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Text S1. Analysis of nitrobenzene by GC-MS	

The nitrobenzene (NB) samples (10 mL) were pretreated with liquid-liquid extraction procedure by 

hexane (1 mL). Analysis of NB was carried out on a gas chromatography (GC) system coupled with a mass 

spectrometer (MS) using electron ionization (Shimadzu, QP2010 Ultra). The column used was an 

SH-Rxi-5Sil MS capillary column (30 m × 0.25 mm × 0.25 μm, Shimadzu). The sample injection volume 

was 1.0 μL. The carrier gas was Helium at a flow rate of 1.2 mL min−1, and the injector temperature was 

250 °C. The GC temperature program consisted of an initial temperature of 45 °C for 0.5 min, followed by 

ramping to 150 °C at 20 °C min-1, then ramping to 300 °C at 40 °C min-1 and holding for 1 min. The ion 

source temperature of 230 °C and a GC-MS transfer line temperature of 280 °C were used. The MS detector 

voltage was set at 0.9 kV. Ions at 77, 123 and 51 a.m.u. were monitored in the SIM mode, and 77 a.m.u was 

used to quantify NB.  

 
  



S5 

 

Text S2. Determination of the second-order rate constants between HO• and PPCPs	

The second-order rate constants for the reaction of HO• with PPCPs were determined by competition 

kinetics using ibuprofen as a reference compound (R), which reacts with HO• at a second-order rate constant 

of 7.2 × 109 M-1 s-1. The UV/H2O2 process was used to produce HO• at the H2O2 dosage of 10 μM and pH 7. 

The reaction solution was spiked with the mixture of 1 μg L-1 PPCPs. The second-order rate constants of the 

PPCPs with HO• were calculated from eq S1.	

ln •,

•,
ln 											                       (S1) 

	

  



S6 

 

Text S3. Degradation of caffeine, carbamazepine and gemfibrozil in a CO3
•- system	

The degradation of caffeine, carbamazepine and gemfibrozil by CO3
•- was evaluated. To generate CO3

•-, the 

UV/H2O2 process was carried out at 50 μM H2O2 dosage and pH 8.4. The reaction solution was spiked with 

100 mM sodium bicarbonate to scavenge the HO•, and yield CO3
•-. The reference compounds (R) of ClO• 

and selected PPCPs were simultaneously spiked into the system at concentrations of 5 μM. The irradiation 

time was 10 min. All samples were collected at regular intervals, and then HPLC was used for the analysis 

of PPCPs and reference compounds. 	
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Figure S1. Photolysis of dilute H2O2 under UV irradiation at 254 nm. Conditions: average UV fluence rate = 

0.78 mW cm-2, [H2O2]0 = 200 μM, 25 °C.	
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Figure S2. The degradation kinetics of NB in the UV/chlorine process (a) at pH 6, 7, 8; (b) with or without 

the presence of 1 mg/L NOM at pH 7; (c) with or without the presence of 1 mM bicarbonate at pH 7. 

Conditions: [PPCP]0 = 1 μg L-1, [NB]0 = 20 nM, [chlorine]0 = 10 μM, [NOM]0 = 1 mg L-1, average UV 

fluence rate = 0.78 mW cm-2. 	
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Figure S3. Determination of the second-order rate constants of HO• reacting with PPCPs by competition 

kinetics using ibuprofen as a reference compound. Conditions: [PPCP]0 = 1 μg L-1, [H2O2]0 = 10 μM, pH = 7, 

average UV fluence rate = 0.78 mW cm-2. 
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Figure S4. Degradation of (a) caffeine, (b) carbamazepine, (c) gemfibrozil and reference compounds in the 

CO3
•- system. Conditions: [PPCP]0 = 5 μM, [R]0 = 5 μM, [H2O2]0 = 50 μM, [HCO3

-]0 = 100 mM, average 

UV fluence rate = 0.78 mW cm-2. 
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Figure S5. Determination of the second-order rate constants of ClO• reacting with (a) carbamazepine, (b) 

caffine and (c) gerfibrozil by competition kinetics using 1,4-dimethoxybenzonic acid (DMOB) or 

2,5-dimethoxybenzoate ion (DNBA) as reference compounds. Conditions: [PPCP]0 = 5 μM, [R]0 = 5 μM, 

[chlorine]0 = 50 μM, [HCO3
-]0 = 100 mM, average UV fluence rate = 0.78 mW cm-2. 
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Figure S6. Determination of the second-order rate constant of ClO• reacting with NOM by competition 

kinetics using DMOB as a reference compound.  

