosphate buffer (pH = 7.0). Then, the solution
was diluted to 99 mL with deionized (DI) water. A quartz plate was used
to cover the dish to prevent evaporation and allow the full penetration of
UV light. An off-line condensing device was used to control the tem-
perature of condensate flowing through the interlayer of the reaction
dish to provide a stable temperature in the reaction system at 25 °C.
Then, a magnetic stirrer was placed below the reaction dish to make sure
the solution was well mixed. Afterward, 1 mL NaOCl stock solution (free
chlorine = 4.2 mM as Cly) was spiked into the solution. As such, the
solution in the reaction dish contained 10 mg-L ™! RBV and 42 pM free
chlorine. Then, the photodegradation was started immediately after the
stirred reaction dish was placed under the UV beam, with the irradiation
time of 0 s. During the irradiation, samples were collected at each pre-
determined time interval. For each sample collection, 1 mL solution was
collected from the reaction dish and filtered through a 0.22 ym mem-
brane filter to remove impurities. The filtrate was immediately trans-
ferred to an amber vial that was pre-filled with 0.1 mg sodium sulfite to
quench all the radicals and oxidants. At last, all the samples were stored
at — 5 °C before analysis. It should be mentioned that the free chlorine
concentration of NaOCl stock solution was recalibrated prior to each
experiment.

The experiments of RBV photodegradation by UV/Chlorine/TEMPO
and UV/Chlorine/NHPI processes were conducted to investigate how
redox mediators could affect the kinetics and mechanisms of photo-
degradation. In these experiments, 9 groups of phosphate buffered RBV
solutions (Phosphate buffer: 10 mM, RBV: 1 g-L 1) were spiked with 0,
0.5, 1, 2 mL TEMPO (10 pM) and O, 0.1, 1, 3, 5 mL NHPI (100 pM),
respectively. Then each solution was diluted to 99 mL with DI water and
spiked with 1 mL NaOCl (free chlorine = 4.2 mM as Cly) before UV
irradiation. Thus, the final concentrations of TEMPO in the first four
groups were 0, 0.05, 0.1, and 0.2 pM, respectively, whereas the con-
centrations of NHPI in the last five groups were 0, 0.1, 1, 3, and 5 pM,
respectively. Other procedures were same as the experiments of RBV
photodegradation by UV/Chlorine process.

Steady state concentrations of various radicals, including hydroxyl
radical (HOe), chlorine radical (Cle), dichloride radical (Cl3), and
chlorine monoxide radical (ClOe), were estimated by radical scavenging
experiments, which were conducted by adding probe compounds into
the reaction solutions and use TBA (10 mM) to remove HOe, Cle, ClOe,
as well as other relative reactive intermediates. Other procedures were
same as the experiments of RBV photodegradation by UV/Chlorine
process.

To evaluate the effect of pH on the degradation of RBV by UV/
Chlorine and UV/Chlorine/Redox mediator processes, experiments were
conducted following the same experimental procedures for RBV pho-
todegradation by UV/Chlorine process except that phosphoric acid,
phosphate, and borate buffer solutions were added before UV irradiation
to adjust the pH of the reaction solutions to 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and
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10.0, respectively.

To evaluate the effect of dissolved organic matter (DOM), CI', and
HCO30n the degradation of RBV by the UV/Chlorine and UV/Chlorine/
Redox mediator processes, experiments were conducted following the
same experimental procedures for RBV photodegradation by UV/Chlo-
rine process except that Suwannee River natural organic matter
(SRNOM), NaHCOs3, and NaCl were added into the reaction solution
before UV irradiation, to adjust the concentrations of: SRNOM to 2
mgC-L’l, 5 mgC-Lfl, and 10 mgC~L’1; HCO3 to 0.5 mM, 1 mM, and 3
mM; CI" at 5 mM, 10 mM, and 20 mM, respectively.

To reveal how different water matrix components in practical surface
waters affect the degradation of RBV by the UV/Chlorine and UV/
Chlorine/Redox mediator processes, experiments were conducted
following the same experimental procedures for RBV photodegradation
by UV/Chlorine process except that two types of practical surface waters
collected locally were used as alternative to DI water. The geographical
sampling sites and the water qualities of the two surface waters are
shown in Fig. S42 and Table S1, respectively.

The oxidation products of TEMPO and NHPI were determined by
electron paramagnetic resonance (EPR) at room temperature, and the
spectra were measured by a Magnettech ESR5000 spectrometer.
Considering that TEMPO has signal on EPR spectrum, the attenuation
and recovery of the TEMPO signal on EPR spectrum was used to indicate
the generation and transformation of TEMPO". NHPI, on the other side,
has no signal on EPR spectrum. Thus, DMPO, a spin trapping agent that
can trap PINO, was used to indicate the transformation between NHPI
and PINO. In the first experimental group, TEMPO was dissolved in DI
water and subjected to UV or dark treatments to explore the stability of
TEMPO/TEMPO" cycle (TEMPO cannot be mineralized by UV irradia-
tion), and the transformation time from TEMPO to TEMPO™ under sole
UV irradiation. In the second experimental group, TEMPO was dissolved
in NaOCl solution and subjected to UV or dark treatments to investigate
the acceleration of transformation from TEMPO to TEMPO' by UV/
Chlorine process. In the third experimental group, NHPI solution, NaOCl
solution, and mixture of NaOCI with NHPI in the solvent of acetonitrile
were subjected to UV or dark treatments. The results were compared to
reveal the acceleration of transformation from NHPI to PINO by UV/
Chlorine process.

All of the above experiments were conducted in triplicate, and the
relative standard deviations of the three replicates were below 5%.

2.3. Analytical methods, second-order rate constants, steady-state
concentrations of radicals, and their contributions to RBV
photodegradation

The absorption spectra of RBV, TEMPO, and NHPI (SI Fig.S2) were
measured using a UV-vis spectrophotometer (UV-1750, Shimadzu).
Competition kinetic method was used for calculating second-order rate
constants, which was detailed in SI Text S2. The method to estimate
steady state concentrations of radicals and their contributions to RBV
photodegradation were detailed in SI Text S3 and Text S4. The mea-
surement methods of RBV and its degradation products, probe com-
pounds for radicals, free chlorine concentration, water quality
parameters, as well as the parameters for EPR measurement were
detailed in SI Text S5.

