Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Kinetics and reaction mechanism of photochemical
degradation of diclofenac by UV-activated
peroxymonosulfate

i ") Check for updates ‘

Cite this: RSC Adv,, 2021, 11, 6804

Yunlan Peng, Hongle Shi, Zhenran Wang, Yongsheng Fu and Yiging Liu@®*

Diclofenac (DCF) is a common non-steroidal anti-inflammatory drug, which is frequently detected in
different environmental media such as surface water, groundwater, domestic sewage, and sediment. In
this study, UV-activated peroxymonosulfate (PMS) was used to degrade DCF by generating active
radicals (i.e., SO4~ and HO") with strong oxidizing properties. The effects of PMS dosage, pH, initial DCF
concentration and common water constituents on the removal of DCF as well as its degradation
mechanism in UV/PMS system were investigated. Compared to UV alone and PMS alone systems, DCF
was removed more efficiently in the UV/PMS system at pH 7.0 due to the contribution of SO, and
HO", and its degradation followed the pseudo-first order kinetic model. As the dosage of PMS or
solution pH increased, the degradation efficiency of DCF was gradually enhanced. The highest DCF
degradation was obtained at pH 11.0 in this study, because the molar absorption coefficient of PMS
increased with increasing pH at 254 nm resulting in generation of more reactive radicals at high pH.
Removal efficiency of DCF was decreased significantly with the increase in its initial concentration due to
the insufficient concentration of radicals. The presence of HCOs~ and NOsz~ could promote the
degradation of DCF because of the role of carbonate radicals and extra HO" formed, respectively, while
NOM inhibited DCF degradation due to its competition with DCF for reactive radicals. No obvious
influence on DCF degradation was observed in the UV/PMS system with the addition of Cl~ and $O,2~.
The degradation of DCF by UV/PMS in real waters was slightly suppressed compared with its removal in
ultrapure water. Seven transformation products were detected using UPLC-QTOF/MS, and the potential
degradation mechanism of DCF was thus proposed showing six reaction pathways including
hydroxylation,  decarboxylation, dechlorination—cyclization, formylation, dehydrogenation and
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1. Introduction

In recent decades, pharmaceutical and personal care products
(PPCPs) have been widely used in many fields and have attrac-
ted growing attention."” PPCPs that can resist pathogens in
human and animal medicine have gradually increased with the
continuous development of science and the medical industry.>*
Since PPCPs cannot be fully absorbed by organisms, they are
mainly discharged into water and soil through feces and urine,
causing potential pollution and unpredictable threats to the
environment and human health.® Diclofenac (DCF) is a type of
common PPCPs which is used as a nonsteroidal anti-
inflammatory drug (NSAID) to reduce inflammation and pain
associated with arthritis, osteoarthritis, rheumatoid arthritis,
and ankylosing spondylitis.® However, the removal of DCF in
conventional wastewater treatment is incomplete due to its
toxicity and recalcitrant performance.”® Hence, DCF has been
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widely detected in effluent of wastewater treatment plants
(WWTPs), surface water, groundwater and even tap water due to
its widespread use and low removal.'***> Furthermore, in the
drinking water treatment process, the harmful disinfection
byproducts (DBPs) produced by the reaction between disinfec-
tants and DCF may pose a serious threat to human health.”
Therefore, it is indispensable to develop efficient treatment
methods for DCF removal in aquatic environment.

Advanced oxidation processes (AOPs) are a kind of methods
which rely on the production of radical species to treat refrac-
tory organic contaminants.** Hydroxyl radical (HO")-based AOPs
have been widely studied for the removal of emerging
contaminants, because HO" is a non-selective and powerful
oxidant.”™ Except hydroxyl radical, sulfate radical (SO, ") has
received increasing attention due to its higher redox potential
(Eo = 2.5-3.1 V) compared with hydroxyl radical (E, = 1.9-2.7
V)22t Moreover, the selectivity and half-life of sulfate radical
(30-40 ps) are higher and longer than those of hydroxyl radical
(1 ps).>>>* Thus, sulfate radical-based AOPs (SR-AOPs) have
a good application prospect in removing organic pollution.>

