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a b s t r a c t

Benzophenone derivatives, including benzophenone-1 (C13H10O3, BP1), benzophenone-3 (C14H12O3, BP3)
and benzophenone-8 (C14H12O4, BP8), that used as UV filters are currently viewed as emerging con-
taminants. Degradation behaviors on co-exposure benzophenone derivatives using UV-driven advanced
oxidation processes under different aqueous environments are still unknown. In this study, the degra-
dation behavior of mixed benzophenone derivatives via UV/H2O2 and UV/peroxydisulfate (PDS), in
different water matrices (surface water, hydrolyzed urine and seawater) were systematically examined.
In surface water, the attack of BP3 by hydroxyl radicals (HO∙) or carbonate radicals (CO3

∙-) in UV/H2O2 can
generate BP8, which was responsible for the relatively high degradation rate of BP3. Intermediates from
BP3 and BP8 in UV/PDS were susceptible to CO3

∙-, bringing inhibition of BP1 degradation. In hydrolyzed
urine, Cl� was shown the negligible effect for benzophenone derivatives degradation due to low con-
centration of reactive chlorine species (RCS). Meanwhile, BP3 abatement was excessively inhibited
during co-exposure pattern. In seawater, non-first-order kinetic behavior for BP3 and BP8 was found
during UV/PDS treatment. Based on modeling, Br� was the sink for HO∙, and the co-existence of Br� and
Cl� was the sink for SO4

∙-. The cost-effective treatment toward target compounds removal in different
water matrices was further evaluated using EE/O. In most cases, UV/H2O2 process is more economically
competitive than UV/PDS process.

© 2019 Published by Elsevier Ltd.
1. Introduction

To protect humans from the harmful effects of ultraviolet radi-
ation, UV filters are used in a diverse range of personal care prod-
ucts (PCPs), including sunscreens, cosmetics and shampoo (Fent
et al., 2010; Jansen et al., 2013). UV filters are used in combina-
tions and can exceed 10% of the product's mass (Brausch and Rand,
2011; Schreurs et al., 2002). Among UV filters, benzophenone de-
rivatives are commonly used due to their high photo/biostability,
resulting in their general occurrence in environment media, espe-
cially aqueous environments (Brausch and Rand, 2011; Kasprzyk-
al Science and Engineering,
Hordern et al., 2008; Poiger et al., 2004; Tsui et al., 2017). Due to
their endocrine disrupting potential and carcinogenic effects,
benzophenone derivatives are considered to the emerging con-
taminants in recent decades (Schlumpf et al., 2001; Schreurs et al.,
2005; Suzuki et al., 2005; Tang et al., 2013). The most detected UV
filters families in surface water were benzophenone derivatives
with concentrations up to 0.4mg/L (Kasprzyk-Hordern et al., 2009).
Meanwhile, benzophenone-1 (C13H10O3, BP1) and benzophenone-8
(C14H12O4, BP8) in the influent of urban sewage treatment plants
have reached maximum concentrations of 245 and 10 ng/L,
respectively (Negreira et al., 2009; Wu et al., 2013). Benzophenone-
3 (C14H12O3, BP3) has been reported to occur in surface waters in
Switzerland, at a concentration range of <2e35 ng/L (Balmer et al.,
2005), and in wastewater from China, at concentration ranging
from 68 to 722 ng/L (Li et al., 2007). Besides, UV filters were also
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detected in seawater (Tsui et al., 2017; Manasfi et al., 2017), even in
human urine because of dermal exposure (Kunisue et al., 2012;
Wang et al., 2013). Hence, an efficient and economical approach to
removing these pollutants from aquatic environments is highly
needed.

Advanced oxidation processes (AOPs), which can generate
reactive species, are becoming increasingly popular technologies
for contaminants degradation in water (Oller et al., 2011; Oturan
and Aaron, 2014). Radical-based AOPs, in particular those with
hydroxyl radical (HO∙) or sulfate radical (SO4

∙-), have been suc-
cessfully applied to decompose micropollutants (Keen and Linden,
2013; Luo et al., 2015, 2017; Nfodzo and Choi, 2011; Yang et al.,
2019; Liu et al., 2018). Meanwhile, AOPs were also used in human
urine and seawater to obtain the pharmaceuticals removal, toxicity
elimination and disinfection (Zhang et al., 2015, 2016b; Rubio et al.,
2013). Reports have shown that many micropollutants can react
rapidly with HO∙ (108� k� 1010M�1 s�1) (Wols and Hofman-Caris,
2012), whereas the reaction rates of PCPs with HO∙ and SO4

∙- have
not been extensively studied, especially for secondary reactive
species (i.e., carbonate radical-CO3

∙-). Additionally, one critical issue
is that micropollutants, such as PCPs, normally occur in a co-
exposure pattern rather than individual existence in aqueous en-
vironments. The degradation behaviors of PCPs in co-exposure
pattern are likely different from individual pattern using AOPs.
However, the specific difference of degradation behaviors and its
related factors for triggering are still unknown. Furthermore, con-
stituents in various water matrices make micropollutants degra-
dation even more complex because of conversions of reactive
species (Yang et al., 2014; Zhang et al., 2015). To the best of our
knowledge, degradation behaviors of multiple PCPs (i.e., UV filters)
by AOPs in various aqueous environments have not been
investigated.