  



S15 

 

time (min)

0 1 2 3 4 5 6 7 8 9 10

C
/C

0

0.0

.2

.4

.6

.8

1.0

cephalexin

ciprofloxacin 

tetracycline
terbutaline
famotidine
cimetidine 

 

Figure S7. Chlorination of cephalexin, ciprofloxacin, tetracycline, tebutaline, famotidine and cimetidine in 

group V at pH 7. Conditions: [PPCP]0 = 1 μg L-1, [chlorine]0 = 10 μM. 
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Table S1. MS details for the PPCPs detected by Agilent 6430 triple quadrupole MS 

Compound Name Precursor Ion Product Ion Fragmentor Collision Energy Ret Time  MS mode

Azithromycin 749.5 158/591.4 130 35/30 5.7 + 

Caffeine 195 110/138 110 20/16 4.61 + 

Carbamazepine 237.1 179/194 120 36/16 5.64 + 

Carbamazepine-D10 247 204 120 15 5.64 + 

Celphalexin 348.1 158/174.1 100 8 4.47 + 

Celphalexin-D5 353.4 158 100 4 4.47 + 

Cimetidine 253.13 95.1/159.1 90 20/8 4.19 + 

Ciprofloxacin 332.1 288.2/314.1 135 12/16 4.9 + 

Clenbuterol 277.09 203/259 95 8/4 4.9 + 

Dimetridazole 142.1 81/96.1 100 28/12 4.82 + 

Dimetridazole-D3 145.1 99 100 16 4.82 + 

Erthymycin 734.47 158.1/576.4 170 24/12 5.9 + 

Famotidine 338.1 155.1/189.1 85 28/12 4.17 + 

Flumequine 262.09 202/244.1 100 32/12 5.81 + 

Flumequine-C3 265.1 247.1 105 16 5.81 + 

Metoprolol 268.2 56/116 135 28/12 4.88 + 

Metoprolol-D7 275.3 123 125 16 4.88 + 

Metronidazole 172.07 82.1/128.1 90 24/12 4.52 + 

Metronidazole-D4 176.1 128 90 12 4.52 + 

Nalidiixic acid 233.09 187.1/215.1 95 24/8 5.77 + 
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Ornidazole 220.05 82.1/128.1 110 28/8 5.05 + 

Primidone 219.12 91.1/162.1 90 28/8 4.91 + 

Primidone-D5 224.2 167.2 100 8 4.91 + 

Propranolol 260.2 56/116 120 32/12 5.3 + 

Ractopamine 302.2 164/284.2 105 8/4 4.71 + 

Ronidazole 201 140 80 5 4.63 + 

Roxithromycin 837.53 158.1/679.5 135 28/12 5.7 + 

Roxithromycin-D7 844.6 158 185 36 5.7 + 

Salbutamol hemi 240.2 148.1 80 12 4.13 + 

Atenolol 267.2 190 120 12 4.18 + 

Atenolol-D7 274 145 130 15 4.18 + 

Sulfamethoxazole 254 92/156 80 20/8 5.29 + 

Terbutaline  226.15 107/152.1 100 28/8 4.13 + 

Tetracycline 445.2 410.1/427.2 120 16/8 4.7 + 

Tinidazole 248.1 82.1/121 110 32/8 4.9 + 

Trimethoprim 291 230/261 145 20/24 4.6 + 

Trimethoprim-C3 294.2 231 145 20 4.6 + 

Venlafaxine 278.21 58.1/260.2 105 16/4 5.5 + 

Venlafaxine-D6 284.3 58.1 110 16 5.5 + 

Salbutamol 240.2 222.1 80 4 4.13 + 

Chloramphenicol 320.9 257/176/152.1 145 4/5/16 5.35 - 

Dicofenac 294 250/214 90 4/16 6.57 - 
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Gemfibrozil 249.32 121.1 100 8 6.89 - 

Ibuprofen 205.12 161.2 80 4 6.62 - 

Ibuprofen-D3 208.3 164.1 75 0 6.62 - 

Naproxen 229 185/169 70 4/28 6.12 - 

Triclocarban 313 160/126 145 8/20 7.03 - 

Bisphenol A 227 133 130 28 5.94 - 
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Table S2. Principle reactions in the UV/chlorine process 