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Currently, peroxymonosulfate (PMS) and peroxydisulfate
(PDS) are the common oxidants utilized to generate SO, >
Their redox potentials are 1.82 V*” and 2.01 V,*® respectively. The
main difference between these two oxidants is that PMS is a type
of an S-inorganic hydroperoxide while the peroxide group in
PDS bridges two sulfur atoms. According to the activation
methods of PMS and PDS, the (hydro) peroxide bond (O-O) can
be broken by homolytic or heterolytic cleavage.*® Transition
metals (e.g., Fe*", Cu**, Mn** and Co*") are efficient activators
for PMS and PDS, but they may cause the risk of secondary
pollution. Although PMS can undergo self-decomposition
under slightly alkaline condition, singlet oxygen ('0Q,) is
mainly produced,® and this process increases the dosage of
alkalis. High energy input such as heat and ultraviolet (UV) are
other types of common methods which split PMS or PDS into
SO,"". Compared with thermal activation, UV is widely used in
the actual water treatment processes for disinfection. Hence,
UV-activated PMS or PDS is easier to be accepted due to its
environmentally friendly and effective properties, and its acti-
vation processes are shown in eqn (1) and (2). At present, UV/
PMS and UV/PDS are widely utilized to remove pollutants in
wastewater, but some studies have reported the degradation of
DCF by UV/PDS, while there is very limited research report on
the application of UV/PMS to degrade DCF in water. Conse-
quently, based on the high efficiency, easy operation and
moderate cost of the UV/PMS system, this technology is used to
degrade DCEF in this study.

HSOs™ + hw — SO, + HO® (1)
S,0¢%™ + hv — 280, (2)

The objective of this study is to systematically investigate the
photochemical degradation of DCF by UV/PMS. The effects of
pH, PMS dosage, initial DCF concentration and common water
constituents including inorganic anions and natural organic
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matter (NOM) on DCF removal were assessed. The removal of
DCF in real waters and its mineralization were also explored.
Eventually, the potential degradation mechanism of DCF was
proposed based on the detected transformation products.

2. Materials and methods

2.1. Materials

Diclofenac (DCF, =99%) and fulvic acid (FA) were purchased
from Aladdin (China). Potassium peroxymonosulfate (KHSOs),
sodium nitrate (NaNOj;), sodium sulfate (NaSO,), sodium
chloride (NaCl), sodium bicarbonate (NaHCO3), sulfuric acid
(H,SO,4), sodium hydroxide (NaOH), dipotassium hydrogen
phosphate (K,HPO,), monobasic potassium phosphate
(KH,PO,), sodium thiosulfate (Na,S,0;), tertiary butanol
(C4H;00), formic acid (CH,0,) and acetic acid (C,H,0,) were all
analytical grade and bought from Chengdu Kelong Chemical
Reagent Co. Ltd. Methyl alcohol (CH,O) and acetonitrile
(CH;CN) were both chromatographic grade and obtained from
Fisher Scientific. All the solutions were prepared by ultrapure
water (18 MQ cm).

2.2. Experimental procedure

The photochemical experiments were conducted in a self-made
parallel light emitting device, as shown in Fig. 1. The light
source used was two low-pressure mercury lamps (15 W, Phi-
lips), which mainly emitted ultraviolet light with a wavelength
of 254 nm. The intensity of the emitted ultraviolet light was 0.24
mW cm™? measured by an UV radiometer. Before experiments,
UV lamps were turned on for preheating and stabilizing for
30 min. A total volume of 50 mL of the reaction solution was
added to the reactor (glass Petri dish with a quartz cover), which
was then put on the magnetic stirrer. After pulling the visor, the
UV light was irradiated into the reactor and the reaction was
started. At the specified time intervals, 0.5 mL of the reaction
solution was sampled and added to 0.5 mL of 100 mM sodium
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Visor —|

Optical channel ——

Fig. 1 Self-made parallel light emitting device.
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thiosulfate (to quench radicals and residual oxidant) in the
liquid phase vial. The samples were mixed quickly and placed in
the refrigerator to avoid light and wait for testing. All the
experiments were carried out under constant temperature (25
°C) and repeated at least three times.