In this study, the degradation of benzophenone derivatives in
both individual and co-exposure patterns by UV/H2O2 and UV/PDS
in the presence of different water matrices (surface water, hydro-
lyzed urine and seawater) was comprehensively investigated. The
degradation kinetics were also experimentally and mathematically
determined. For the first time, the reaction rate constants of
benzophenone derivatives toward HO∙, SO4

∙- and CO3
∙- were deter-

mined, which can largely benefit the future work regarding on the
kinetic simulation of radical-based degradation in other water
matrices. An energy-cost evaluation (i.e., electrical efficiency per
log order (EE/O)) was also conducted to compare the energy cost of
UV-based AOPs in different water matrices.

2. Materials and methods

2.1. Chemicals and reagents

Sources of chemicals, reagents and synthetic matrices were
provided in the Supporting Information Text S1 and Tables S1-S2.

2.2. Kinetics of UV filter oxidation by UV/H2O2 and UV/PDS in
different water matrices

A semi-collimated beam apparatus (Figure S1) consisting of one
15-W low-pressure mercury lamp above a quartz reactor (6 cm
diameter� 5 cm height) was employed for batch studies. Kinetics
experiments were conducted at room temperature (25± 1 �C) in
aqueous solutions, including ultrapure water with phosphate
buffer solution (PBS), surface water, hydrolyzed urine and seawater
(Tables S2). The volumetric light irradiance (I, 1.99� 10�6 E L�1 s�1)
was determined by H2O2 chemical actinometry (Beltr�an et al., 1995;
Yin et al., 2018). All kinetics experiments were performed twice at
least.
2.3. Determination of second-order rate constants of UV filters with
HO∙, SO4

∙- and CO3
∙-

Competition kinetic approaches were used to determine the
second-order rate constants of UV filters with HO∙, SO4

∙- and CO3
∙-,

using nitrobenzene (NB), anisole (AS) and para-nitroaniline (PNA)
as reference compounds, respectively. CO3

∙- was generated by
adding excess sodium bicarbonate (0.5M) during UV/H2O2 process.
The experiments were conducted in PBS at pH 7 (for HO∙ and SO4

∙-)

and pH 9 (for CO3
∙-). The initial concentrations of UV filters and

oxidants were 5 mM and 500 mM, respectively. In addition, the
concentrations of NB, AS and PNA were 5 mM, 50 mM and 5 mM,
respectively.

2.4. Chemical analysis

A HITACHI L-2130 HPLC equipped with an Inert Sustain C18
column (4.6mm� 250mm, 5 mm particle size) and L-2420 UVeVis
detector was used to quantify UV filters. The column temperature
was set at 35 �C. The eluent was methanol (0.1% acetic acid)/puri-
fied water (v/v, 80/20); flow rate was 1mL/min. The injection vol-
ume was 10 mL for each sample, and UV detection was set at
290 nm. Detectionwavelengths for NB, AS and PNAwere set at 275,
270 and 220 nm, respectively.

The transformation products of UV filters were identified by
HPLC coupled triple quadrupole MS (tqMS) (Agilent Technology
1290/6460 Triple Quad LC/MS) with electro spray ionization (ESI)
operating in positive mode. Solid phase extraction (SPE) for sam-
ples pretreatment (Text S1) were performed to avoid the possible
contamination of mass spectrometer by inorganic ions. A ZORBAX
Eclipse Plus C18 (2.1� 50mm, 1.8 mm and 600 Bar) was used for
separation with a mobile phase composed of methanol and water
(65:35, v/v) with flow rate of 0.2mL/min. The mass spectrometer
was operated at fragmentation voltage 135 V, capillary voltage
140 V, gas temperature 350 �C and nebulizer pressure 35 psi. The
exact mass information of transformation products were illustrated
by using LTQ-Orbtirap Velos Pro. The sheath gas flow ratewas 8 arb,
spay voltage 4.5 kV, and capillary temperature 275 �C. The analyzer,
mass range and resolution of scan description was FTMS, m/z
100e500 and 60000, respectively.

2.5. Kinetic modeling

Radical concentrations in UV/H2O2 and UV/PDS systems were
simulated using Kintecus 4.55 to evaluate the reactive species
(Ianni, 2012). The virtues of Kintecus runs incredibly fast on per-
sonal computer and is basically unrestricted in terms of the number
of reactions and species. Further, the program automatically checks
for correct mass and charge balance and also offers the opportunity
to modify the concentrations of selected compounds at any point
during time scale. This feature easily allows modeling the actual
conditions of experiments. More than two hundred elementary
reactions (Tables S3) were involved. This model accounts for the
effects of most inorganic ions, including chloride, sulfate, carbonate
species and bromide on UV/H2O2 and UV/PDS, and it has been
successfully employed in several studies with proven reliability for
simulations (Sun et al., 2016; Yang et al., 2014; Zhang et al., 2015,
2016a).

3. Results and discussion

3.1. Direct photolysis

Direct photolysis (UV alone) of individual (BP1, BP3 and BP8 for
individual substance, hereafter referred to as BP) and co-exposure



Table 2
Second-order rate constantsa of the compounds with hydroxyl, sulfate and car-
bonate radicals determined in pH 7 and 9 PBS.

pH 7 pH 9

kHO$
(� 109) kSO4$

-(� 1010) kHO$
(� 109) kSO4$

-(� 1010) kCO3$
-(� 107)

BP1 6.25 (±0.25) 1.68 (±0.34) 6.75 (±0.31) 1.13 (±0.40) 3.28 (±0.51)
BP3 6.94 (±0.20) 2.60 (±0.25) 7.38 (±0.35) 1.56 (±0.49) 1.25 (±0.23)
BP8 7.05 (±0.17) 2.77 (±0.29) 7.46 (±0.23) 1.23 (±0.33) 2.79 (±0.45)

a All the rate constants unit¼M�1 s�1, errors represent standard deviation
(n� 2).

