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Water impact statement 

UV/H2O2 can efficiently degrade contaminants of emerging concern, such as 

diclofenac and triclosan, in both Milli-Q water and field water samples. The 

cytotoxicity of diclofenac increased and remained high for triclosan during and after 

the treatment of UV/H2O2 at UV fluence of 640 mJ cm
−2

, indicating the generation of 

toxic transformation products that may elicit enhanced risk to human health, and/or 

the environment. 
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Abstract 

The degradation kinetics and cytotoxicity of two commonly detected contaminants of 

emerging concern (CECs), diclofenac and triclosan, in UV/H2O2 systems were investigated in 

this study. The second-order rate constants of hydroxyl radical (
•
OH) with diclofenac 

(k OH
•

,diclofenac) and triclosan (k OH
•

,triclosan) varied at different reaction pH (5.3-8.5) in the range 

of 7.6-9.1 × 10
9
 M

−1
 s

−1
 and 7.0-4.4 × 10

9
 M

−1
 s

−1
, respectively. The pH plays a crucial role in 

the UV/H2O2 treatment for the destruction of diclofenac, triclosan, and four additional CECs 

(estrone, 17β-estradiol, 17α-ethynylestradiol, and bisphenol A), affecting the ionic state of the 

CECs (based on pKa) and scavenging the 
•
OH by increasing the concentration of hydroxide. The 

impacts of H2O2 concentration, common inorganic ions (i.e., HCO3
−
, NO3

−
, Cl

−
, and SO4

2−
), and 

natural organic matter (NOM) were studied as well. Field water samples from the local water 

works and Lake Harsha were utilized as reaction matrices to assess the possibility of applying 

UV/H2O2 to decompose diclofenac and triclosan in surface water. Cytotoxicity of diclofenac and 

triclosan was not reduced during treatment even though concentrations of the compounds were 

diminished, indicating the formation of toxic transformation products. Overall, UV/H2O2 is 

useful to degrade CECs, such as diclofenac and triclosan, in both Milli-Q water and field water 

samples, but higher UV fluence might be needed to reduce the cytotoxicity of CECs after 

UV/H2O2 treatment. 

Keywords 

Hydroxyl radical, UV-AOPs, Hydrogen peroxide, Contaminants of emerging concern, 

Cytotoxicity  
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1. Introduction 

Increasing attention has been paid to the continual detection of CECs in the aquatic 

environment, which may cause potential adverse impacts on human health and the environment
1-

3
. Conventional treatment technologies such as filtration do not sufficiently degrade CECs

4, 5
. As 

a result, advanced oxidation processes (AOPs) have been proposed to effectively and completely 

degrade CECs in water and wastewater
1
.  

UV/H2O2, as a 
•
OH-based AOP, is widely used to effectively degrade CECs in water and 

wastewater treatments
6-9

. Advantages include the fact that 
•
OH can be formed through direct 

dissociation of H2O2 with high 
•
OH quantum yield (Ф = 1.0) as shown in eq. 1

10
, and no sludge 

is formed after treatment. However, UV/H2O2 can be greatly affected by the constituents of the 

treated water matrix, such as carbonate/bicarbonate ions (CO3
−
/HCO3

−
). CO3

−
/HCO3

−
 can react 

with 
•
OH to generate carbonate radical (CO3

•−
), lowering the concentration of 

•
OH, and thus 

inhibiting the decomposition of contaminants by 
•
OH-oxidation

6
; while the produced CO3

•−
 may 

also react with target compounds at a high rate, resulting an enhanced degradation of 

contaminants
11

. Nitrate (NO3
−
), prevalent in wastewater and surface water, leads to the formation 

of nitrated contaminants during UV and UV/H2O2 processes, but does not significantly produce 

mutagenic activity
12

. Therefore, water quality parameters should be carefully considered when 

evaluating the application of UV/H2O2 for the degradation of CECs. 

hυ + H2O2 → 2 OH
•

                       Ф = 1.0                                                                                (1) 

Diclofenac, a common non-steroidal anti-inflammatory drug, and triclosan, an 

extensively used antimicrobial agent, are frequently detected in surface water and effluents of 

wastewater treatment plants, and may pose a risk to aquatic organisms
13-18

. Moreover, diclofenac 

and triclosan stimulated concern by an expert panel in California due to the inefficient reduction 
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of the compounds in water and wastewater treatment processes
19

. The feasibility of UV/H2O2 in 

degrading diclofenac has been reported by several studies
18, 20-22

, while the literature of triclosan 

degradation by UV/H2O2 is more limited
18

. Most previous research has focused on the 

degradation of CEC mixtures, while the performance of UV/H2O2 on the decomposition of 

diclofenac/triclosan and the impacts of water quality parameters (such as pH, alkalinity, and 

NOM) have received less attention. In addition, CECs usually cannot be mineralized during most 

oxidation processes and can be transformed to different byproducts, which might be more toxic 

than the parent compounds
18, 23

. Therefore, the evaluation of oxidation processes should be based 

on both monitoring the reduction of parent contaminants and evaluating the biological activity of 

remaining transformation products
3
.  