2.3. Analysis

The concentration of DCF was determined by a high-
performance liquid chromatograph (HPLC, Waters 2695)
equipped with a C18 column (4.6 x 150 mm, 5 pm). The column
temperature was 30 °C with the injection volume of 20 pL. The
mobile phase consisted of 0.1% acetic acid aqueous solution
and methanol (25 : 75, v/v) at a flow rate of 1 mL min~" and the
detection wavelength was set at 276 nm. DCF degradation
products were detected by an ultra-high performance liquid
chromatograph-quadrupole time-of-flight tandem mass spec-
trometer (UPLC-QTOF/MS). The C18 column (2.1 x 100 mm, 1.7
pm) was used as a stationary phase with the column tempera-
ture of 30 °C. The mobile phase was a mixture of 0.1% formic
acid water solution (A) and acetonitrile (B) at a flow rate of 0.3
mL min . The gradient elution procedure was 90% A for 1 min
constantly, linearly decreasing to 0% A (100% B) for 12 min,
keeping for 3 min and slowly increasing to 90% A for 18 min.
The injection volume was 10 pL. The electrospray ionization
(ESI) was used in the mass spectrometer to scan in the positive
ion mode, and the scan range was m/z 50-500. All the mass
spectrum data were analyzed by Masslynx 4.1 software. The
mineralization of DCF was assessed through measuring the
total organic carbon (TOC) of the reaction solution using a TOC
analyzer (Elementar). The solution pH was monitored by a pH
meter (PHS-3C, Leici).
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3. Results and discussion

3.1. Degradation of DCF by UV, PMS and UV/PMS

It is reported that 'O, can be produced through PMS self-
decomposition, while its generation is highly dependent on
solution pH. Yang et al* found that this reaction is mainly
occurred under slightly alkaline pH (pH = 9.4), while it is hardly
occurred at pH 7.0. The experiment in this study was carried out
in a phosphate buffer at pH 7.0, thus 'O, was barely produced in
current conditions in this study. As shown in Fig. 2, PMS alone
could hardly remove DCF after 20 min of reaction, indicating
that PMS could not effectively oxidize DCF and the role of 10, 0n
DCF degradation could be negligible. Under UV irradiation,
DCF could undergo photolysis, and about 81.2% of DCF was
degraded after 20 min. When PMS was added to UV alone
system, the removal of DCF was significantly accelerated, which
might be attributed to the role of SO,”~ and HO" generated by
UV activated PMS. In order to clarify the contribution of these
two radicals to the degradation of DCF, two commonly used
radical quenchers, namely tert-butanol (TBA) and isopropanol
(i-PrOH), were added to the UV/PMS system. The results are
shown in Fig. 2. The inhibition on DCF removal with the
addition of TBA might be caused by HO" oxidation, because TBA
can only inhibit HO" (Kyorea = 7.6 x 10° M™" s 3°) rather
than SO;"~ (Ksos~/ta = 8-4 x 10° M~ ' s~ ' 3%), The addition of i-
PrOH further inhibited the removal of DCF, because it can react
with both HO" and SO, (Kyoipron = 1.9 x 10° M ' s,
Ksos—jipron = 8.2 x 107 M™* §71).3%3 In the UV/PMS/i-PrOH
system, the degradation of DCF was basically similar to its
direct UV photolysis, suggesting that the addition of i-PrOH
might completely quench SO,"~ and HO" in UV/PMS system.
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Fig.2 Degradation of DCF by different reaction systems. Experimental conditions: [DCF]g = 1 uM, [PMS]g = 50 pM, [i-PrOH]g = [TBAlp = 10 mM,

T =25 °C, pH 7.0 phosphate buffer (10 mM).
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Fig. 3 Effect of pH on DCF degradation in UV/PMS system in phosphate buffer (a) and ultrapure water (b). Experimental conditions: [DCFlg =1
uM, [PMS]g = 50 uM, T = 25 °C, phosphate buffer (10 mM), ultrapure water (18 MQ cm).