2.4. Computational methods

The DFT calculation of RBV and its Triazole-Carboxyamide structure
(TC, illustrated in Fig. S1) were conducted by the Gaussian 09 software
with DFT module. The geometry optimization and energy estimation of
RBV molecule was conducted by B3LYP method with 6-31 G basis set
[29]. The Highest Occupied Molecular Orbital (HOMO) and Lowest
Unoccupied Molecular Orbital (LUMO) were calculated on the 6-31 G
basis set with SMD solvent (water) module [30]. Besides, the Fukui
index of TC was calculated by the Multiwfn software based on the
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geometry optimization results [31].

Ecological Structure Activity Relationship (ECOSAR) was used to
assess the acute toxicity and chronic toxicity of RBV and its degradation
products to fish, daphnid, and green algae, according to their molecular
structures [32].

3. Results and discussion
3.1. Second-order rate constants of RBV vs. reactive species

Radicals, such as HOe and RCSs (e.g., Cle, Cl3, and ClOe) that are
generated in UV/Chlorine process, react with pollutants at different
rates [33,34]. Thus, the second order rate constants of RBV vs. HOe,
RCSs, and HOCI were determined and the results are shown in Fig.S3-S7
and Table 1.

According to Table 1, the second order rate constant of HOe vs. RBV
(kno—rpv) is 1.27 x 10° M~ 1-s7L. The second order rate constants of Cle
and ClOe vs. RBV (k¢y._rgy and kcio.—rpy) are 5.30 x 108 M 15! and
5.58 x 107 M~1.s7!, respectively. The second order rate constant of Cl3
vs. RBV (kci,.-—rev) is 2.83 x 10° M’l-s’l, indicating that this radical
will affect the degradation of RBV only when the steady state concen-
tration of Cl3 is high [33,35-37]. Besides, the second order rate constant
of RBV vs. free chlorine (kyoci—rgv) is 4.0 M Ls L

3.2. Concentration-dependent effect of redox mediators on the
degradation of RBV by UV/Chlorine process

The effect of TEMPO and NHPI concentrations on RBV photo-
degradation by UV/Chlorine process is illustrated in Fig. 1. As the
concentration of TEMPO increased from O to 0.1 pM, the pseudo 1st
order rate constant of RBV (kops_gpy) increased from 1.97 x 10™*s™! to
2.57 x 10~* 571 by 30%, indicating that low concentration of TEMPO
could promote the degradation of RBV by UV/Chlorine process. None-
theless, kops_rpy decreased from 2.57 x 10™* s7! to 1.94 x 107% s7!
when the concentration of TEMPO increased from 0.1 pM to 0.2 pM,
suggesting that high concentration of TEMPO inhibited the degradation
of RBV by this process. Thus, TEMPO plays a dual role in RBV degra-
dation by UV/Chlorine process, depending on its concentration. This
phenomenon may be attributed to two mechanisms. One mechanism is
that TEMPO tends to be oxidized into TEMPO™ by the radicals generated
in UV/Chlorine process, which could oxidize the secondary alcohol
hydroxyl group into carbonyl group to promote the degradation of RBV
[19,38]. The other mechanism is that high concentration of TEMPO
could act as a radical scavenger, which consumes radicals generated in
UV/Chlorine process and inhibits the degradation of RBV [12,39,40].

Similarly, kops_gpy increased from 1.97 x 10745 1t03.0 x 1074571,
and then decreased to 2.68 x 10™*s™! when the concentration of NHPI
increased from O pM to 5 pM. The maximum k,ps_rpy appeared at the
NHPI concentration of 1 uM, which was 52% higher than that observed
in UV/Chlorine process without NHPI, illustrating that low concentra-
tion of NHPI could strongly promote the degradation of RBV by UV/
Chlorine process. This may be attributed to the low bond energy of O-H
(88 kecal-mol ) in the N-OH group of NHPI, which could be cleaved by
UV photons. Then, NHPI is transformed into PINO, a kind of reactive
intermediate that could not only promote the generation of radicals by
UV/Chlorine process, but also degrade RBV as an oxidant. However,
high concentration of NHPI (> 1 uM) could scavenge radicals, which
inhibits the RBV degradation and reduces kyps_gpy [19,41-43].

As a redox mediator, NHPI could be oxidized into PINO by reactive

Table 1

Second-Order Rate Constants of RBVvs. HO-, Cl-, Cl3, ClO-and HOCI (M~ *-s™1).
Rate kro.—rBV kci.-rBv kcio.—rBv ki, —rBV kuoci-rBv
constants
value 1.27 x 10° 530 x 108 558 x 107 2.83x 10° 4.0
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Fig. 1. (a) Effect of TEMPO concentrations on the pseudo 1st order degradation rate constants of RBV; (b) Effect of NHPI concentrations on the pseudo 1st order
degradation rate constants of RBV (Condition: [Chlorine]y = 42 pM; [RBV]p = 10 mg~L’1; [TEMPO], = 0, 0.05, 0.1, 0.2 pM; [NHPI]p =0, 0.1, 1, 3, 5 pM; pH = 7.0;

Temperature = 25 °C).

intermediates such as HOe. When NHPI is at low concentration, all of the
molecules could be transformed into PINO to enhance RBV degradation.
However, as the concentration of NHPI increases, NHPI molecules are
partially oxidized into PINO, and the residual NHPI molecules could
inhibit the degradation of RBV by two mechanisms. One mechanism is
that the residual NHPI could react with free chlorine to generate PINO.
Although PINO is produced, the efficiency of PINO generation is too low.
In addition, free chlorine, as the precursor of reactive oxygen species
(ROSs) and RCSs, is consumed by NHPI in this process, resulting in the
reduced generation of free radicals, which eventually inhibits the
enhancement of NHPI on RBV degradation by UV/Chlorine process. This
conclusion was also confirmed by the results of EPR analyses in this
study. The other mechanism is that the residual NHPI would have a light
shielding effect on free chlorine. Given that the molar absorption coef-
ficient of NHPI (292 Mflosfl) is greater than that of free chlorine
(HOCL: 59 M les™! and OCI: 66 M~ les™1), the residual NHPI would
compete with free chlorine for UV photons, which would lower the
exciting efficiency of free chlorine and finally inhibit the RBV photo-
degradation by UV/Chlorine/NHPI process [33,44].