Fig. 1. Measured the degradation rate constants (kobs) of BP1, BP3, BP8 and BPs in PBS
(10mM) at pH 7.2 by UV/H2O2 (A) and UV/PDS (B). Reaction condition:
[BP1]¼ [BP3]¼ [BP8]¼ 5 mM, [H2O2]¼ [PDS]¼ 500 mM, I¼ 1.99� 10�6 E L�1 s�1 and
temperature at 25± 1 �C. Errors represent the standard deviation (n� 2).
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(referred to BPs) benzophenone derivatives were studied in ultra-
purewater with PBS. After 60min irradiation, the degradation of BP
and BPs were not evidently observed (Figure S2), confirms their
photo-stability. These results were consistent with previous study,
which also did not observe BP3 photo-degradation under UV irra-
diation (Liu et al., 2011). Meanwhile, no degradation of BP was
observed after 60min with either H2O2 or PDS in the absence of
light (Figure S2), indicating that the degradation role of oxidants
can be neglected. Therefore, in this study, this discussion focuses on
photolysis via photo-generated reactive species in different
matrices.

3.2. UV/H2O2 and UV/PDS AOPs in ultrapure water

Kinetic modeling was combined with experiments to compre-
hensively illustrate how the target compounds degradation was
driven by different radicals, rather than to draw a definitive
conclusion on the concentration of radical. In UV/H2O2 and UV/PDS,
the overall degradation is owing to both direct and indirect
photolysis (Eq. (1)):

�d½BP�
dt

¼ kobs½BP� ¼ ðkd þ kiÞ½BP� z ki½BP� (1)

where kobs is the observed pseudo-first-order degradation rate
constant (min�1); kd is the measured pseudo-first-order direct
photolysis rate constant (min�1); and ki is the indirect photolysis
rate constant (min�1) and is primarily related to reactive species.
Due to negligible direct photolysis (Figure S2), the kobs equals to the
indirect photolysis rate ki in UV/H2O2 or UV/PDS.

BP was treated by UV with either 500 mM of H2O2 or PDS at pH
7.2. The photolysis rate of BP followed pseudo-first-order kinetics
(Figure S3). In ultrapure water, kobs of BP1, BP3 and BP8 were
increased from 0 to 0.214, 0.278 and 0.348 min�1, respectively, by
UV/H2O2. The increase of kobs was primarily due to the contribution
of HO∙. A competition kinetic method (Text S2) was used to
determine the second-order rate constants of BP with HO∙ (kHO∙ ,
Table 2), which were in a narrow range (6.25� 109 to
7.05� 109M�1 s�1) due to low selectivity of HO∙. A higher kHO∙ led
to a higher degradation rate of BP (Fig. 1A). Furthermore, degra-
dation results from BPs treatment by UV/H2O2 showed that each
contaminant followed pseudo-first-order kinetics (Figure S3D). To
be noted, the degradation rate in co-exposure pattern followed the
order BP3< BP8< BP1, which differs from individual pattern
(BP1< BP3< BP8). This result indicates that some interference may
occurred during co-exposure. The different degradation orders of
Table 1
Simulated molar concentration (in M) of inorganic radicals for various model water mat

Reactive species UV/H2O2

Ultrapure water Surface water Hydrolyzed urine Seawat

[SO4
�-]

[HO$] 5.00� 10�12 5.05� 10�13 1.62� 10�15 1.04�
[Cl$] 5.96� 10�23 2.81�
[ClO$] 4.03� 10�36 4.44�
[Br$] 1.10�
[Cl2�-] 8.56� 10�21 3.66�
[ClBr�-] 6.59�
[Br2�-] 1.85�
[CO3

�-] 1.44� 10�11 2.41� 10�13 1.22�
[$NH2] 3.37� 10�13

[$NO2] 1.49� 10�16

[$NO] 2.32� 10�5

[ONOOH] 1.09� 10�11

[ONOO�] 1.22� 10�10

a Oxidant concentration was 500 mM; the contaminants were not included in the syst
individual and co-exposure patterns may relate to molecular
structure, byproducts generated and treatment technique, indi-
cating that further study was needed.

Compared with UV/H2O2, UV/PDS in ultrapure water led to
faster BP degradation, but to different extents (Fig. 1B). The second-
order rate constants of BP with SO4

∙- (kSO4$-) were determined using
competition kinetic (Text S2), which were 1.68, 2.60 and
2.77� 1010M�1 s�1 for BP1, BP3 and BP8, respectively (Table 2). kobs
of BP1, BP3 and BP8 in UV/PDS were 0.253, 0.408 and 0.448 min�1,
respectively. All these values were higher than those observed
when using UV/H2O2. The enhanced degradation of BP in UV/PDS
was mainly attributed to the formation rate of SO4

∙- from PDS
(FPDS¼ 0.7) was higher than that of HO∙ from H2O2 (FH2O2¼ 0.5)
(Baxendale and Wilson, 1957; Mark et al., 1990). The degradation
rates in co-exposure pattern using UV/PDS followed the order
BP1< BP3 ¼ BP8, which also differs from individual system
(BP1< BP3< BP8). In co-exposure pattern, kobs for BP1, BP3 and BP8
in UV/PDS were 0.094, 0.128 and 0.128 min�1, respectively, higher
rices.a.