These results showed that under current experimental condi-
tions (pH = 7.0), both SO,"~ and HO" were existed in UV/PMS
system, and they both played a certain role in the removal of
DCF. The degradation of DCF in UV alone and UV/PMS systems
both followed the pseudo-first order kinetic model, and their
apparent rate constants (k.,s) were 0.083 min ' and
0.109 min~", respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry

3.2. Effect of pH

In the UV/PMS system, the pH of the solution is an important
parameter, which can affect the concentration and distribution
of active radicals SO,’~ and HO’, and further may affect the
degradation of pollutants. In addition, at high pH, PMS can be
activated by alkali to generate active species. Therefore, it is
necessary to explore the effect of solution pH on the degrada-
tion of DCF by UV/PMS. In this study, the degradation of DCF in
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Fig. 4 UV photolysis of DCF at different pH values. Experimental conditions: [DCFlg = 1 uM, T = 25 °C, phosphate buffer (10 mM).

UV/PMS system at pH of 3, 5, 7, 9 and 11 with phosphate buffer
and ultrapure water were investigated, respectively. As shown in
Fig. 3, the degradation efficiency of DCF in phosphate buffer
and ultrapure water were both gradually increased as the pH of
the solution increased. Since the pKa of DCF is 4.15,** it was
mainly existed in the form of protonation at pH 3; when pH > 5,

it was mainly existed in a deprotonated form. Hence, its
photolysis efficiency by UV alone might be different at different
pHs. To prove the supposition above, the degradation of DCF in
UV alone system at different pH conditions was studied. As
shown in Fig. 4, the photolysis of DCF at pH 3 was lower than
those at other pH values, indicating that the deprotonated form
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Fig.5 Effect of PMS dosage on DCF degradation in UV/PMS system. Experimental conditions: [DCFlo =1 uM, T =25 °C, pH 7.0 phosphate buffer

(10 mM).
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of DCF was more prone to undergo photolysis. At pH 5-11, DCF
was existed in the same form, and therefore its direct photolysis
was almost the same. Thus, in UV/PMS system, the lower
removal efficiency of DCF at pH 3 might be attributed to its poor
photolysis. Although the concentration of OH  in UV/PMS
system would gradually increase with the increase of pH, it
would react with SO,"~ to generate HO" again, as presented in
eqn (3).* These two kinds of radicals have similar reactivities
toward DCF (Ksos—/pcr = 9-2 X 10° M~ ' 572 Kyyoper = 7.5 X
10° M ™" 57" ), as a result, the degradation of DCF was almost
the same under near-neutral pH conditions. When the pH was
11, the degradation efficiency of DCF reached the highest. Since
the molar absorption coefficient of PMS (epyps) increased with
increasing pH in the range of 6-12, its photolysis rate under UV
irradiation was thus enhanced with pH, which would further
lead to the increase in the steady-state concentration of HO" and
SO,"~ produced through UV-activated PMS.* Therefore, the
fastest degradation of DCF at pH 11.0 in this work might be
ascribed to the increased steady-state concentration of reactive
radicals.

Compared with DCF removal in phosphate buffer
(Fig. 3(a)), its degradation rate in ultrapure water (Fig. 3(b))
was comparable at pH 3.0-9.0 but much faster at pH 11.0. The
inhibited degradation of DCF in phosphate buffer at pH 11.0
was probably due to the competition of phosphate (HPO,>")
with DCF for HO® and SO, ~ with the rate constants of 1.5 x
10°and 1.2 x 10° M~ ' s, respectively, at a higher steady-state
concentration of reactive radicals. PMS activation by phos-
phate buffer in this study was not observed, although it was
reported by Lou et al.*® Yang et al.*® also did not find the PMS
activation by phosphate in the degradation of furfuryl alcohol
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in PMS system. These results indicated that there was almost
no influence of phosphate buffer on DCF removal in UV/PMS
system at pH 7.0.