3.3. Factors affecting the RBV degradation by UV/Chlorine processes
with and without redox mediators

The effects of pH (4.0-10.0) on RBV photodegradation by UV/
Chlorine process with and without redox mediators are depicted in
Fig. 2. The results demonstrate that the k.us_rpy by UV/Chlorine process
without redox mediators generally decreases with the increase of pH,
except for pH = 8.0. This is because that free chlorine tends to exist in
the form of of OCI rather than HOCI in alkaline solution, leading to low
quantum yields of HOe and Cle under UV irradiation, which weakens the
degradation of RBV [45].

Nonetheless, the kqs_grgy by UV/Chlorine process is higher at pH
= 8.0 than those at pH = 7.0 and 9.0. To explain this phenomenon, the
RBV molecule was analyzed. It was found that the hydrolysis of car-
boxyamide structure in RBV molecule could increase the electron cloud
intensity of the triazole structure connected to it. The triazole structure
could be readily attacked by radicals, which would accelerate the
disintegration of TC structure in RBV molecule. Thus, the increase of
kobs_rv by UV/Chlorine process might be attributed to the hydrolysis of
carboxyamide structure in RBV molecules when pH increases from 7.0 to
8.0. In order to further verify this deduction, the HOMO orbital of TC
structure was calculated by Gaussian 09, which is shown in Fig. 3. The
results demonstrate that the hydrolysis in alkaline solution could in-
crease the electron cloud intensities of N10, N16, and N17 atoms in RBV

. UV/Chlorine
SOx1079 o UV/Chlorine/TEMPO
| %% UV/Chlorine/NHPI
4.0x10" A
R
D . =
~— 3.0x10" o £ T Ea -
7 = F i
2
=4 0x10" 4
1.0x10™
0.0 T T T T T T T
4.0 50 6.0 7.0 8.0 9.0 10.0

pH

Fig. 2. Effect of pH on the degradation of RBV in UV/Chlorine in the absence or
presence of redox mediators ([RBVly = 10 mg-L™}, [Chlorinel, = 42 pM,
[TEMPO], = 0.1 pM, [NHPI]p = 1 uM, pH = 4.0-10.0, Temperature = 25 °C).

molecule, which would increase the reactivities of radicals vs. triazole
structure in RBV molecule and promote the degradation of RBV.

In addition, the Fukui index of TC structure was calculated, which
demonstrated that the hydrolysis of carboxyamide structure would in-
crease the electrophilic Fukui indices (f-) of N10, N16 and N17 atoms in
RBV molecule. Thus, the electron cloud intensity of TC in RBV molecule
would increase as the hydrolysis of carboxyamide structure, which could
promote the degradation efficiency of RBV. The steady-state concen-
tration of HOe will slightly decrease as pH increases from 7.0 to 8.0, but
is still sufficient to support the degradation of RBV. Therefore, k,ps_rpy at
pH = 8.0 is higher than that at pH = 7.0.

However, the steady-state concentration of radicals would experi-
ence a sharply decrease as the pH increases from 8.0 to 9.0 and 10.0. In
this pH range, the enhancement of RBV degradation by the hydrolysis of
carboxyamide structure will not be able to compensate the decrease of
the steady-state concentrations of radicals, which will finally lead to the
decrease of kops_rpy [46,47]. A similar finding was also reported in a
previous study on the oxidation of 2,4-dichlorophenol and triclosan by
potassium permanganate [48-50].

When TEMPO was added into UV/Chlorine process, the kgps_rpy
increased to 4.38 x 107* 571, 420 x107* s7!, 2.6 0x107* 571,
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Fig. 3. (a) HOMO orbital distribution and corresponding Fukui index of TC structure when carboxyamide is not hydrolyzed, (b) HOMO orbital distribution and

corresponding Fukui index of TC structure after carboxyamide is hydrolyzed.

2.57 x 107 *s71,2.17 x 107%57,2.04 x 10 *s 7, and 1.74 x 107457}
atpH = 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and 10.0, respectively, demonstrating
that the kps_rpy by UV/Chlorine/TEMPO process in acidic solutions is
higher than those in neutral and alkaline solutions. This might be
explained by the fact that free chlorine tends to exist in the form of HOCI
rather than OCI in acidic solution, leading to high quantum yields of
HOe and Cle under UV irradiation to accelerate the TEMPO/TEMPO™*
cycle, thereby promote the degradation of RBV.kys rpy increased in
varying degrees after adding TEMPO in UV/Chlorine process in all seven
pH solutions, and most of the increase rate of k,ps_gpy from UV/Chlorine
process to UV/Chlorine/TEMPO process were over 30% except that in
the solutions of pH = 6.0 and 8.0.

At pH = 6.0, there was a 22% increase of k,ps_grpy from changing UV/
Chlorine process to UV/Chlorine/TEMPO process, which was lower than
those increases observed at pH = 5.0 and 7.0 (40% and 31%, respec-
tively). This was because that the increase of HOe was not strong enough
to promote RBV degradation as pH decreased from 7.0 to 6.0. In this pH
range, the inhibition on TEMPO™ generation by proton was amplified,
which resulted in a poor enhancement of TEMPO on RBV degradation by
UV/Chlorine process [51,52].