In current study, the degradation of diclofenac and triclosan by UV/H2O2 was 

comprehensively investigated with the following aims: i) to investigate the influence of pH, 

H2O2 dosage, common inorganic ions (HCO3
−
, NO3

−
, Cl

−
, and SO4

2−
), and NOM on the 

decomposition of diclofenac and triclosan in UV/H2O2 process, respectively; ii) to determine the 

second-order rate constants of diclofenac and triclosan with 
•
OH at various pH conditions; iii) to 

assess the application of UV/H2O2 to degrade diclofenac and triclosan in different field water 

samples; and iv) to analyze the cytotoxicity of diclofenac and triclosan before, during, and after 

the UV/H2O2 treatment. Although the concentrations of selected CECs used in this research were 

higher than detected in the water treatment processes, the data provided insight into the 

degradation kinetics and cytotoxicity of selected CECs, supporting the applications of UV/H2O2 

as a promising AOP to decompose CECs in surface water treatment. 

2. Experimental section 

2.1 Chemicals.  
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Diclofenac, triclosan, atrazine, estrone, 17β-estradiol, 17α-ethynylestradiol, bisphenol A, 

sodium chloride, sodium sulfate (anhydrous) were ordered from Sigma-Aldrich (St. Louis, MO). 

Potassium phosphate monobasic, dibasic potassium phosphate, sodium hydroxide, sodium 

nitrate, sodium bicarbonate, hydrogen peroxide (30 wt%), and acetonitrile were ACS grade and 

purchased from Fisher Scientific (Hampton, NH, USA). The humic acid standard I (HA, 

Suwannee River) and fluvic acid standard II (FA, Suwannee River), which were used as NOM, 

were purchased from International Humic substances Society (St. Paul, MN). All chemicals used 

were of reagent grade or higher. Purified water (18 MΩ cm) used in experiments was obtained 

from a Milli-Q system (Milli-pore Corp., Billerica, MA). Field water samples were collected 

from the local water works and Lake Harsha, and the general water quality parameters are 

summarized in Table S1.  

2.2 Analysis methods.  

Diclofenac, triclosan, and atrazine were measured using an Agilent 1100 HPLC equipped 

with a C18 Discovery HS column (2.1 mm × 150 mm × 5 µm, Supelco). HPLC conditions to 

determine diclofenac, triclosan, and atrazine can be found in Text S1. Total organic carbon 

(TOC) was measured by a Shimadzu VCSH-ASI TOC analyzer. Alkalinity was determined 

according to the American Water Works Association (AWWA) Standard Method
24

. EPA 

Method 415.3 was used to calculate the specific UV absorbance at 254 nm (SUVA254) of field 

water samples
25

. 

2.3 Photochemical experiments.  

Bench-scale photolysis experiments were performed under two 15 W low-pressure (LP) 

Hg UV lamps (Cole-Parmer) or one UV light-emitting diode (LED) lamp (Aquisense 

Technologies) with a primary UV emission of λmax = 254 nm. Average UV fluence rate through 
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the reaction solution was measured to be 0.1 mW cm
-2

 for LP lamps and 0.13 mW cm
-2

 for LED 

lamps
26

. LP lamps were used to generate UV irradiation unless specified, which are extensively 

applied for disinfection in drinking water and wastewater treatments. A typical experiment was 

as follows: 1 µM of diclofenac or triclosan and 1 mM of H2O2 were added into a Petri dish, 

covered with a quartz cover (Quartz Scientific Inc., OH), and placed under UV irradiation with 

constant stirring. The pH was stabilized by 10 mM of phosphate buffer through the reactions. 

Analysis was prepared by sampling 200 µL of the reaction solution after each UV fluence 

interval and mixing with 200 µL of methanol. All kinetic experiments were performed in 

triplicate at room temperature (21 ± 1 ℃). The standard deviation from replicates was shown as 

error bar in figures.  