NO. Reactions  Rate constants  References 

1* HOCl → HO• + Cl• 

Φ 1 10 	  

Ɛ C /  
 1 

2* OCl- → O•- + Cl• 

Φ 1 10  

Ɛ C /  
 1 

3 H+ + OCl- → HOCl 5.00 × 1010 M-1s-1  2 

4 HOCl → H+ + OCl- 1.60 × 103 s-1  2 

5 H+ + HO2
- → H2O2 5.00 × 1010 M-1s-1  2 

6 H2O2 → H+ + HO2
- 1.30 × 10-1 s-1  2 

7 H+ + OH- → H2O 1.00 × 1011 M-1s-1  2 

8 H2O → H+ + OH- 1.00 × 10-3 s-1  2 

9 H+ + O2
•- → HO2

• 5.00 × 1010 M-1s-1  2 

10 HO2
• → H+ + O2

•- 7.00 × 105 s-1  2 

11 H2PO4
- + H+ → H3PO4 5.00 × 1010 M-1s-1  2 

12 H3PO4 → H2PO4
- + H+ 3.87 × 108 s-1  2 

13 HPO42- + H+ → H2PO4
- 5.00 × 1010 M-1s-1  2 

14 H2PO4
- → HPO4

2- + H+ 3.15 × 103 s-1  2 

15 PO43- + H+ → HPO42- 5.00 × 1010 M-1s-1  2 

16 HPO42-  → PO43- + H+ 2.50 × 10-2 s-1  2 

17 HO• + HPO42- → HPO4•- + OH- 1.50 × 105 M-1s-1  2 

18 HO• + H2PO4
- → HPO4

•- + H2O 2.00 × 104 M-1s-1  2 
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19 H2O2 + HPO4
•- → H2PO4

- + HO2
• 2.70 × 107 M-1s-1  2 

20 HO• + HO• → H2O2 5.50 × 109 M-1s-1  2 

21 HO• + H2O2 → HO2
• + H2O 2.70 × 107 M-1s-1  2 

22 HO• + HO2
- → HO2

• + OH- 7.50 × 109 M-1s-1  2 

23 HO• + HO2
• → O2 + H2O 7.10 × 109 M-1s-1  3 

24 HO• + O2
•- → O2 + OH- 1.00 × 1010 M-1s-1  2 

25 HO2
• + HO2

• → H2O2 + O2 8.30 × 109 M-1s-1  2 

26 HO2
• + O2

•- → HO2
- + O2 9.70 × 107 M-1s-1  2 

27 HO2
• + H2O2 → O2 + HO• +H2O 3.00 M-1s-1  3 

28 O2
•- + H2O2 → O2 + HO• + OH- 1.30 × 10-1 M-1s-1  3 

29 O•- + H2O → HO• + OH- 1.80 × 106 M-1s-1  3 

30 HCO3
- + H+ → H2CO3 5.00 × 1010 M-1s-1  2 

31 H2CO3 → HCO3
- + H+ 5.00 × 105 s-1  2 

32 CO3
2- + H+ → HCO3

- 5.00 × 1010 M-1s-1  2 

33 HCO3
- → CO3

2- + H+ 2.50 s-1  2 

34 HO• + CO3
2- → CO3

•- + OH- 3.90 × 108 M-1s-1  2 

35 HO• + HCO3
- → CO3

•- + H2O 8.50 × 106 M-1s-1  3 

36 HO• + H2CO3 → CO3
•- + H2O + H+ 1.00 × 106 M-1s-1  2 

37 H2O2 + CO3
•- → HCO3

- + HO2
• 4.30 × 105 M-1s-1  2 

38 HO2
- + CO3

•- → HCO3- + O2 3.00 × 107 M-1s-1  2 

39 HO• + CO3
•- → X 3.00 × 109 M-1s-1  2 

40 O2
•- + CO3

•- → CO3
2-  + O2 6.00 × 108 M-1s-1  3 
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41 CO3
•- + CO3