At pH = 8.0, kops_rpy by UV/Chlorine/TEMPO process was 4.8%
higher than that by UV/Chlorine process, which was lower than those at
pH =7.0 (31%) and 9.0 (35%). On one hand, the hydrolysis of car-
boxyamide group in RBV molecule increased the electron cloud intensity
of TC structure, which promoted the vulnerability of TC structure to
radicals, resulting in the increase of k,,;_grpy. On the other hand, the
yield of HOe was low in alkaline solution, which inhibited the genera-
tion of TEMPO". Meanwhile, the hydrolysis of carboxyamide group in
RBV molecule increased the electron cloud intensity of TC structure of
RBV, which promoted the attack of radicals to TC structure, resulting in
a high value of kyps_rpyin UV/Chlorine process without TEMPO. Thus,
the increase rate of k,ps_rgy Was small in UV/Chlorine/TEMPO because
it increased from a relatively high value of ks grpyin UV/Chlorine
process.

When NHPI was added into UV/Chlorine process, kqps_grpy increased
t04.81 x 107*571,4.49 x 107*571,2.91 x 107*571, 3.00 x 107*57,
2.90 x 107%s71,2.72 x 107 *s7}, and 2.15 x 10~*s™! at pH = 4.0, 5.0,
6.0, 7.0, 8.0, 9.0, and 10.0, respectively, indicating that the enhance-
ment of NHPI on RBV degradation by UV/Chlorine process was affected
by the pH of solution. The obtained ks rpy values were generally
higher in acidic solutions than those in neutral and alkaline solutions,
which were caused by the high yields of radicals in acidic solution that
promoted the transformation of NHPI to PINO. Besides, the

enhancement of NHPI to RBV in UV/Chlorine process varied with acid-
base properties of reactive solution, and most of the increase rate of
kobs—rpy from UV/Chlorine process to UV/Chlorine/NHPI process were
over 40% except that in the solutions of pH = 6.0.

At pH = 6.0, kyps_rpy was lower than that at pH = 7.0 by UV/Chlo-
rine/NHPI process. This was because that there were at least two
pathways to generate PINO in UV/Chlorine/NHPI process. In one
pathway, PINO was generated from the oxidation of NHPI by free
chlorine and radicals. In the other pathway, the formation of hydrogen-
bond between NHPI and RBV molecules would also promote the gen-
eration of PINO. However, the concentration of protons increases with
the decrease of pH. Proton will be close to the triazole (TC) structure
with high electron cloud intensity in RBV molecule, and occupy the
active site where is easy to form hydrogen bond. Thus, hydrogen bond
between NHPI and RBV was weakened. Meanwhile, the generation of
radicals by UV/Chlorine process in weak acidic solution was similar to
that in neutral solution, which was not enough to offset the negative
impact of reduction on PINO generation, leading to a low k,ps_rpy at pH
= 6.0 [51,52]. This was also the reason why the kqs_rpy increased 37%
from changing UV/Chlorine process to UV/Chlorine/NHPI process at pH
= 6.0, which was lower than those at pH = 5.0 and 7.0 (49% and 52%,
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Fig. 4. Pseudo 1st order degradation rate constants of RBV in different pro-
cesses ([RBV]y = 10 mg:L™!, [Chlorine]lo = 42 pM, [TEMPOl, = 0.1 uM,
[NHPI], = 1 pM, pH = 7.0, Temperature = 25 °C).
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respectively).

Fig. 4 depicted the k,ps_rpy values obtained from different processes
(i.e., UV only, free chlorine only, UV with redox mediators, free chlorine
with redox mediators, and UV/Chlorine with redox mediators). Their
time-dependent degradations are shown in Fig.S10. According to Fig. 4,
the kops_rpy by UV/Chlorine process is 1.97 x 10~* s’l, which is 5.4
times higher than that by free chlorine (42.0 pM as Cly) only process,
and 37% higher than that by UV only process. However, the kps_rgy by
UV/Chlorine/TEMPO process is 1.3 times higher than that by UV/
Chlorine process. Additionally, the ky;_grgy by UV/Chlorine/NHPI pro-
cess is 1.52 times higher than that by UV/Chlorine process. These results
demonstrate that redox mediators can strongly promote RBV degrada-
tion by UV/Chlorine process. Of note, redox mediators could inhibit RBV
degradation by free chlorine (42.0 pM as Cly) only process. Their en-
hancements on RBV degradation by UV only process are also limited.
These findings indicate that redox mediators, under radical-limited
conditions, would inhibit RBV oxidation by chlorine and could not
enhance the photolysis of RBV. Thus, it can be inferred that the
enhancement of redox mediators on RBV degradation is mainly attrib-
uted to the radicals generated by UV/Chlorine process, whose detailed
mechanisms need to be further investigated on the basis of radical
measurement.

3.4. Contributions of different radicals toward RBV degradation and the
radical-dependent oxidations of redox mediators

The steady state concentrations of radicals ([HOe]s, [Cle]ss, [C13 s,
and [ClOe]g) generated by UV/Chlorine, UV/Chlorine/TEMPO, and
UV/Chlorine/NHPI processes were estimated according to the method
described in SI Text S3. The results are summarized in Table 2 and Fig.
S12.

In Table 2, the influences of processes on the [HOe], [Cle]gs, [C13 s,
and [ClOe] are limited. Nevertheless, [ClOe]¢ decreased to 0 M in UV/
Chlorine/TEMPO process and decreased by 82.15% in UV/Chlorine/
NHPI process comparing to that in UV/Chlorine process, indicating that
redox mediators could inhibit the generation of ClOe but rarely affect
the generations of HOe, Cle, and Cl3. Since free chlorine is one of the
precursors of ClOe, it can be inferred that the degradation rate of free
chlorine will reduce when redox mediators are added into UV/Chlorine
process. To test this inference, the concentration of free chlorine was
measured during the UV/Chlorine processes with and without redox
mediators. The results (Fig.S15) confirmed the inference that redox
mediators could inhibit or even stop the generation of ClOe by hindering
the reaction between free chlorine vs. HOe and Cle.