SO, ~ +OH™ — SO, +HO',K=73x10'M's™" (3)

3.3. Effect of PMS dosage

The dosage of PMS is a key parameter in the UV/PMS system,
because it will not only affect the removal efficiency of
pollutants, but also influence the operating cost of the reac-
tion system. Consequently, this study investigated the effect of
PMS dosage (10-200 pM) on the degradation of DCF by UV/
PMS. As presented in Fig. 5, the removal of DCF was gradu-
ally increased with the increase of PMS concentration, and its
degradation rate constant was gradually enhanced from
0.095 min~" to 0.219 min~' when PMS dosage changed from
10 pM to 200 uM. This might be due to the increase in the
steady-state concentration of reactive radicals (SO,"~ and HO")
with the increase in the dosage of PMS. However, excessive
PMS might consume SO,"~ and HO’, as shown in eqn (3), (4)
and (5),*” and SO, and HO' might also undergo recombi-
nation (eqn (6)).>® Hence, the growth trend of DCF degradation
would slow down at high concentration of PMS. However, this
phenomenon was not observed in this study, indicating that
200 uM of PMS has not reached the critical value of inhibition
under current experimental conditions.

HSOs™ + SO, — HSO, +SOs , K<1.0x 10°M 's ' (4)

HSOs~ + HO" — SOs~ + H,0, K=17x 10" M~'s™! (5)
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Fig. 6 Effect of initial DCF concentration on its degradation in UV/PMS system. Experimental conditions: [PMS]g = 50 uM, T = 25 °C, pH 7.0

phosphate buffer (10 mM).
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SO, + HO" — HSO,~ +0.50, K=1-10 x 10° M~'s™! (6)

3.4. Effect of initial concentration of DCF

Besides the solution pH and PMS dosage, the degradation rate of
DCF might also be affected by its initial concentration in UV/PMS
system. Fig. 6 shows the degradation of DCF with different initial
concentrations when the dosage of PMS was 50 uM. The removal
rate of DCF was gradually slowed down with its increasing
concentration, and the k.ps was decreased from 0.133 min~" to
0.088 min~ ! when the initial concentration of DCF increased from
0.2 uM to 5 uM. Possible reasons include the following two aspects:
(1) the increase in DCF concentration might affect the absorption of
UV by the oxidant PMS, reducing the production of active radicals
SO, and HO' accordingly; (2) the concentration of reaction
products would also increase with the increase of DCF concentra-
tion, and they would compete with DCF for reactive radicals. Similar
conclusions were also obtained in other studies. Shah et al.** found
that the degradation rate of the pesticide endosulfan was gradually
decreased with its increasing concentration in UV/PDS system.
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3.5. Effect of common water constituents

3.5.1. Effect of inorganic anions. Inorganic anions (e.g.,
HCO;~, CI7, NO;~ and SO,’>7) are common constituents in
natural water bodies. The research on their influence on the
degradation of DCF by UV/PMS is helpful in determining the
application of this technology in the treatment of organic
pollutants in real waters. As shown in Fig. 7(a), the presence of
Cl™ could inhibit the elimination of DCF in the first 10 min of
the reaction in UV/PMS system. This was because the added C1~
could react with SO,"~ and HO" to generate Cl" and Cl,"~ (eqn
(7)-(11)) which were less oxidative,***' and thereby hindering
the degradation of DCF. As the reaction time increased, the
steady-state concentration of the formed Cl° and Cl,"~
mulated in the system would increase, and they might be able to
degrade DCF. Therefore, the removal efficiency of DCF was
almost the same after the reaction even if with different
concentrations of Cl™. Since SO,> nearly did not react with
SO,"~ and HO', its presence in the reaction system basically did
not affect the removal of DCF, as shown in Fig. 7(b). The pres-
ence of NO;~ could promote the degradation of DCF by UV/

accu-
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Fig. 7 Effect of Cl™ (a), SO4%~ (b), NOs~ (c) and HCO3~ (d) on DCF degradation in UV/PMS system. Experimental conditions: [DCFly = 1 uM,
[PMS]g = 50 uM, T = 25 °C, except for (d) which is pure water, all others are pH 7.0 phosphate buffer (10 mM).
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Fig.8 Effect of FA on DCF degradation in UV/PMS system. Experimental conditions: [DCFlg =1 uM, [PMS]o = 50 uM, T=25°C, pH 7.0 phosphate

buffer (10 mM).