•- → X 3.00 × 107 M-1s-1  2 

42 H+ + Cl- → HCl 5.00 × 1010 M-1s-1  2 

43 HCl → H+ + Cl- 8.60 × 1016 s-1  2 

44 HO• + Cl- → ClOH•- 4.30 × 109 M-1s-1  2 

45 ClOH•- → HO• + Cl- 6.10 × 109 s-1  2 

46 ClOH•- + H+ → Cl• + OH- 2.10 × 1010 M-1s-1  2 

47 ClOH•- + Cl- → Cl2
•- + OH- 1.00 × 105 M-1s-1  2 

48 Cl• + H2O → ClOH•- + H+ 4.50 × 103 M-1s-1  3 

49 Cl• + OH- → ClOH•- 1.80 × 1010 M-1s-1  2 

50 Cl• + H2O2 → HO2
• + Cl- + H+ 2.00 × 109 M-1s-1  2 

51 Cl• + Cl- → Cl2
•- 8.50 × 109 M-1s-1  2 

52 Cl• + Cl• → Cl2 8.80 × 107 M-1s-1  2 

53 Cl• + HOCl → ClO• + H+ + Cl- 3.00 × 109 M-1s-1  1 

54 Cl• + OCl- → ClO• + Cl- 8.30 × 109 M-1s-1  1 

55 Cl2
•- → Cl• + Cl- 6.00 × 104 s-1  2 

56 Cl2 + OH- → HOCl + Cl- 1.00 × 109 M-1s-1  3 

57 Cl2
•- + Cl2

•- → Cl2 + 2Cl- 8.30 × 108 M-1s-1  2 

58 Cl2
•- + Cl• → Cl2 + Cl- 2.10 × 109 M-1s-1  3 

59 Cl2
•- + H2O2 → HO2

• + 2Cl- + H+ 1.40 × 105 M-1s-1  2 

60 Cl2
•- + HO2

• → O2 + 2Cl- + H+ 3.00 × 109 M-1s-1  2 

61 Cl2
•- + O2

•- → O2 + 2Cl- 1.00 × 109 M-1s-1  2 

62 Cl2
•- + H2O → Cl- + HClOH 2.34 × 10 M-1s-1  2 
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63 Cl2
•- + OH- → Cl- + ClOH•- 4.50 × 107 M-1s-1  2 

64 HClOH → ClOH•- + H+ 1.00 × 108 s-1  2 

65 HClOH → Cl• + H2O 1.00 × 102 s-1  2 

66 HClOH + Cl- → Cl2
•- + H2O 5.00 × 109 M-1s-1  2 

67 Cl2 + Cl- → Cl3
- 2.00 × 104 M-1s-1  2 

68 Cl3
- → Cl2 + Cl- 1.10 × 105 s-1  2 

69 Cl3
- + HO2

• → Cl2
•- + HCl + O2 1.00 × 109 M-1s-1  2 

70 Cl3
- + O2

•- → Cl2
•- + Cl- + O2 3.80 × 109 M-1s-1  2 

71 Cl2 + H2O → Cl- + HOCl + H+ 2.7 × 10-1 M-1s-1  2 

72 Cl- + HOCl + H+ → Cl2 + H2O 1.82 × 10-1 M-2s-1  3 

73 Cl2 + H2O2 → O2 +2HCl 1.30 × 104 M-1s-1  2 

74 Cl2 + O2
•- → O2 + Cl2

•- 1.00 × 109 M-1s-1  2 

75 Cl2 + HO2
• → H+ + O2 + Cl2

•- 1.00 × 109 M-1s-1  2 

76 HOCl + H2O2 → HCl + H2O + O2 1.10 × 104 M-1s-1  2 

77 OCl- + H2O2 → Cl- + H2O + O2 1.70 × 105 M-1s-1  2 

78 HOCl + HO• → ClO• + H2O 2.00 × 109 M-1s-1  2 

79 HOCl + O2
•- → Cl• + OH- + O2 7.50 × 106 M-1s-1  2 

80 HOCl + HO2
• → Cl• + H2O + O2 7.50 × 106 M-1s-1  2 

81 OCl- + HO• → ClO• + OH- 8.80 × 109 M-1s-1  2 

82 OCl- + O2
•- + H2O → Cl• + 2OH- + O2 2.00 × 108 M-2s-1  2 

83 OCl- + CO3•- → ClO• + CO3
2- 5.70 × 105 M-1s-1  2 

84 Cl• + CO3
2- → Cl- + CO3

•- 5.00 × 108 M-1s-1  2 
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85 Cl• + HCO3
- → Cl- + CO3