Fig. 5 depicts the contributions of UV, free chlorine, and various
radicals to the k.ps_grpy by different processes, which were calculated by
Eq. (S15)-(S19). The results indicate that the UV/chlorine process would
strongly promote the degradation of RBV comparing to UV only or free
chlorine only processes. Additionally, HOe was the major contributor for
the degradation of RBV in this process, which accounted for 67% of RBV
removal. The rest of RBV removal was accomplished by free chlorine
and other RCSs.

When TEMPO was added into UV/Chlorine process, the kops_rpv
increased from 1.97 x 10~* s7! to 2.57 x 10~* s’l, and HOe still
dominated the degradation of RBV with a contribution of 50%. Mean-
while, the contributions of Cle and Cl3 toward keys_grpy did not change

Table 2
Steady-state concentrations of HOe and RCSs.
Conditions [HOe]s/M [Cle]ss/M [ClOe]s/M [Cl5 /M
UV/Chlorine 1.02x107%  342x107 344x10° 311x10"
UV/Chlorine/ 1.02x107% 327 x107% 0 3.38 x 10711
TEMPO
UV/Chlorine/ 1.01 x10°®  336x107 614x10'* 320x10"
NHPI
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and the contributions of UV, free chlorine and reactive intermediates to-
ward Kops_rpy-

significantly but the contribution of ClOe decreased to 0%. Moreover,
the contribution of unknown reactive intermediates toward RBV
degradation increased from 0.38% to 28%. Therefore, it could be
inferred that TEMPO was transformed into TEMPO™ by UV/Chlorine
process, which could oxidize secondary hydroxyl group into carbonyl
group (see Eq. (1)). After oxidation, TEMPO™ was reduced into TEM-
POH, which is unstable and could be immediately transformed into
TEMPO to take part in another TEMPO/TEMPO™" cycle (as shown in Fig.
§13) [38,53].

R4 o)

H
e
OH

Ry R+ Rz

Similar phenomenon was also observed in UV/Chlorine/NHPI pro-
cess. When NHPI was added, the kg,s_rpy increased from 1.97 x 10~*
s71t0 3.0 x 10~* 57!, in which 42%was contributed by HOe. The con-
tributions of Cle and ClI3 toward kos_rpy did not change significantly
but the contribution of ClOe decreased from 2.4% to 1.1%, indicating
that NHPI could inhibit but not stop the generation of ClOe. Nonethe-
less, the contribution of unknown reactive intermediates toward RBV
photodegradation increased from 0.38% to 37.4%. This may be attrib-
uted to the enhancement of PINO (a reactive intermediate, derived from
NHPI) on RBV photodegradation. The hydrogen connected to the 012
on NHPI molecule (Fig.S11) can form hydrogen bond with the N12 on
RBV molecule, which promotes the generation of PINO by facilitating
the N-O12 bond break in NHPI molecules. At the same time, free chlo-
rine could also promote the yield of PINO by facilitating the N-O12 bond
break. PINO is a kind of oxidant that can extract the hydrogen from the
secondary carbon on RBV molecule. Then, RBV is transformed into its
corresponding carbonaceous radical (R-Re-R). Meanwhile, PINO can be
reduced to NHPI. Thus, the NHPI-PINO cycle is formed as shown in Fig.
S14 and Eq. (2), which is deeply depended on radicals and oxidants [23,
43,53].
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To reveal the role of unknown reactive intermediates played in RBV
photodegradation, TBA scavenging experiments were conducted for
UV/Chlorine, UV/Chlorine/TEMPO, and UV/Chlorine/NHPI processes.
The second order rate constants of different radicals vs. TBA were
summarized in Table S2. The ky_ggywith and without radicals scav-
enging by TBA were determined for the three processes, which are
depicted in Fig. 6. With the addition of TBA, the k.s_rpy by UV/Chlorine
process decreased 63% from 1.97 x 10™*s™! t0 0.72 x 10™* 571, indi-
cating that the radicals of HOe, Cle, ClOe contributed approximately
63% (Eq. (S20)) to the RBV photodegradation, which is slightly lower
than the contribution by HOe according to Eq. (§16)-(S19). This may be
explained by that a small amount of H2O2 could be generated during the
scavenging of HOe by TBA, which could oxidize RBV and impact the
results of scavenging experiment [54].

Nevertheless, the ks rpy by UV/Chlorine/TEMPO and UV/Chlo-
rine/NHPI processes decreased 66% (from 2.57 x107* s7! to
0.88 x10~*s7!) and 72% (from 3.0 x10~*s7! t0 0.85 x10~*s™) with
the addition of TBA, respectively. In these two processes, the contribu-
tions of the radicals scavenged by TBA were far greater than that of HOe
to RBV degradation, indicating that TEMPO' and PINO were also
scavenged by TBA since the sum of contributions by RCSs towards RBV
degradation was below 5%.

It is worth to mention that the ks grgy by UV/Chlorine, UV/Chlo-
rine/TEMPO, and UV/Chlorine/NHPI processes with TBA additions
were approximately equal to the sum of contributions by free chlorine
and UV toward k.ps_rpy, demonstrating that the contribution of unknow
reactive intermediates to RBV photodegradation decreased to 0% in UV/
Chlorine/TEMPO and UV/Chlorine/NHPI processes with TBA additions,
which also indicated that the existence of radicals (e.g., HOe, Cle, and
ClOe) was necessary for TEMPO and NHPI activations. Therefore, the
enhancement of redox mediators on RBV degradation by UV/Chlorine
process is mainly attributed to the reactive intermediates derived from
redox mediators, whereas the enhanced generation of radicals by redox
mediators (electron shuttle) has less contribution.

In order to further explore the roles of TEMPO" and PINO in RBV
degradation by UV/Chlorine process with redox mediators, EPR spectra
of them were identified to elucidate the enhancement mechanisms. The
EPR signals of TEMPO in DI water are depicted in Fig. 7(a). The TEMPO
signal in EPR spectrum was sharply attenuated after 5 min of UV irra-
diation, followed by a recover after 1.5 h of dark treatment, indicating
that TEMPO was transformed into TEMPO™ and TEMPOH under UV
irradiation, which were unstable and transformed back to TEMPO in
darkness [55].