PMS, and the higher the NO;™ concentration, the more signif-
icant the promotion effect, as depicted in Fig. 7(c). This was
mainly because NO; ™ could be excited to produce HO" under UV
irradiation as shown in eqn (12)-(15).*> Huang et al.** also found
that compared with UV alone, UV/NO;™ significantly promoted
the elimination of DCF, which was due to the contribution of
HO'. The presence of HCO;~ enhanced the removal of DCF, and
the promotion effect was gradually increased with the increase
of HCO;™ concentration, as presented in Fig. 7(d). The addition
of HCO; ™ could change the pH of the solution, and it was varied
from 8.8 to 9.2 when the concentration of HCO;  increased
from 1 mM to 20 mM. In this pH range, the degradation of DCF
in UV/PMS system was almost the same, as discussed in Section
3.2. Thus, the pH change caused by the addition of HCO; ™ had
almost no effect on the degradation of DCF. The promotion
effect of HCO;~ on DCF removal might be attributed to the
carbonate radical (CO; ") generated through the reactions of
HCO;™ with SO,"~ and HO’, as shown in eqn (16) and (17).** Liu
et al.*>*¢ also found this enhancement effect in the degradation
of oxytetracycline by UV/NO; , UV/H,0, and UV/PDS in the

Table 1 Water quality parameters of real waters

presence of HCO; ~, which was ascribed to the role of generated
CO; ™.

SO4 ™ +Clm - CI'+ SO, K=31x 1M 's™!  (7)
ClI"+HO — CIOH ", K=(43+£04) x 10° M~'s7! (8)
CIOH™ — CI" + HO", K= (6.1 +£08) x 10° M~ 's™! (9)

CIOH' ™ +H' - CI' + H,O, K= (2.1 £0.7) x 10" M s7'(10)

Cl'+Cl” > Cl,yy, K=21x10"M""'s7! (11)

NO;~ + hw — [NO; |* (12)

[NO; ]* — NO,~ + OCP) (13)

[NO; J* — NO, + O~ (14)

O~ + H,0 —» HO" + OH~ (15)

HCO;™ +S0,~ — CO5"~ +S0,7” + H", K=9.1 x 10°M ™"
s (16)

Total alkalinity

Real waters pH UV, COD, (mgL™") NH;N(mgL ') (mgCaCOsperL) ClI (mgL') NO; (mgL') S0, (mgL?
River water 7.6 0.0672 22.4 3.87 662.11 0.2368 9.1605 0.00854
Lake water 7.2 0.0365 20.8 0.93 470.36 0.1302 8.7245 ND*

% ND: not detected.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Degradation of DCF by UV/PMS in real waters. Experimental conditions: [DCFlo = 1 uM, [PMS]g = 50 uM, T = 25 °C.

HCO;™ + HO" — €Oy~ + H,0, K =85 x 10°M ™' s™! (17)

3.5.2. Effect of NOM. NOM is a common type of photo-
sensitive materials, which can be excited to produce reactive
oxygen species (ROS, such as '0,, 0,"~ and HO") under UV
irradiation, and then promoting the removal of pollutants.*”**
Meanwhile, NOM can compete with the target pollutants for

incident UV, inhibiting the direct photolysis of pollutants
accordingly. Furthermore, they can also react with radicals such
as HO" and SO," ", thereby inhibiting the degradation of the
target contaminants. In summary, in the UV-based advanced
oxidation systems, NOM has a dual effect and their impact on
the degradation of pollutants depends on their own nature and
the reaction conditions. In this study, fulvic acid was chosen to
represent NOM to investigate the effect of NOM on DCF