To determine the second-order rate constants of 
•
OH with diclofenac and triclosan at 

different pH values, competition kinetic approaches were conducted using 1 µM of atrazine 

(ATZ) as the reference substance for 
•
OH (k OH

•
,ATZ = 2.4 × 10

9
 M

−1
 s

−1
)
27

 and using 10 mM of 

phosphate buffer to adjust the pH. The k OH
•

,CEC were calculated using eq. 2, where k'CEC and 

k'ATZ are the observed degradation rate constants of the selected CECs (diclofenac and triclosan) 

and ATZ.  

k OH
•

,CEC= k OH
•

,ATZ  × 
k

'
CEC,UV H2O2/buffer⁄  	 k

'
CEC,UV buffer⁄

k
'
ATZ,UV H2O2/buffer⁄ 		 k

'
ATZ,UV buffer⁄

                                                             (2) 

2.4 Cytotoxicity analysis 

Samples collected before, during, and after UV/H2O2 treatment were evaluated for 

cytotoxicity.  In this study, cytotoxicity of samples were analyzed using GeneBLAzer CYP1A1-

bla LS-180 cells (Life Technologies, CA) with the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay
28

. The MTT assay was chosen because it is a widely-

used and robust assay to examine the cell viability
29, 30

. Cultured cells were collected and plated 
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in a 96-well plate at a density of 2x10
4
 cells 100 µL

−1
. 24 hours later, the cells were treated with 

vehicle control, 10% DMSO positive control or water samples and were incubated for an 

additional 16 hours. The media was removed and replaced with 50 ul of MTT solution (5mg 

mL
−1

 in PBS) and incubated an additional 4 hours. The MTT solution was then replaced with 

200 ul of 1:1 ethanol: dimethyl sulfoxide and shaken for 10 minutes to solubilize the MTT 

crystals. Absorbance was measured using an automatic plate reader (SpectraMax+ 384, 

Molecular Devices, San Jose, CA). Green (650 nm) and blue (595 nm) absorbance were 

measured. The resulting blue: green ratio provides a normalized reporter response, with the 

higher value indicating lower cytotoxicity. 

A typical process to prepare samples was as follows: after the addition of catalase used to 

quench the residual H2O2, the sample was passed through a 500 mg solid phase extraction (SPE) 

C18 column (Oasis HLB, Waters). The analytes were eluted with 8 mL of pure methanol (MeOH) 

and reconstituted in 1 mL of MeOH after drying under nitrogen gas. All sample groups were 

analyzed in triplicate at the concentration of 2.5% MeOH.  

3. Results and discussion 

3.1 Contribution of 
•
OH to the degradation of diclofenac and triclosan by UV/H2O2  

The comparison for the destruction of diclofenac and triclosan by three different 

treatment methods, including UV only, low-pressure (LP)-UV/H2O2, and light-emitting diode 

(LED)-UV/H2O2, is illustrated in Figs. 1a and b, respectively. Degradation of diclofenac and 

triclosan by H2O2 oxidation was 1.3% and 8.0% after 120 min, respectively (data not shown). 

Both diclofenac and triclosan could be degraded by direct UV photolysis at 254 nm, which was 

largely promoted by the addition of 1 mM of H2O2 due to the production of 
•
OH. To further 

confirm the role of 
•
OH, 10 mM of MeOH (k OH

•
,MeOH = 9.7 × 10

8
 M

−1
 s

−1
 
31

) was added into the 
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reaction solutions as the scavenger for 
•
OH. For both diclofenac and triclosan, the extent of 

degradation in the UV/H2O2/MeOH system was almost the same as in the UV only system, 

indicating the complete scavenging of 
•
OH by 10 mM of MeOH. The kobs for diclofenac in UV 

only and UV/H2O2 processes were determined to be (5.62 ± 0.19) × 10
−3

 and (2.17 ± 0.05) × 10
−2

 

cm
2
 mJ

−1
; and the kobs for triclosan in UV only and UV/H2O2 processes were determined to be 

(2.99 ± 0.06) × 10
−3

 and (1.74 ± 0.01) × 10
−2

 cm
2
 mJ

−1
. Therefore, the contribution of UV direct 

photolysis vs 
•
OH oxidation for the degradation of diclofenac and triclosan in the UV/H2O2 

process was 25.9%: 74.1% and 17.2%: 82.8%, which was calculated following methods reported 

by Liu et al.
7
. The results indicated the important contribution of 

•
OH in the decomposition of 

diclofenac and triclosan in the UV/H2O2 process. In addition, LP-UV/H2O2 and LED-UV/H2O2 

had similar degradation rates of diclofenac/triclosan, suggesting the feasibility of alternating LP-

UV with LED-UV in the activation of H2O2, which has many advantages over the Hg lamp, 

including superior stability, flexible forms, long lifetimes, and low costs. 