UV/PDS

er Ultrapure water Surface water Hydrolyzed urine Seawater

2.54� 10�12 1.87� 10�13 2.94� 10�15 6.22� 10�16

10�14 1.33� 10�11 1.46� 10�13 3.96� 10�18 1.10� 10�15

10�18 9.77� 10�17 2.78� 10�17

10�21 1.39� 10�21 1.68� 10�12

10�14 2.24� 10�14

10�15 4.31� 10�15 3.62� 10�14

10�12 1.31� 10�11

10�11 3.67� 10�11

10�10 5.83� 10�12 3.09� 10�12 7.87� 10�12

2.93� 10�13

1.18� 10�30

2.06� 10�5

7.65� 10�26

8.57� 10�25

em when performing the calculation; total simulation time was 3min.
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than those obtained in UV/H2O2. Meanwhile, the overall kobs of BPs
for UV/PDS was 1.61 times higher than that for UV/H2O2. Therefore,
UV/PDS treatment demonstrated higher degradation efficiency for
the abatement of target compounds.

Overall, results show that UV/PDS in ultrapure water was more
efficient than UV/H2O2 for both individual and co-exposure pat-
terns. However, whether this conclusion can be applied in real
matrices need further investigation. The presence of diverse con-
stituents in actual environments and conversion of reactive species
can further complicate these contaminants elimination. Addition-
ally, degradation behavior of target contaminants could be distinct
for different feeding patterns, representing a topic that has not
been previously examined in a systematic manner. This research is
significant demanded because of the coexistence of constituents
and multiple benzophenone derivatives in aquatic environments.
Therefore, three typical water matrices, including surface water,
hydrolyzed urine and seawater, were selected for further studies
owing to UV filters occurrence (Asimakopoulos et al., 2014;
Cuderman and Heath, 2007; Kim and Choi, 2014; Magi et al., 2013;
Manasfi et al., 2015; Meeker et al., 2013; Philippat et al., 2012; Tsui
et al., 2014).
3.3. UV/H2O2 and UV/PDS AOPs in surface water

Compared to ultrapure water, kobs for BP1, BP3 and BP8 using
UV/H2O2 decreased by 46.24, 51.50 and 58.37%, respectively, in
surface water (Fig. 2A). Kinetic modeling indicated that HO∙ con-
centration decreased to 5.05� 10�13M in surface water compared
to that in ultrapure water (5.00� 10�12M, Table 1). The decrease in
HO∙ concentration was primarily due to competing reactions with
natural organic matter (NOM) and bicarbonate (HCO3

�). The
second-order rate constants of NOM with HO∙ and CO3

∙- have been
reported as 3.9� 108 Mc

�1$s�1 and 2.3� 104 Mc
�1$s�1, respectively

(Brezonik and Fulkerson-Brekken, 1998; Canonica et al., 2005).
High concentration and reactivity toward radicals made NOM
become the major scavenger in surface water.

The kobs for BP was inhibited by less than 60%, which indicated
that BP degradation was not only governed by HO∙. The kobs in
surface water should have been approximately 10% of that in ul-
trapure water if only HO∙ oxidation was considered (Table 1). This
discrepancy suggests that CO3

∙- was also responsible for BP degra-
dation. The second-order rate constants of BP with CO3

∙- (kCO3$∙- ) were
also determined (Text S2), and it revealed that CO3

∙- exhibited lower
reactivity than HO∙ (Table 2). Compared with other contaminants,
whose second-order rate constants with CO3

∙- were approximately
106-107M�1 s�1 (Wols et al., 2015), BP was highly reactive toward
CO3

∙- (1.25� 107 to 3.28� 107M�1 s�1) because of its electron-rich
moieties. Although kCO3

∙- was at least two orders of magnitude
lower than that of kHO$, the higher selectivity of CO3

∙- also rendered
Fig. 2. Measured the degradation rate constants (kobs) of BP1, BP3, BP8 and BPs in
surface water at pH 7.2 by UV/H2O2 (A) and UV/PDS (B). Reaction condition:
[BP1]¼ [BP3]¼ [BP8]¼ 5 mM, [H2O2]¼ [PDS]¼ 500 mM, I¼ 1.99� 10�6 E L�1 s�1 and
temperature at 25 ± 1 �C. Errors represent the standard deviation (n� 2).
it less susceptible to be scavenged by constituents (Zhang et al.,
2016a). This lower susceptibility was evident from modeling,
which showed that the concentration of CO3

∙- was almost 30 times
higher than that of HO∙ in surface water (Table 1 and S5).

In UV/PDS-treated surface water, kobs of BP also experienced a
strong suppression, especially for BP3 and BP8 (Fig. 2B). Given
electrophilic nature of CO3

∙- (Liu et al., 2015), aromatic contaminants
with electron-donating substituents are also reactive toward CO3

∙-,
similar to HO∙ and SO4

∙-. Two hydroxyl groups (-OH) on BP1 can
activate benzene ring, which explains why BP1 demonstrates
higher reactivity than BP3 and BP8. Likewise, kobs should approach
zero if degradation was only governed by SO4

∙- and HO∙, further
confirming the participation of CO3

∙- in BP degradation. When sur-
facewater was treated by UV/PDS, a higher degradation rate for BP1
and lower degradation rates for BP3 and BP8 can be observed
compare to UV/H2O2. Based on the simulated SO4

∙- and HO∙ con-
centrations (Table 1) and measured rate constants (Table 2), UV/
PDS was expected to have better performance on BP degradation
than UV/H2O2. However, this hypothesis was only true for BP1
(Fig. 2). A lower concentration of CO3

∙- (Table 1) and kCO3
∙- played a

critical role in the degradation of BP3 and BP8. Further study is
necessary to determine whether any underestimated rate constant
for the reaction with (or unknown scavenger of) SO4

∙-, which can
resulted in a lower concentration than predicted result.