10k ®— TOC change
—®— DCF change
08 | T — 8
0.6 |
F
S
&
04 |
02}
0.0 | ®
1 1 1 1 1 1 1
0 20 40 60 80 100 120

Time (min)

Fig. 10 Mineralization of DCF in UV/PMS system. Experimental conditions: [DCFlg = 10 uM, [PMS]o =500 uM, T =25 °C, pH 7.0 phosphate buffer

(10 mM).
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degradation by UV/PMS. As shown in Fig. 8, the presence of FA
hindered the degradation of DCF, and the higher the FA
concentration, the more obvious the inhibition effect. This
result showed that in UV/PMS system, the inhibition effect of FA
on DCF degradation exceeded its promotion effect, that is, the
inhibition effect caused by the competition in incident UV, HO"
and SO,”~ between NOM and DCF was greater than the
promotion effect caused by ROS generated by UV-activated
NOM.

3.6. Degradation of DCF by UV/PMS in real waters

The degradation of DCF in real waters from a lake and a river by
UV/PMS was conducted. The water quality parameters of these
two real waters are presented in Table 1. As shown in Fig. 9,
compared with the degradation of DCF in ultrapure water (pH =
7.0 adjusted by 10 mM phosphate buffer), its removal in lake
water and river water were both inhibited slightly. According to
the analysis in Section 3.5, it is clear that CI” and SO,>~ almost

Table 2 Degradation products of DCF in UV/PMS system

View Article Online

RSC Advances

had no effect on DCF removal in this system while HCO; ™~ and
NO;~ could promote the degradation of DCF. Moreover, NOM
could suppress DCF degradation due to its competition with
DCF for reactive radicals. The promotion of HCO; ™ and NO;™ in
real waters might be inferior to the inhibition of NOM, which
might result in a slight inhibition on DCF degradation in real
waters in this system.

3.7. Mineralization of DCF

The mineralization of DCF by UV/PMS was performed and the
result is seen in Fig. 10. In first 20 min, 94.4% of DCF was
degraded rapidly, while the total organic carbon was merely
removed 10.2%. As the reaction went on, DCF was completely
degraded and TOC was gradually eliminated, indicating that
this system was feasible for the degradation and mineralization
of DCF. Since DCF was firstly decomposed to intermediates as
stated in Section 3.8, which was then degraded to other prod-
ucts such as CO, and H,0, the mineralization of DCF was much

Molecular Mass-to-charge
Serial number mass ratio Formula Proposed structure
)
g OH
DCF 295 296 C14H;;CLLNO, ©:N
Cl
o}
oy H
1 311 312 C14H;,CLL,NO; 1 N
Cl OH
a , °
2 281 282 C13HoCLLNO, N
Cl OH
Cl =~
3 279 280 C,5H,CLLNO, C[N\
Cl
o}
cl 0
4 259 260 C14H,,CINO, H
Cl
H
N
5 251 252 Cy13H1:CLN ©i \©
Cl
o
OH
6 225 226 C14H;,NO, H
Cl
H
N,
7 215 216 Cy3H;oCIN
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slower than its degradation, and a prolonged reaction time
might be needed for obtaining a good TOC elimination.

3.8. Identification of degradation products and
transformation pathways of DCF

In the degradation of DCF by UV/PMS, seven reaction products
were detected. Their molecular mass, mass to charge ratio (m/z),
formula and possible structures are presented in Table 2. Based
on these identified transformation products, the probable
degradation mechanism of DCF in UV/PMS system was
proposed including six different reaction pathways, namely

View Article Online

Paper

hydrogenation, as shown in Fig. 11. In current experimental
conditions, both SO,"~ and HO" were existed in UV/PMS system.
Under the electrophilic attack of these two active radicals, DCF
could undergo hydroxylation and decarboxylation to generate
hydroxylated product m/z 312 and decarboxylation product m/z
252. The formed product m/z 312 could further undergo for-
mylation reaction under the oxidation of SO,”~ and HO" to
produce product m/z 282, which could be further converted to
product m/z 280 through dehydrogenation, as described in
Fig. 11.