3.2 Effect of pH  

The reaction pH becomes a crucial parameter for the decomposition of diclofenac and 

triclosan in the UV only and UV/H2O2 system because of its influence on the dominant species 

of organic contaminants, the form of H2O2, and the concentration of OH
−
. Reaction pH values 

were selected as 5.3, 5.9, 6.6, 7.4, and 8.5, and adjusted by phosphate buffer. Though the 

reactions between 
•
OH and HPO4

2−
 (k

OH
•

,HPO4
2� = 1.5 × 10

5
 M

−1
 s

−1
) or H2PO4

−
 (k OH

•
,H2PO4

� = 

2.0 × 10
4
 M

−1
 s

−1
) have relatively lower second order rate constants

31
, the total concentration of 

phosphate ions (10 mM) was 10
4
 times higher than the initial concentration of target 

contaminants (1 µM), which would lead to competition for 
•
OH between organic contaminants 

and phosphate ions. Therefore, the reaction pH was selected within the buffer capacity of 
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phosphate buffer to obtain the similar influence of phosphate ions. At current pH conditions, its 

effect on the H2O2 species could be excluded because H2O2 forms hydroperoxide anion (HO2
−
) 

only when pH is higher than 11.6
26, 31

. 

In the UV/H2O2 system, the degradation of diclofenac was slightly increased in the pH 

range of 5.3-6.6 and decreased significantly when the pH was increased from 6.6 to 8.5, as 

shown in Fig. 2a. Contrasted to diclofenac, the decomposition of triclosan slightly decreased in 

the pH range of 5.3-7.4 but increased significantly when the pH was raised from 7.4 to 8.5, as 

depicted in Fig. 2b. At higher pH, the concentration of OH
−
 increased, which can react with 

•
OH 

at an extremely high rate as 1.2 × 10
10

 M
−1

 s
−1 31

. Both UV photolysis and 
•
OH-oxidation 

contributed to the degradation of diclofenac and triclosan in UV/H2O2; thus, it is important to 

specify the effects of pH on UV photolysis and 
•
OH-oxidation. 

In the UV-only process, the destruction of diclofenac was independent of pH (data not 

shown), while the degradation of triclosan increased significantly when the pH increased from 

6.6 to 8.5 (data not shown). The reason might be the pKa of diclofenac and triclosan are 4 and 

7.9, respectively, and this may affect the dominant species of diclofenac and triclosan in different 

pH conditions. For diclofenac, it would be anionic (C13H10Cl2N-COO
−
) with the carboxylic 

group deprotonated at the selected pH range of 5.3-8.5, leading to similar molar absorption 

coefficient at 254 nm (data not shown). For triclosan, the percentage of the anions with the 

phenolic group deprotonated (C12H7Cl3O-O
−
) would increase with increasing pH from 5.3 to 8.5, 

as a result, the molar absorption coefficient at 254 nm would be higher (data not shown).  

The second-order rate constants of 
•
OH with diclofenac ( k OH

•
,DCF ) and triclosan 

(k OH
•

,TCS) at selected pH values (5.3, 5.9, 6.6, 7.4, and 8.5) were determined to explore the 

effects of pH on 
•
OH-oxidation and are shown in Table 1. Results on competition kinetics 
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experiments using atrazine as a reference compound are shown in Figs. S1 and S2. Consistent to 

the phenomenon discussed above, the highest k OH
•

,DCF was 9.09 × 10
9
 M

−1
 s

−1
 at pH 7.4. This 

value approximated to the k OH
•

,DCF  in literature as (9.29 ± 0.11) × 10
9
 M

−1
 s

−1
, which was 

determined from a plot of kobs vs concentration of diclofenac at pH = 7
23

. Unexpectedly, the 

highest k OH
•

,TCS was 8.88 × 10
9
 M

−1
 s

−1
 at pH 5.9, and k OH

•
,TCS decreased as pH increased from 

5.9 to 8.5. Even though the kobs of triclosan in UV/H2O2 was highest at pH 8.5, the k OH
•

,TCS was 

lowest in the pH range of 5.5 to 8.4. The measured k OH
•

,TCS were different than the previous 

reported value as 5.4 × 10
9
 M

−1
 s

−1
, which was measured by Fenton reaction at pH 3.5

32
. 

Therefore, the degradation efficiency of diclofenac was lower in the pH range of 6.6-8.5 due to 

the quenching effect of OH
−
. However, the positive enhancement on direct UV photolysis of 

triclosan at high pH (8.5) exceeded the inhibition effect of increased OH
−
 on the 

•
OH-oxidation 

of triclosan.  