When BPs were added to surface water and treated using UV/
H2O2 and UV/PDS, degradation followed pseudo-first-order ki-
netics (Figure S5D and S6D). Interestingly, the overall kobs for BPs
treated with UV/H2O2 (0.206 min�1) exceeded that of UV/PDS
(0.178 min�1) (Fig. 2). The order of degradation for BPs via UV/H2O2
was BP1< BP8< BP3, which was different from that in individual
system (BP1< BP3< BP8). One possible explanation for this differ-
ence was that BP3 may transform into BP8 via (i) hydrogen
abstraction by HO∙ or (ii) electron transfer from HO∙ and CO3

∙-

(Scheme 1). This hypothesis was verified by BP8 appearance when
BP3 was treated using UV/H2O2 (Figure S7). The HO-byproducts
generated could be detected as well for different model com-
pounds using UV/H2O2 (Yao et al., 2013; Feng et al., 2015; Castro
et al., 2016; Zhang et al., 2016b; Yin et al., 2018). A suppression of
BP1 by UV/PDS in co-exposure pattern might suggest the conver-
sion of BP3 to BP1, similarly via cytochrome P450 enzymes
(Nakagawa and Suzuki, 2002). However, it was disregarded because
of the absence of BP1 when BP3 was treated using UV/PDS. A
possibility existed that intermediates from BP3 or/and BP8 were
susceptible to CO3

∙- attack, which leading to the suppression of BP1.

3.4. UV/H2O2 and UV/PDS AOPs in hydrolyzed urine

Recovering nutrients from human urine to produce fertilizers
can potentially benefit wastewater management and resource re-
covery strategies (Etter et al., 2011). However, high concentration of
micropollutants in urine can accumulate in soil and plants and
become hazardous (Khan and Nicell, 2010; Winker et al., 2010).
Scheme 1. BP8 formation mechanism about BP3 via HO$/CO3
∙- in the individual system

during UV/H2O2 process (Noting: R1-Hydrogen Abstraction, R2-Electron Transfer).
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Thus, the removal of micropollutants from urine becomes neces-
sary for urine-based fertilizers. The removal of both pharmaceuti-
cals and their metabolites (i.e., sulfamethoxazole, trimethoprim
and N4-acetylsulfamethoxazole) by AOPs in urine have been re-
ported (Zhang et al., 2015). However, few studies have focused on
the abatement of PCPs in urine, particularly for the frequent
occurrence of UV filters (Cuderman and Heath, 2007; Meeker et al.,
2013).

Compared with kobs of BP via UV/H2O2 in ultrapure water, kobs of
BP1, BP3 and BP8 via UV/H2O2 in hydrolyzed urine decreased by
59.32, 86.77 and 90.53%, respectively, and followed the order of
BP8< BP3< BP1 (Fig. 3A and S8). Kinetic modeling indicated that
HO∙ concentration decreased from 5.00� 10�12M in ultrapure
water to 1.62� 10�15M in hydrolyzed urine (Table 1). The decrease
in HO∙ concentration was primarily due to competing reactions
involving ammonia (NH3) and HCO3

�. The degradation of BP in
hydrolyzed urine cannot be fully attributed to HO∙ (Table 1 and
Fig. 3A), because kobs should close to zero if the oxidation is gov-
erned only by HO∙. These results suggested other reactive species
contributed to BP degradation. High concentrations of NH3, HCO3

�

and chloride (Cl�) in hydrolyzed urine could be considered as
sources for their corresponding radicals (Table 1).

Amino radical (∙NH2) would be initially generated from the
reaction of NH3 and HO∙ (No.102, Tables S3). Then, after a series of
reactions with oxygen and H2O2, nitrogen dioxide radicals (∙NO2),
nitric oxide radicals (∙NO), ONOOH/ONOO� and a few other reac-
tive intermediates would be produced. Although rate constants
between reactive nitrogen species (RNS) and BP have not been
previously determined, the reactions are expected because RNS are
known to react with electron-rich aromatic moieties (Neta et al.,
1978). ∙NH2 reacts with phenol and compounds with primary
amine functional groups (i.e., p-aminophenol and p-phenylenedi-
amine) (Neta et al., 1978), amino acids and melanins (Clarke et al.,
2008). Given aromatic moieties (-OH as electron-donating group)
of BP, they are likely to react with ONOOH, which could induce the
nitration of naphthalene and benzene (Vione et al., 2005). The
simulation results suggest that ∙NO likely degrades BP to some
extent because of its high concentration (2.32� 10�5M, Table 1).
Although ∙NH2 concentration (3.37� 10�13M, Table 1) was low,
identified byproducts suggests that ∙NH2 could react with BP. For
instance, BP3, even m/z numbers (i.e., 228, 258, 280, 288 and 296)
(Figure S9) indicate that generated transformation products (TPs)
contained an odd number of nitrogen atoms. The exact mass in-
formation of TPs were illustrated by using LTQ-Orbitrap Velos Pro.
Mass deviations of all proposed formulas were in the range of
±10 ppm of mass accuracy (Tables S4). Specifically, TP 228 (m/z 228,
C14H14NO2) implies that the eOH was replaced by eNH2, which
further oxidized to a nitro group TP 258 (m/z 258, C14H12NO4).