3.0x10* 4

Control 1

TBA
2.5x10™ T

2.0x10° =

2 1.5x107

kobs RB\’( s l )

1.0x10™

5.0x10°

0.0

UV/Chlorine UV/Chlorine/TEMPO UV/Chlorine/NHPI

Fig. 6. Pseudo 1st order rate constants of RBV in UV/Chlorine process in the
absence and presence of TBA solution. Control group means RBV degradation in
UV/Chlorine process without TBA. TBA group means RBV degradation in UV/
Chlorine process with TBA as a radical scavenger. ([RBV]y = 10 mg-L™?,
[Cholrine]p = 42 pM, TBA = 10 mM, pH = 7.0, Temperature = 25 °C).
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Fig. 7(b) shows the EPR signals of TEMPO in NaOCl solution. There
was no change on the EPR signal of TEMPO after 1.5 h of dark treatment,
demonstrating that NaOCl could not transform TEMPO into TEMPO™.
However, the EPR signal of TEMPO attenuated rapidly after 2 s of UV
irradiation, and disappeared after 10 s of UV irradiation, indicating that
the UV/Chlorine process could significantly accelerate the trans-
formation of TEMPO, which was faster than sole UV irradiation. After
UV irradiation, the EPR signal of TEMPO recovered after a 40 min of
dark treatment, suggesting that TEMPO was not decomposed but
transformed into TEMPO'/TEMPOH, which was transformed back to
TEMPO in darkness [55]. These results confirmed that the enhanced
RBV degradation by UV/Chlorine process was attributed to the TEMPO™*
transformed from TEMPO, and the radicals generated by UV/Chlorine
process could significantly accelerate this transformation.

Likewise, PINO was detected by EPR when the solvent DI water was
replaced with acetonitrile to prolong radical life [56]. According to
Fig. 7(c), the EPR spectra of NHPI were not affected by sole UV irradi-
ation, indicating that UV irradiation without NaOCI could not transform
NHPI into PINO. Additionally, the NaOCl did not have EPR signal,
whereas the NaOCl solution showed EPR signal after UV irradiation,
which was caused by RCSs and ROSs. For NaOCl and NHPI mixture,
weak EPR signal that is different from the signal of UV irradiated NaOCl
solution was detected, which belonged to PINO [57]. This result sug-
gested that the efficiency of PINO generation from the reaction of NHPI
vs. free chlorine was very low. When the NaOCl and NHPI mixture so-
lution was irradiated by UV light, the EPR signal of PINO was strongly
enhanced, indicating that the radicals generated by UV/Chlorine pro-
cess greatly accelerated the transformation from NHPI to PINO.

3.5. Effect of water matrix on the enhancement of RBV degradation by
UV/Chlorine process with redox mediators

SRNOM from International Humic Substances Society (IHSS) was
widely used as the standard sample of DOM to study its effect on pol-
lutants degradation in advanced oxidation processes. Besides, HCO3 and
CI were the common anions in water matrix of real surface water. Thus,
SRNOM, HCO3, and Cl” were chosen as common water quality param-
eters to study the effect of water matrix on the degradation of RBV by
UV/Chlorine, UV/Chlorine/TEMPO, and UV/Chlorine/NHPI processes
[58].

As shown in Fig. 8(a), the kps_rpy by UV/Chlorine process decreased
from 1.97 x 107* 571 to 7.72 x 1075 57! as the SRNOM concentration
increased from 0 mgCeL™! to 10 mgCeL™!. As the concentration of
SRNOM increased from 0 mgCoL’1 to 10 mgCoL’l, kobs_rBy decreased
from 2.57 x 10™* s7! t0 9.43 x 107 57! and from 3.00 x 10*s7! to
1.35 x 107 s™* when TEMPO and NHPI were added into the UV/
Chlorine process, respectively. This could be attributed to two mecha-
nisms. One mechanism is that DOM could interfere with the photolysis
of chlorine by inner filter effect, which would inhibit the generation of
radicals by UV/Chlorine process [59]. The other mechanism is that
SRNOM could compete with RBV for radicals and oxidative species (e.g.,
HOe, RCSs, TEMPO™ and PINO) in the UV/chlorine system [38,60].
Therefore, the enhancement on RBV degradation by UV/Chlorine/R-
edox mediator process was weakened as the SRNOM concentration
increased.

HCO3 and CO% could be converted into each other. However, the
primary existing form was HCO3 rather than CO% in neutral solution.
HCOj3 could compete with RBV for OHe and Cle due to their high re-
action rate constants with OHe and Cle, which would cause the reduc-
tion on kyps_rpy as depicted in Egs. (3) - (5) [33,61]. Considering that the
concentration of HCO3 in actual water is in the range of 0.3-3.0 mM, the
HCO3 concentrations of 0, 0.5, 1.0, 3.0 mM were selected to further
evaluate its effect on RBV photodegradation by UV/Chlorine,
UV/Chlorine/TEMPO and UV/Chlorine/NHPI processes.

HO-+HCO;—-H,0+CO; ™,k = 8.5 x 10°M~'s™! 3
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HO-+CO* -CO;~ +0H k=39 x 108M~'s7! (@)

Cl-+HCO; —=H,0+CO3 ™ k=22 x 105M's7! (5)

The effect of HCO3 concentration on degradation of RBV by UV/
Chlorine process is depicted in Fig. 8(b). The kos_rsy by UV/Chlorine
process decreased from 1.97 x 10™*s71 t0 1.70 x 10~* s 7! as the con-
centration of HCOj3 increased from 0 mM to 3.0 mM. This was because
that HCO3 consumed HOe and Cle to produce CO3, which is less reactive
than HOe and Cle [61]. Meanwhile, as the HCO3 concentration
increased from 0 mM to 3 mM, the k,;_rpy decreased from 2.57 x 10~*
s7! to 1.77 x 107* 57! and from 3.00 x 107 s7! to 1.70 x 107* 57!
when TEMPO and NHPI were added into UV/Chlorine process, respec-
tively. These results confirmed that the consumption of HOe would
decrease the enhancement of TEMPO and NHPI on RBV photo-
degradation by UV/chlorine process.