A total of three dechlorination products of DCF were detec-
ted in this system, ie., m/z 260, m/z 226 and m/z 216. The
generation of these three products might be due to the cleavage
of C-Cl bonds induced by UV photolysis and the oxidation of

OH

m/z 296: C, JH,;CL,NO,

hydroxylation, decarboxylation, dechlorination-cyclization,
formylation, dehydrogenation and dechlorination-
Cl u
N
Cl
)

@

(0]
Cl q OH
<>N<§
Cl OH
m/z 312: Cy4H,,Cl,NO;4

“)

o)
Cl Z
H
L
Cl OH

m/z 282: C 1 3H9C12N02

®)

Cl A9
CLC L
A

Cl O

m/z 280: C 13H7C12N02

Cl H
Cl

m/z 252: C13H11C12N

Cl OH

jan)

m/z 260: C]4H10C1N02

2 (6)

Sy o

m/z216: C13H]0C1N

m/z 226: C14H11N02

Fig. 11 Probable degradation pathways of DCF by UV/PMS: (1) hydroxylation, (2) decarboxylation, (3) dechlorination—cyclization, (4) formylation,

(5) dehydrogenation, (6) dechlorination—hydrogenation.
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active radicals. Since the low-pressure mercury lamp mainly
emitted ultraviolet light with a wavelength of 254 nm (the cor-
responding energy was 112 kcal mol "), the C-Cl bonds of DCF
might undergo bond cleavage under high-energy UV irradia-
tion. As shown in Fig. 11, under UV radiation, DCF underwent
dechlorination-cyclization reaction to generate product m/z
260, which could further undergo dechlorination-hydrogena-
tion or decarboxylation to form products m/z 226 and m/z 216,
respectively. The formed product m/z 216 might also be con-
verted from the decarboxylation product m/z 252 through
a dechlorination-cyclization reaction. Lekkerkerker-Teunissen
et al.*® also detected dechlorination products m/z 260 and m/z
216 during the UV photolysis of DCF, and the other three
photolysis products m/z 256 (C1,HoNO,), m/z 242 (C1,H1,NO3)
and m/z 212 (C;13HoNO,) were not detected in this study.

4. Conclusions

In this study, the removal of DCF by the UV/PMS system was
investigated systematically. Compared with UV alone, UV/PMS
could significantly promote the degradation of DCF. Radical
quenching experiments proved that the promotion effect was
attributed to the role of SO,"~ and HO" produced by UV acti-
vation of PMS. The degradation efficiency of DCF was gradually
increased with increasing pH, and its degradation rate was the
fastest at pH 11, which was probably due to the increased
steady-state concentration of reactive radicals produced
through UV-activated PMS. The degradation of DCF was grad-
ually enhanced with the increase in PMS dosage, but was
gradually slowed down with the increase of its own initial
concentration. The presence of CI™ could inhibit the removal of
DCF in the first 10 min of the reaction, and then the inhibition
effect was disappeared after reaction. NO;~ and HCO;™ could
promote the degradation of DCF because of the contribution of
additional HO" and CO;"~ generated, respectively. The presence
of SO,>~ could hardly affect the elimination of DCF, while NOM
could restrain DCF removal, and the inhibition effect was
gradually increased with the increase of NOM concentration.
Compared with DCF degradation in ultrapure water, its removal
in real waters was slightly suppressed. The mineralization of
DCF could be obtained by UV/PMS, but its efficiency was much
slower than DCF degradation. Based on the detected seven
degradation products, the probable reaction mechanism of DCF
in UV/PMS system was proposed exhibiting six different trans-
formation pathways including hydroxylation, decarboxylation,
dechlorination-cyclization, formylation, dehydrogenation and
dechlorination-hydrogenation.
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