The concentration of CO3
∙- in hydrolyzed urine (2.41� 10�13M,
Fig. 3. Measured the degradation rate constants (kobs) of BP1, BP3, BP8 and BPs in
hydrolyzed urine at pH 9.2 by UV/H2O2 (A) and UV/PDS (B). Reaction condition:
[BP1]¼ [BP3]¼ [BP8]¼ 5 mM, [H2O2]¼ [PDS]¼ 500 mM, I¼ 1.99� 10�6 E L�1 s�1 and
temperature at 25 ± 1 �C. Errors represent the standard deviation (n� 2).
Table 1) decreased notably compared with that in surface water
(1.44� 10�11M, Table 1). This decrease is primarily due to (i) both
HCO3

� and NH3 competing to react with HO∙ and (ii) the combi-
nation reaction between CO3

∙- and ∙NH2. In addition, CO3
∙- concen-

tration was inadequate to retain the significant degradation for BP.
Furthermore, when Cl� was not considered during simulations for
hydrolyzed urine, HO∙ and CO3

∙- concentrations would be the same.
Although the reaction rate of HO∙with Cl� is high (No.52, Table S3),
a fast backward reaction (No.53, Table S3) also simultaneously oc-
curs, leading to a stable HO∙ concentration. Hence, all the other
RNS radicals generated from HO∙ would demonstrate negligible
change due to Cl� (Table S5). Meanwhile, when hydrolyzed urine
without Cl� was selected as a matrix, kobs of BP was nearly identical
to that in hydroxyl urine (Figure S10A). These results suggest that
reactive chlorine species (RCS) did not contribute to BP degrada-
tion, because of its low concentrations (Table 1).

Compared with kobs of BP by UV/PDS in ultrapure water, kobs of
BP1, BP3 and BP8 by UV/PDS in hydrolyzed urine decreased by
66.81, 90.37 and 88.54%, respectively, and followed the order of
BP3< BP8< BP1 (Fig. 3B and S11). kobs of BP1 and BP3 in hydrolyzed
urine by UV/PDS were comparable to those in UV/H2O2 (Fig. 3). The
quenching effect of NH3 on SO4

∙- (No.103, Table S3) was lower than
that on HO∙ (No.102, Table S3) due to the lower reaction rate. Thus,
a significant concentration of SO4

∙-, together with RNS, should have
resulted in a greater removal rate for BP8 in UV/PDS; this rate was
1.56 times higher than that for UV/H2O2. Notably, ∙NO2 and
ONOOH/ONOO� concentrations were much lower in UV/PDS than
those in UV/H2O2, because H2O2 was essential in their generation
process. In UV/PDS, hydrolyzed urine without Cl� also negligibly
affected kobs for BP (Figure S10B). According to kinetic model, the
decreased SO4

∙- concentration was mainly attributed to scavenging
effect of Cl� (No.54, Table S3). Unlike ClOH∙-, generation of SO4

∙-

from the reaction of chlorine atom (Cl∙) and sulfate ion was slow
due to low sulfate concentration and low reaction rate constant
(No.55, Table S3) (Huie et al., 1991). Instead, the reaction of Cl∙with
H2O and HO� produced ClOH∙-, which theoretically led to a higher
HO∙ concentration, whereas the presence of HCO3

� converted HO∙
to CO3

∙- (3.09� 10�12M for UV/PDS and 2.41� 10�13M for UV/H2O2,
in Table 1). However, simulated radical concentrations could not
fully account for the observed degradation rates in the experi-
ments. This finding may be due to the overestimated scavenging
effect of PDS on CO3

∙- (Yang et al., 2014).
In co-exposure pattern, degradation of individual contaminant

obeyed pseudo-first-order kinetics (Figure S8D and S11D). Notably,
BP3 degradation was strongly suppressed (only 6.06% and 5.69% of
the overall degradation in UV/H2O2 and UV/PDS, respectively)
(Fig. 3). This suppression is primarily attributed to molecular
structure and RNS selectivity. In details, eOCH3 group on BP3
inhibit RNS attraction due to steric hindrance and electron-drawing
induction compare to BP1. Meanwhile, BP8 was more reactive than
BP3, due to its electron-donating eOH on a different benzene ring
(B.Smith and March 2007). The generated RNS were more prone to
react with electron-rich sites (Neta et al., 1978). Simultaneously,
byproducts formed from BP1 and/or BP8 via both AOPs during in-
dividual pattern could easily be attacked by RNS, owing to the lack
of such discrepancy for BP3 and BP8. In particular, high selectivity
of RNS played a critical role in the rapid degradation of BP1. In
hydrolyzed urine, a similar tendency for co-exposure pattern via
UV/H2O2 and UV/PDS was observed. This result implies that RNS,
except for CO3

∙-, exerted significant influence on the degradation
behavior of BPs in hydrolyzed urine.

3.5. UV/H2O2 and UV/PDS AOPs in seawater

Various PCPs, including UV filters, are introduced by swimmers
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into seawater. The concentrations of PCPs in seawater ranged the
level from ng$L�1 to mg$L�1 (Díaz-Cruz et al., 2008; Ekowati et al.,
2016; Giokas et al., 2007; Sun et al., 2014; Weng et al., 2014). The
increase in popularity of by recreational activities in seawater,
including swimming, snorkeling and scuba diving, brings the
ubiquity of UV filters by extensive of visitors (Danovaro et al., 2008;
Lamb et al., 2014). High reactivity of UV filters (i.e., BP3) with
chlorine in bromide-rich seawater leads to the formation of chlo-
rinated/brominated disinfection byproducts (Abdallah et al., 2015).
To date, potential degradation of UV filters by UV-based AOPs in
seawater has not been thoroughly investigated.