Since pH had completely different effects on diclofenac and triclosan in the UV/H2O2 

system, more CECs, namely estrone, 17β-estradiol, 17α-ethynylestradiol, and bisphenol A, were 

tested to further study the influence of pH as shown in Figs. 2c-2f. The pKa of estrone, 17β-

estradiol, 17α-ethynylestradiol, and bisphenol A are 10.77, 10.71, 10.33, and 9.2, respectively. 

Only estrone and 17β-estradiol were degraded by UV photolysis, and at low rates (Figs. S3 and 

S4), which were not affected by the change of pH from 5.3 to 8.5. Similar to diclofenac, the 

degradation of estrone, 17β-estradiol, 17α-ethynylestradiol, and bisphenol A were lower in the 

UV/H2O2 process as the pH was increased from 5.3 to 8.5.  

Therefore, it is hypothesized that the effect of pH on the degradation of a certain CEC by 

UV/H2O2 is related to the pKa of the CEC. If the pKa is beyond the selected pH range, the 

degradation rate of the CEC by UV/H2O2 may be inhibited as the pH increases due to the 
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scavenging of 
•
OH by increasing OH

−
. If the pKa is within the selected pH range, the molar 

absorption coefficient at 254 nm of the CEC should be considered and monitored to precisely 

investigate the impact of pH on UV/H2O2.  

3.3 Effect of initial concentration of H2O2 

The dosage of H2O2 plays a significant role on evaluating the possible application of 

UV/H2O2 in water and wastewater treatment. The correlation between the initial concentration of 

H2O2 and the kobs of diclofenac and triclosan are shown in Fig. 3. For both diclofenac and 

triclosan, the extent of degradation and kobs increased as the H2O2 dosage increased; however, 

there was no proportional growth between kobs and H2O2 dosage (0.1-2 mM), which is different 

than results of previous reports
7, 33

. In previous studies, the kobs increased linearly with the H2O2 

dosage in the range of 0.1-0.9 mM for microcystin-LR and in the range of 0.1-0.5 mM for 

oxytetracycline. The nonlinear growth between kobs and H2O2 might be due to the competition of 

excess H2O2 with diclofenac/triclosan for produced 
•
OH (eqs. (3)-(5))

31
. 

OH + H2O2
•

 → HO2
•
 + H2O                        k = 2.7 ×10

7
 M	1s	1                                               (3) 

OH + HO2
••
 → O2  + H2O																														k = 6.6 ×10

9
	M	1s	1                                                (4) 

OH + OH
••

 → H2O2																																						k = 5.5 ×10
9
 M	1s	1                                                (5) 

3.4 Effect of common inorganic anions 

The presence of HCO3
−
 was found to have significant inhibition on the decomposition of 

organic contaminants by 
•
OH-based AOPs

6, 33, 34
. However, as shown in Fig. 4a, the addition of 

HCO3
−
 (0.5-6 mM) only slightly inhibited the degradation of diclofenac and triclosan in the 

UV/H2O2 system. The pH was near 8.5 when HCO3
−
 was added, thus, the pH of the control 

group was maintained at 8.5 by 10 mM of phosphate buffer to exclude the impacts of pH on the 

degradation of diclofenac and triclosan. CO3
2−

/HCO3
−
 can react with 

•
OH to produce CO3

•−
 at 
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high rate, as presented in eqs. (6)-(7)
31

. CO3
•−

 has an affinity to electron-rich aromatic 

compounds, especially aniline and phenolic groups
35-37

. Therefore, the aromatic amine group on 

diclofenac and the phenolic group on triclosan might lead to the contribution of CO3
•−

 to the 

degradation of diclofenac and triclosan by UV/H2O2 in the presence of HCO3
−
. 

OH + CO3
2	•

 → CO3
•	

 + OH
	

                        k = 3.9 ×10
�
 M	1s	1                                            (6) 

OH + HCO3
	•

 →  CO3
•	

 + H2O                        k = 8.5 ×10

 M	1s	1                                          (7) 

Although NO3
−
 is a recognized photosensitizer, it had a slight inhibitory effect on the 

degradation of diclofenac but had no influence on the degradation of triclosan in the range of 1-

10 mM (Fig. 4b). A partial reason for this phenomenon might be the low reaction rate of NO3
−
 

with 
•
OH (k OH

•
,NO3

�  < 5 × 10
5
 M

−1
 s

−1
)
38

. Although direct photolysis of NO3
−
 could produce 

•
OH, 

nitrite ions (NO2
−
) that react with 

•
OH at a high rate constant (eq. (8)) would be formed as well. 