Effect of ClI" concentration on RBV degradation by UV/Chlorine
process with and without redox mediators is illustrated in Fig. 8(c). The
CI concentrations of 0, 5, 10, 20 mM were selected because the con-
centration of Cl" in actual surface water is in the range of 0-20 mM [58,
62]. According to Fig. 8(c), the kgps_rpy by UV/Chlorine process
decreased from 1.97 x 10™#s71 to 1.51 x 10~*s™! as the concentration
of Cl" increased from 0 mM to 20 mM. This could be explained by that CI
could react with Cle (kgle.rgv = 5.30 X 10% M les ™) to form Cl5
(ki —ry = 2.83 % 10° M*Ios’l), which is a weak reactive interme-
diate and thereby inhibit the degradation of RBV. Moreover, Cl" could

also react with HOe to generate Cle, which would consume HOe and
thus inhibited the degradation of RBV [63]. Besides, as the concentra-
tion of Cl increased from 0 mM to 20 mM, the kyps_rsy by UV/Chlorine
process decreased from 2.57 x 10™* 57! to 1.58 x 10™* 57! and from
3.00 x 107%s71t01.68 x 10~ *s ! in the presence of TEMPO and NHPI,
respectively. These results indicated that the enhancement of TEMPO
and NHPI on RBV degradation by UV/Chlorine process was inhibited by
CI', which could be resulted from the consumption of HOe by Cl that led
to less generations of TEMPO™ and PINO.

The effects of the two redox mediators on RBV degradation by UV/
Chlorine process were also examined in two actual water matrices,
which were collected from reservoir (EW) and river (NW). The
geographical sampling locations of these two actual surface waters are
depicted in Fig.S42. The kg grpy by UV/Chlorine process with and
without redox mediators were determined in two actual surface water
matrices (Flg 9) The kops_ray were 1.62 x 10~* s7! in river water and
1.85 x 1074 in reservoir water, which were lower than that in DI
water (1.97 ><10_4 s71), indicating that actual water matrix generally
inhibits the degradation of RBV by UV/Chlorine process. The inhibition
may be attributed to the presence of dissolved organic matter (DOM) in
actual surface waters, which could weaken the RBV degradation by two
mechanisms. One mechanism is that DOM could compete with HOCI for
UV photons, which would decrease the yield of radicals in UV/Chlorine
process. The other mechanism is that DOM is a radical quencher, which
would scavenge the radicals and inhibit the degradation of RBV [64].
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Fig. 9. Pseudo 1st order degradation rate constants of RBV in UV/Chlorine
process in the absence and presence of redox mediators in two real surface
water samples; NW referred to the water collected from Minjiang River; EW
referred to the water collected from Tangban Reservoir; DIW referred to
deionized water. ([RBV]y = 10 mg-L’l, [Chlorine]y = 42 uM, [TEMPO], =
0.1 pM, [NHPI]p = 1 pM, Temperature = 25 °C).

The UV absorbance at 355 nm (a(355)) commonly represent the abun-
dance of DOM in actual water. In Table S1, a(355) values for river and
reservoir water are 4.61 and 4.45, respectively, indicating that the
abundance of DOM in river water was higher than that in reservoir

water, which led to a lower kys_rgy by UV/Chlorine process in river
water.

Nevertheless, the kys_grpy in river water increased by 27% (from
1.62 x10™* 57! t0 2.21 x10™* s71) and 32% (from 1.62 x10™* 57! to
2.39 x10~* s71) when TEMPO and NHPI were added into the UV/
Chlorine process, respectively. Similarly, thek,ys_grpy in reservoir water
increased by 18% (from 1.85 x10"% s7! t0 2.25 x10™* s™1) and 27%
(from 1.85 x10~*s7 1 t0 2.35 x10~* s_l) when TEMPO and NHPI were
added into the UV/Chlorine process, respectively. These results indicate
that TEMPO and NHPI are able to enhance the RBV degradation by UV/
Chlorine process in actual surface waters, but the extent of enhancement
is less than that in DI water. This is because that the increase of kyps_ray
mainly come from the oxidation of RBV by TEMPO™ and PINO. As dis-
cussed above, the generations of TEMPO™ and PINO deeply depend on
the existence of radicals. The DOM in actual waters could inhibit the
generation of TEMPO™ and PINO by scavenging the radicals, which
would weaken the RBV degradation.

3.6. Products and toxicity

The proposed pathways for RBV degradation by UV/Chlorine and
UV/Chlorine/Redox mediators processes are illustrated in Fig. 10. RBV
(P1, m/z = 245.09) molecule contains Furan ring structure that tends to
be halogenated via electrophilic substitution reaction [65]. Pathway 1
refers to RBV degradation by free chlorine only process, Pathway 2 re-
fers to RBV degradation by UV/Chlorine process, and Pathway 3 and 4
refer to RBV degradation by UV/Chlorine/TEMPO and UV/Chlor-
ine/NHPI processes, respectively.

In Pathway 1, the hydroxyl groups at C4 and C6 are substituted by
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Fig. 10. The proposed degradation pathways of RBV in different degradation processes.

chlorine atoms through oxidation, which generates initial RBV oxidation
products P2 (m/z = 279.16). In addition, the electron cloud density of
Furan ring structure is decreased after its oxidation, and the C8 of RBV
molecule connects with a Pyridine ring structure. This leads to the
decrease of N-C bond energy between C8 and N10, which will then be
broken by free chlorine to generate single ring products (P4-P9). Af-
terward, free chlorine will further oxidize and open the ring of Furan and
Pyridine structures to generate P10-P14.