Compared with kobs for BP degradation in ultrapure water, those
for BP1, BP3 and BP8 degradation in seawater were reduced by
18.08, 86.20 and 90.96% for individual system via UV/H2O2,
respectively (Fig. 4A and S12). Kinetic modeling indicated that HO∙
concentration decreased from 5.00� 10�12M in ultrapure water to
1.04� 10�14M in seawater (Table 1). The decrease of HO∙ con-
centration was primarily due to competing anions, including Cl�,
HCO3

� and bromide (Br�). The modeling HO∙ concentrations in
seawater without Cl�, HCO3

� and Br� was 6.55� 10�14, 1.06� 10�14

and 1.77� 10�12M, respectively (Table S6). Results indicated that
Br� was the sink for HO∙, highlighting the important role of Br�

despite its low concentration relative to that of Cl�. Hence, con-
version of HO∙ to less-reactive halogen species (RHS) and CO3

∙- was
responsible for kobs decrease. The degradation rate followed the
order BP8< BP3< BP1 (Fig. 4A). Likewise, kobs should close to zero if
the oxidation by only HO∙ was considered. High concentration of
Cl� in seawater guaranteed an abundance of its corresponding
radical (Table 1). The generated RHS, including Cl∙ and Cl2∙-, favored
CO3

∙- generation. Compared with BP3 or BP8, high selectivity of RHS
for BP1 may responsible for its eminent degradation because kCO3

∙-

was still of the same order of magnitude (Table 2).
Compared with kobs for BP in ultrapure water, those for BP1, BP3

and BP8 in seawater were reduced by 17.76, 54.44 and 58.73% for
individual systems via UV/PDS, respectively (Fig. 4B and S13).
Similarly, conversion of HO∙ and SO4

∙- to RHS and CO3
∙- was

responsible for kobs decrease. In UV/PDS, kobs of BPwere higher than
those in UV/H2O2, especially for BP3 and BP8 (Fig. 4B). Likewise, kobs
for all BP should close to zero if the oxidation only dominated by
SO4

∙- and HO∙. CO3
∙- should not be responsible for the significant

degradation improvement for BP3 and BP8 (Fig. 4) because its
concentration was decreased by 15 times (1.22� 10�10M for UV/
H2O2 and 7.87� 10�12M for UV/PDS, Table 1). Furthermore, com-
parison of RHS concentrations between UV/H2O2 and UV/PDS were
performed. The concentrations of halogen radicals, including Cl∙,
Cl2∙-, Br∙, Br2∙- and BrCl∙-, in UV/PDS were 2e10 times higher than
those in UV/H2O2. The concentration of ClO∙ was 9 orders of
magnitude higher in UV/PDS than UV/H2O2 (Table 1). Unlike UV/
Fig. 4. Measured the degradation rate constants (kobs) of BP1, BP3, BP8 and BPs in
seawater at pH 7.6 by UV/H2O2 (A) and UV/PDS (B). Reaction condition:
[BP1]¼ [BP3]¼ [BP8]¼ 5 mM, [H2O2]¼ [PDS]¼ 500 mM, I¼ 1.99� 10�6 E L�1 s�1 and
temperature at 25± 1 �C. Errors represent the standard deviation (n� 2). Note: The co-
exposure degradation behavior of BPs in seawater were shown in Figure S14.
H2O2, the concentration of SO4
∙- for UV/PDS without Cl�, HCO3

� and
Br� barely reached those levels in ultrapure water (Table S6). Sur-
prisingly, when Cl� and Br� were absent, SO4

∙- concentration was
nearly identical to that observed in ultrapure water. This similarity
demonstrates that coexistence of Cl� and Br� was the sink for SO4

∙-.
Nevertheless, HO∙ concentration from modeling calculation was
4.6 times lower than that in ultrapure water due to the presence of
HCO3

�. The enhanced degradation in UV/PDS compared to UV/H2O2
may stem from higher RHS concentrations. Until now, identifica-
tion of the halogen radical(s) accounting for improvement of BP
degradation was still unclear.

With respect to co-exposure pattern in seawater, UV/H2O2 for
BPs followed pseudo-first-order kinetics and exhibited similar
degradation tendency as individual system (Figure S12D and 4A).
Similarly, degradation of BP1 via UV/PDS was consistent with
pseudo-first-order kinetics (Figure S14A). However, degradation of
BP3 and BP8 via UV/PDS displayed biphasic kinetics (Figure S14B,
C). Specifically, their degradation was initially slow (a lag phase),
followed by a rapid secondary decay phase. These results imply that
the capability of RHS contributing to degradation of investigated
compoundswas different. Moreover, non-first-order degradation of
co-exposure micropollutants by UV/PDS has not been previously
reported. Currently, elucidation of non-first-order degradation
behavior is difficult. As we observed, the contribution of RHS for
BP3 and BP8 rarely occurred until BP1 had decreased by certain
level (89.30% for BP3 and 73.84% for BP8). This phenomenon was
due to a higher selectivity of RHS for BP1 than BP3 and BP8.
Furthermore, occurrence of an accelerating stage (ca. 25 min for
BP3 and 15min for BP8) may due to the differences in molecular
structure besides m-methoxyphenol. A higher electron-donor
character of phenol/phenolate functional group favors the elec-
trophilic attack of chlorine or bromine (Deborde and Von Gunten,
2008). This finding might provide the insight knowledge to un-
ravel non-first-order behavior in co-exposure pattern. RHS inves-
tigation based on radical reactions in seawater are much more
complicated than those in ultrapure water; future work should
utilize this type of investigation to elucidate such degradation
behavior.