The supplement and consumption of 
•
OH due to the presence of NO3

−
 might be about the same 

in the degradation of diclofenac and triclosan. 

OH + NO2
	•

 → NO2
•
 + OH

	
                        k = 9.1 ×10

�
 M	1s	1                                               (8) 

Similar to the influence of NO3
−
, Cl

−
 (1-10 mM) also slightly inhibited the decomposition 

of diclofenac but had no effect on the decomposition of triclosan (Fig. 4c). At neutral conditions, 

Cl
−
 can react with 

•
OH to form ClOH

•−
, which will disassociate to regenerate 

•
OH (eqs. (9)-

(10))
31

. Therefore, the influence of Cl
−
 on removing diclofenac and triclosan by UV/H2O2 was 

limited. 

OH + Cl
	•

 → ClOH
•	

                         k = 4.3 ×10
�
 M	1s	1                                                      (9) 

ClOH
•	

 → OH + Cl
	•

                        k = 6.1 ×10
�
 M	1s	1                                                     (10) 

For both diclofenac and triclosan, SO4
2−

 (0.5-3 mM) did not affect their degradation in 

the UV/H2O2 system (Fig. 4d), because they are nonreactive with 
•
OH

8
.   
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3.5 Effect of NOM 

The influence of isolated NOM on the decomposition of diclofenac and triclosan in UV- 

only and UV/H2O2 systems at pH 7.4 were investigated using 5 mg L
−1

 HA or FA. As described 

in Fig. 5a, the presence of HA or FA did not affect the degradation of diclofenac by direct UV 

photolysis but did significantly inhibit its degradation by 
•
OH-oxidation. For triclosan, the HA or 

FA both dramatically inhibited the destruction in UV only and UV/H2O2 system as shown in Fig. 

5b. Under UV irradiation, NOM could function as a photosensitizer to generate reactive oxygen 

species such as 
•
OH, 

1
O2, and O2

•− 39
. Nevertheless, in the 

•
OH-based oxidation processes, NOM 

can also compete with organic contaminants for 
•
OH due to a high second-order rate constant 

(k OH
•

,NOM = 2.2 × 10
8
 L (mol C)

−1
 s

−1
)
40

. Therefore, the remarkable inhibition of isolated NOM 

on the reduction of diclofenac and triclosan in UV/H2O2 system indicated that the production of 

•
OH through the photolysis of NOM was surpassed by the scavenging effect of 

•
OH by NOM.  

3.6 Degradation of diclofenac and triclosan in field water samples 

When various field water samples were used as reaction matrices, the kobs of diclofenac 

by UV was similar to that of Milli-Q water; however, the kobs in UV/H2O2 process was much 

lower than in Milli-Q water as shown in Fig. 6a. The results indicated the main constituents, 

alkalinity and NOM, did not affect the direct photolysis of diclofenac at 254 nm, but they had a 

more pronounced inhibition of the 
•
OH-oxidation of diclofenac. For RAW, FLIN, GACI, and 

CUVI water samples, the kobs in CUVI was the highest due to it having the lowest TOC, 

indicating the necessity of GAC as a pre-UV/H2O2 treatment. Nevertheless, the kobs in RAW (the 

highest TOC) was higher than in FLIN and GACI probably because of the CO3
•−

 generated by 

the high alkalinity. Additionally, LH had the highest TOC and alkalinity among five field water 

samples, and the kobs was similar to that in RAW, confirming the adverse effects of alkalinity and 
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NOM on the degradation of diclofenac by 
•
OH-oxidation. 

In contrast to diclofenac, the degradation rate of triclosan by UV was inhibited only in 

field water samples (RAW and LH) as shown in Fig. 6b. Similar to diclofenac, the 

decomposition of triclosan by UV/H2O2 was reduced significantly in field water samples. Due to 

the addition of NaOH into the stock solution of triclosan, the pH of reacted RAW and LH 

samples was 8.2 and 8.9, respectively. Through the comparison of the degradation of triclosan 

and the constituents in different reaction matrices, the presence of large amounts of NOM as well 

as other constituents such as alkalinity slowed down the decomposition of triclosan by UV-only 

and UV/H2O2 in field water samples.  