In Pathway 2, free chlorine is excited by UV photon to generate HOe
and RCSs, which will break the bond between O1 and C2 on RBV
molecule to form P3 (m/z = 227.98). Additionally, single ring products
(P4-P9) and ring open products (P10-P14) were identified by LC-MS-MS
spectra after a short time of UV treatment, indicating that the oxidation
of organic compound by UV/Chlorine process is more complete than
that by Chlorine only process. Furthermore, the redox mediator substi-
tute products of RBV (P15, m/z = 384.3 and P16, m/z = 389.88) were
identified after the two redox mediators were added into UV/Chlorine
process (Pathway 3 and Pathway 4), which confirmed the inference that
the reactive intermediates derived from redox mediators could
contribute to RBV photodegradation by reacting with RBV.

The substitution by free chlorine will affect the electron cloud den-
sities of Furan and Pyridine rings. Thus, it can be inferred that TEMPO™"
and PINO will react with the heterocyclic structure on RBV molecule,
whose electron cloud conjugated structure is changed by chlorine sub-
stitution. Then, the number of active sites (easily react with radicals)
increases with the proceeding of oxidation and attacks by TEMPO™ and
PINO, which promotes the bond break between the two heterocyclic
structures and open of rings to yield P17-P23 [66,67]. According to the
HOMO orbital model (Fig.S17), there are lots of electron rich groups in
RBV molecule that contain plenty of active sites, leading to diversified
RBV products. When comparing the RBV products from UV/Chlorine
process with and without redox mediators, the molecular weights of the
products from UV/Chlorine/redox mediator processes are much lower,
indicating that redox mediators promote not only the rate, but also the
degree of RBV degradation.
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Quantitative Structure Activity Relationship (QSAR) coupling with
ECOSAR software was used to assess the toxicity of RBV and its products.
The results are summarized in Table S3 and Table S4 [68,69]. In terms of
acute toxicity, although the median lethal concentration (LC50) of in-
termediate transformation products (P2-P8) are lower than that of RBV,
the LC50 of most end products to fish and algae are higher than that of
RBV, indicating that the acute toxicities to fish and algae are reduced
after the final degradation of RBV. In terms of chronic toxicity, the
difference between different organisms is smaller than that of acute
toxicity. Similar to acute toxicity, the chronic toxicities of the products
to fish and algae are lower than those to Daphnia.

After the UV/Chlorine process with and without redox mediators, the
acute toxicities of the RBV final products to fish are provided in Fig. 11.
The toxicities of all products (except P11) from UV/Chlorine and UV/
Chlorine/Redox mediators processes are lower than that of RBV,
whereas the toxicity of P11 from UV/Chlorine process is higher than that
of RBV. These results demonstrate that the toxicities of the products
from UV/Chlorine process are higher than RBV, and the toxicities of the
products UV/Chlorine/Redox mediator processes are lower than their
parent compound. As a result, introducing redox mediators into UV/
Chlorine process will not only promote the degradation of RBV, but also
reduce the toxicities of its products.

4. Conclusions

This work focused on revealing the roles that trace amount N-oxyl
compounds (TEMPO and NHPI) play in the RBV degradation by UV/
Chlorine process as redox mediators. The degradation kinetics in waters
with different pH, DOM concentrations, anion concentrations, and
actual surface water matrices indicated that redox mediators can always
enhance RBV abatement by UV/Chlorine process in the pH range of
4.0-10.0 or in actual surface water matrices, where the rate of RBV
degradation in DI water with neutral pH significantly increased by 30%
and 52% after adding TEMPO and NHPI into UV/Chlorine process,
respectively. However, the enhancement of TEMPO and NHPI on RBV



Q. Sun et al.

~ 0

= (a)

1]

g 11 —————

Wy _RBV

= 24 ----P10

X

= — — P11

% « ISEEEEE

e -.—--Pl4

£ 5] !

Q 3

2 !

S 6 i

e !

E 7 -"!"-
. e imamns

Fig. 11. Acute toxicity assessment for fish of RBV and its products in different

ator process.

degradation by UV/Chlorine process varied with the pH of reactive so-
lution, and DOM, HCOs3, as well as Cl" could weaken the promotion of
redox mediators on RBV abatement by reducing the reactive in-
termediates. The results of probe compounds and scavenging experi-
ments indicate that HOe contributed most to the photodegradation of
RBV. TEMPO and NHPI enhanced the RBV degradation by UV/Chlorine
process through their oxidation products (TEMPO' and PINO) that
could degrade RBV by oxidizing secondary hydroxyl group into carbonyl
group or extracting hydrogen atom. TEMPO and NHPI could inhibit the
generation of ClOe in UV/Chlorine process, and the generation of
TEMPO™ and PINO deeply relied on the existence of HOe and RCSs. The
analyses on the products of RBV degradation and their LC50 for aquatic
organisms suggested that the N-oxyl redox mediators could also promote
the detoxification of RBV and its products by UV/Chlorine process.

CRediT authorship Contribution statement

Qiyuan Sun: Research plan, Data processing, Investigation, Soft-
ware, Writing — original draft preparation, Funding acquisition; Jing
Yang: Most of photodegradation experiment operation and software;
Yongjie Fan: RBV degradation products detection; Kaicong Cai: Data
processing and software; Zhilei Lu and Zhenle He: Probable compounds
detection; Zeping Xu and Xingteng Lai: Radical scavenging experi-
ment; Yuyi Zheng and Changqing Liu: Toxicity assessment of RBV
products; Feifeng Wang: Validation, Writing review & editing; Zhe
Sun: Validation, Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

The authors are unable or have chosen not to specify which data has
been used.

Acknowledgements
This work was supported financially by the Natural Science Foun-

dation of China [grant number 52070044]; Natural Science Foundation
of Fujian Province [grant number 2021J06022, 2021J01201].

11

Applied Catalysis B: Environmental 317 (2022) 121709

Acute toxicity LC50-96 h(x10° mg-L ™)

treatment processes. (a) UV/Chlorine process; (b) UV/Chlorine/redox medi-
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