In summary, degradation behaviors of target contaminants
depend on (i) their molecular structure, (ii) operable UV-based
AOPs, (iii) matrix constituents, and (iv) feeding patterns (individ-
ual or co-exposure). Molecular properties, such as geometric
configuration and charge distribution, would be the intrinsic factor
for degradation behaviors. HO∙ and SO4

∙- are the reactive species
source during UV/H2O2 and UV/PDS processes, respectively. Con-
stituents (i.e., HCO3

�, NH3, Cl� and Br�) and their concentrations in
water matrix affect conversion of reactive species, which compli-
cates the elimination of contaminants. Notably, the reaction be-
tween reactive species (i.e., RNS and RHS) and parent compounds
can generate various byproducts, and elucidating their mechanisms
requires further study. In particular, because benzophenone de-
rivatives frequently co-exist in aqueous environments, examination
on co-exposure pattern is more practical and can benefit the overall
understanding of their abatement. Furthermore, mechanism of
interference from generated byproducts and non-first-order
behavior also warrants further investigation. Compared with
those in ultrapure water, degradation efficiency on BP for UV/H2O2
and UV/PDS in real matrices was decreased by various extents
(17.76e90.96%). Accordingly, economic analysis regarding BP
degradation is necessary to facilitate the selection of a cost-efficient
treatment.

3.6. Economic analysis using EE/O

To compare AOPs for BP degradation in different water matrices
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(surface water, hydrolyzed urine and seawater), an economic
analysis using electrical efficiency per log order (EE/O) concept was
further conducted. Details about calculation of EE/Owere described
in the Text S3.

In this study, EE/Ototal was calculated based on 90% of target
compounds removal. As shown in Table 3, UV/H2O2 was more cost-
effective treatment than UV/PDSwhen BP degradation happened in
ultrapure water, surface water and hydrolyzed urine (except for
BP8). This was primarily because PDS was more expensive than
H2O2. Nevertheless, UV/PDS process costs less energy than UV/
H2O2 process in seawater (except for BP1), which ascribe to the
higher concentration of RHS as we discussed in section 3.5.
Regardless of UV/H2O2 and UV/PDS, it was generally less effective in
synthetic matrices than in ultrapure water. For example, at the
molar fraction of oxidant/BP3¼100, the EE/Ototal for the UV/H2O2
in ultrapure water is 0.63� 10�3 kWh$L�1, which is 1.87, 6.38 and
6.13 times lower that in surface water (1.18� 10�3 kWh$L�1), hy-
drolyzed urine (4.02� 10�3 kWh$L�1) and seawater
(3.86� 10�3 kWh$L�1), respectively. Similarly, the EE/Ototal for BP3
elimination via UV/PDS in ultrapure water is 1.62� 10�3 kWh$L�1,
which is 2.72, 3.04 and 1.26 times lower that in surface water
(4.41� 10�3 kWh$L�1), hydrolyzed urine (4.92� 10�3 kWh$L�1)
and seawater (2.04� 10�3 kWh$L�1), respectively. These results
further demonstrate that constituents of water matrices can greatly
affect the efficiency of AOPs for contaminants removal.
4. Conclusions

The individual and co-exposure patterns of benzophenone de-
rivatives degradation using UV/H2O2 and UV/PDSwere investigated
under various water matrices. The following conclusions were
obtained:

(1) Benzophenone derivatives could be degraded by HO∙, SO4
∙-

and CO3
∙-, and the second-order rate constants were deter-

mined (Table 2).
(2) In surface water, attack of BP3 by HO∙ and CO3

∙- in UV/H2O2

can generate BP8, which was responsible for the relatively
high degradation rate of BP3. Intermediates generated from
BP3 and BP8 in UV/PDS were susceptible to CO3

∙-, which
resulting in the reduction for BP1 degradation.

(3) In hydrolyzed urine, Cl� was shown the negligible for
benzophenone derivatives degradation due to low concen-
tration of RCS. BP3 abatement was excessively inhibited
during co-exposure pattern for both AOPs.

(4) In seawater, non-first-order kinetic behavior for BP3 and BP8
was found during co-exposure pattern. Br� was the sink of
HO∙, and the co-existence of Br� and Cl�was the sink of SO4

∙-.
Table 3
EE/O valuesa for UV/H2O2 and UV/PDS treatment of BP in different water matrices (in
10�3 kWh$L�1).

Water Matrix BP1 BP3 BP8

Ultrapure water UV/H2O2 0.78 0.63 0.53
UV/PDS 1.84 1.62 1.59

Surface water UV/H2O2 1.36 1.18 1.10
UV/PDS 2.35 4.41 4.12

Hydrolyzed urine UV/H2O2 1.76 4.02 4.46
UV/PDS 2.98 4.92 4.06

Seawater UV/H2O2 0.93 3.86 4.67
UV/PDS 1.96 2.04 2.05

a Calculated EE/O values were applied for the following experiment conditions:
UV fluence rate¼ 1.99� 10�6 E L�1 s�1, [H2O2]¼ [PDS]¼ 0.5mM,
[BP1]¼ [BP3]¼ [BP8]¼ 5.0 mM.
(5) In terms of energy efficiency, UV/H2O2 process is usually
more economically competitive than UV/PDS process.

We holistically evaluated the performance of two typical AOPs
(UV/H2O2 and UV/PDS), which depended on (i) molecular structure
of contaminants, (ii) components of water matrices and (iii) reac-
tive radical species. Kinetic simulations conducted in this study
provided a trend comparison of radical concentrations under
different conditions. Results illustrated the variation of main reac-
tive species and unraveled the differences in AOPs. Meanwhile, due
to the coexistence and interference of benzophenone derivatives,
their degradation becomes more complicated. Hence, a compre-
hensive evaluation of AOPs performance for micropollutants
destroying in natural matrices is urgently needed. Our findings will
trigger further investigation regarding other types of micro-
pollutants in mixed systems using UV-based AOPs.
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