3.7 Cytotoxicity analysis of treated diclofenac and triclosan 

Although diclofenac and triclosan could be effectively degraded by UV/H2O2, it is 

important to analyze the toxicity of the resulting solution. For both diclofenac and triclosan, the 

reactions of 
•
OH and UV photolysis led to complex mixtures of transformation products at low 

concentration, which were difficult to isolate. The cytotoxicity of the solutions before, during, 

and after UV/H2O2 treatment was evaluated by the MTT assay. Since the pH values of the 

collected field water samples were in the range of 7.2-7.8, the reaction pH for cytotoxicity 

analysis was kept at 7.4 using phosphate buffer. 

For the degradation of diclofenac in the UV/H2O2 treatment, significantly higher 

cytotoxicity was observed at the low UV fluence (160 mJ cm
−2

; p = 0.0145), while it declined 

slightly as the UV fluence increased to 640 mJ cm
−2

 (Fig. 7a). One-way ANOVA analysis results 

of the cytotoxicity of diclofenac during the treatment of UV/H2O2 are presented in Table S2. The 

changes of cytotoxicity throughout the UV/H2O2 process suggested the generation of 

transformation products with increased cytotoxicity compared to the parent contaminant. Five 
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possible transformation products of diclofenac in the UV/H2O2 system were reported previously 

(Fig. S7), namely 2-(8-chloro-9H-carbazol-1-yl)acetic acid, 2-(8-hydroxy-9H-carbazol-1-

yl)acetic acid, 2-(8-hydroxy-3-oxo-3H-carbazol-1-yl)acetic acid, 8-methyl-9H-carbazol-1-ol, and 

8-hydroxy-1-methyl-3H-carbazol-3-one
41

. These transformation products had a carbazole group 

and were generated through ring closure, dechlorination, hydroxylation, and decarboxylation 

processes. With both LP-UV/H2O2 and medium pressure (MP)-UV/H2O2 (200-800 nm), these 

five transformation products were formed with the UV fluence of 300 mJ cm
−2

. The enhanced 

cytotoxicity at high UV fluence (640 mJ cm
−2

) indicated that even more toxic transformation 

products may have been generated during the oxidation of diclofenac in the UV/H2O2 process. 

For triclosan, cytotoxicity was not significantly changed either by UV photolysis or by 

•
OH-oxidation as shown in Fig. 7b (p = 0.8986). One-way ANOVA analysis results of the 

cytotoxicity of triclosan during the treatment of UV/H2O2 was summarized in Table S3. The 

possible transformation products (Fig. S8) and degradation mechanisms of triclosan in 
•
OH-

based oxidation process and UV photolysis (316 nm) were also published previously and 

included 2,7-dichloro-dibenzodioxin/2,8-dichloro-dibenzodioxin (DCDD) and 4,5’-dichloro-

[1,1’-biphenyl]-2,2’-diol ((OH)2PCB-13)
42, 43

. In the presence of 
•
OH at a high concentration, 

dioxins and dioxin-like compounds, such as DCDD, are easily produced from triclosan and are 

more stable than triclosan
42

. DCDD can also be formed through the photocyclization of triclosan 

as a halogenated phenoxy-phenol
32, 43

. Moreover, the (OH)2PCB-13 could be formed in 

abundance through biradical intermediates with photochemical excitation
43

. The DCDD and 

(OH)2PCB-13 are extremely toxic and carcinogenic
42-44

, which may not have acute toxicity. 

From the current results, the transformation products of diclofenac and triclosan in the 

UV/H2O2 system with the UV fluence of 640 mJ cm
−2

 cytotoxicity was observed, indicating 
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potential risk to human health and the ecosystem. Therefore, further remediation for diclofenac 

and triclosan are needed to reduce the risks associated with UV/H2O2 treatments. 

4. Conclusion 

This study investigated the respective degradation kinetics and cytotoxicity of diclofenac 

and triclosan in both UV and UV/H2O2 systems. Although diclofenac and triclosan could be 

degraded by direct UV photolysis, 
•
OH-oxidation significantly contributed to the destruction of 

these two contaminants in UV/H2O2 system (74.1% and 82.2%, respectively). The pH had 

different effects for the degradation of different CECs by UV/H2O2, which was related to the 

pKa of CECs. With the increase of pH from 5.3 to 8.5, the degradation of diclofenac, estrone, 

17β-estradiol, 17α-ethynylestradiol, and bisphenol A decreased in the UV/H2O2 system but 

increased for triclosan in both UV only and UV/H2O2 processes. The second-order rate constants 

of 
•
OH with diclofenac at pH 5.3, 5.9, 6.6, 7.4, and 8.5 were 7.57 × 10

9
, 7.56 × 10

9
, 8.43 × 10

9
, 

9.09 × 10
9
, and 8.67 × 10

9
 M

−1
 s

−1
. The second-order rate constants of 

•
OH with triclosan at pH 

5.3, 5.9, 6.6, 7.4, and 8.5 were 7.02 × 10
9
, 8.88 × 10

9
, 5.66 × 10

9
, 5.14 × 10

9
, and 4.43 × 10

9
 M

−1
 

s
−1

. The kobs of diclofenac and triclosan was enhanced with increasing initial concentration of 

H2O2 while excess H2O2 could compete with contaminants for the 
•
OH. The presence of common 

inorganic anions (i.e., NO3
−
, Cl

−
, and SO4

2−
) at various concentrations did not affect the 

degradation of diclofenac and triclosan under current reaction conditions (1 mM of H2O2 at pH 

7.4); while the presence of HCO3
−
 slightly inhibited their decomposition. NOM represented by 

HA and FA significantly inhibited the destruction of diclofenac and triclosan in both UV-only 

and UV/H2O2 system. Except for the UV photolysis of diclofenac, the degradation rate of 

diclofenac and triclosan by UV only and UV/H2O2 were diminished when various field water 

samples were used as reaction matrices. Furthermore, the cytotoxicity of diclofenac increased 
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during the treatment.  However, the cytotoxicity did not significantly change for triclosan after 

the treatment. This study provides further understanding and theoretical support for the 

application of UV/H2O2 to degrade diclofenac and triclosan in surface water. 
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Table 1. Second-order rate constants of 
•
OH with diclofenac and triclosan at different pH values. 

pH Diclofenac (M
−1

 s
−1

) Triclosan (M
−1

 s
−1

) 

5.3 (7.6 ± 0.1) × 10
9
 (7.0 ± 0.5) × 10

9
 

5.9 (7.6 ± 0.3) × 10
9
 (8.90 ± 0.2) × 10

9
 

6.6 (8.4 ± 0.2) × 10
9
 (5.7 ± 0.2) × 10

9
 

7.4 (9.1 ± 0.2) × 10
9
 (5.1 ± 0.2) × 10

9
 

8.5 (8.7 ± 0.1) × 10
9
 (4.4 ± 0.5) × 10

9
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Fig. 2. Effect of pH on the degradation of diclofenac (a), triclosan (b), estrone (c), 17β-estradiol 

(d), 17α-ethynylestradiol (e), and bisphenol A (f) by UV/H2O2. Reaction conditions: [CEC]0 = 1 

µM, [H2O2]0 = 1 mM.  
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Fig. 3. Effect of initial concentration of H2O2 on the kobs of diclofenac (a) and triclosan (b) in 

UV/H2O2 system. Reaction conditions: [Diclofenac]0 = [Triclosan]0 = 1 µM, [H2O2]0 = 1 mM, 

pH = 7.4 (adjusted by 10 mM of phosphate buffer). 
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Fig. 4. Effect of HCO3

−
 (a), NO3

−
 (b), Cl

−
 (c), and SO4

2−
 (d) on kobs of diclofenac and triclosan in 

UV/H2O2 system. Reaction conditions: [Diclofenac]0 = [Triclosan]0 = 1 µM, [H2O2]0 = 1 mM, 

pH = 8.5 for (a), pH = 7.4 for (b), (c), and (d).  
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Fig. 5. Effect of NOM on the degradation of diclofenac (a) and triclosan (b) by UV only and 

UV/H2O2. Reaction conditions: [Diclofenac]0 = [Triclosan]0 = 1 µM, [H2O2]0 = 1 mM, [FA] = 

[HA] = 5 mg L
−1

, pH = 7.4 (adjusted by 10 mM of phosphate buffer). 
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Fig. 6. Degradation of diclofenac (a) and triclosan (b) by UV only and UV/H2O2. Reaction 

conditions: [Diclofenac]0 = [Triclosan]0 = 1 µM, [H2O2]0 = 1 mM. (Abbreviation: RAW, FLIN, 

GACI, and CUVI were collected from the local water works, Mar. 31, 2015, representing water 

samples of raw water from Ohio River, sand filtration influent, granular activated carbon (GAC) 
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influent, and GAC effluent. LH represented the water samples from Lake Harsha, Ohio, Mar.27, 

2015.) 
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Fig. 7. Cytotoxicity of diclofenac (a) and triclosan (b) treated with UV/H2O2 by the MTT assays. 

Left y axis represents cytotoxicity by bars; and right y axis represents concentration by lines. The 

higher the bar, the lower the toxicity. Reaction conditions: [Diclofenac]0 = [Triclosan]0 = 1 µM, 

[H2O2]0 = 1 mM, pH = 7.4 (adjusted by 10 mM of phosphate buffer). 
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