•- + H+ 2.20 × 108 M-1s-1  2 

86 Cl2
•- + CO3

2- → 2Cl- + CO3
•- 1.60 × 108 M-1s-1  2 

87 ClO• + CO3
2- → OCl- + CO3

•- 6.00 × 102 M-1s-1  4 

88 Cl2
•- + HCO3

- → 2Cl- + CO3
•- + H+ 8.00 × 107 M-1s-1  2 

89 ClO• + ClO• → Cl2O2 2.50 × 109 M-1s-1  5 

90 2ClO• + H2O → HOCl + H+ + ClO2
- 2.50 × 109 M-1s-1  5 

91 2ClO• + OH- → OCl- + H+ + ClO2
- 2.50 × 109 M-1s-1  5 

92 HO• + ClO• → ClO2
- + H+ 1.00 × 109 M-1s-1  4 

93 HO• + ClO2
- → ClO2

• + OH- 6.30 × 109 M-1s-1  6 

94 HO• + ClO2
• → ClO3

- + H+ 4.00 × 109 M-1s-1  6 

95 Cl2
•- + ClO2

- → ClO2
• + 2Cl- 1.30 × 108 M-1s-1  6 

96 ClO• + ClO2
- → OCl- + ClO2

• 9.40 × 108 M-1s-1  7 

97 NOM + Cl• → X 1.30 × 104 (mg L-1)-1s-1  1 

98 NOM + HO• → X 2.50 × 104 (mg L-1)-1s-1  1 

99 NOM + ClO• → X 4.50 × 104 (mg L-1)-1s-1  This study 

100 NOM + HOCl → X 1.50 M-1s-1  8 

Note: * In reactions 1 and 2, rHOCl/OCl- is defined as the rate of HOCl or OCl- decay by UV photolysis, Φ is 

the apparent quantum yield of HOCl/OCl- photolysis (mol E-1), I0 is the photo flux (E s-1), V is the solution 

volume (L), L is the effective path length (cm), ε is the molar absorption coefficient of HOCl/OCl-, C is the 

initial concentration of HOCl or OCl-, A = (εHOClCHOCl + εOCl-COCl- + ∑εothersCothers)L, and fHOCl = 

εHOClCHOCl L/A or fOCl- = εOCl-COCl- L/A. 
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Table S3. Structures of PPCPs in groups I-IV. 

group I group II group III group IV 
Dimetrida

zole  

Erythro

mycin 

 

Carbama

zepine 

 

Trimethopri

m 

Tinidazole 

 

Azithro

mycin 

Caffeine 

 

Salbutamol 

 

Ornidazol

e 

 

Roxithr

omycin 

Gemfibro

zil 

Ractopamin

e 

Metronida

zole  

Atenolo

l 

Naproxe

n 

 

Bisphenol A 

 

Ronidazol

e  

Metopr

olol 

Proprano

lol 

Sulfametho

xazole 

Ibuprofen 

 

  Clenbute

rol 

 

  

Primidone 

 

  Diclofen

ac 

  

Venlafaxin

e 

 

      

Nalidixic 

acid 
 

      

Flumequin

e 
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Table S4. List of selected PPCPs and some physical-chemical properties 

PPCPs Structures pKa Logkow 
Φ254 (10−2) 

mol/Einstein

ε254 (103)

L/mol/cm

kHO• 

(109M-1s-1) 

kHO• 

(109M-1s-1),

This study

kCO3•- 

(107M-1s-1)

Trimethoprim 
 

3.2, 7.19-11 0.9111 
0.118,12 
0.0913 

2.94,12 
1613 

6.3±0.85,11, 

14 715 
8.5 

1.313 

3.4516 

Chloramphenicol
 

5.517 1.1417 8.4012 4.3312 5.812 3.575 N.A. 

Dimetridazole 
 

2.818 -0.3119 0.32012 2.2412 5612 4.95 3.9820 

Tinidazole 

 

2.318 0.3519 0.19612 2.3412 4512 4.248 2.9920 

Ornidazole 

 

2.7220. N.A. N.A. N.A. N.A. 4.39 3.0520 

Metronidazole 

 

2.58, 

14.4418 
0.0219 

0.340,12 
113 

2.10,12 
2.213 

44±2,21 

17.9 (±22)12 5.09 3.4220 
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Cephalexin 

 

2.56, 

6.8822 
0.6522 N.A. N.A. N.A. N.A. N.A. 

Flumequine 

 

6.510, 23 2.4524 N.A. N.A. N.A. 6.33 N.A. 

Nalidixic acid 

 

N.A. N.A. N.A. N.A. 6.7425 5.64 N.A. 

Ciprofloxacin 

 

6.2, 8.8 10, 

23 
-0.3911 N.A. N.A. 4.111 N.A. N.A. 

Tetracycline 

 

3.3,26 

7.68,  

9.6927 

-1.311 0.38012 
8.82 

(±6.66),12

4.10828 
7.711 N.A. N.A. 

Erythromycin 

 

8.9;22 
3.06, 

2.82922 
N.A. N.A. 3.8±0.7611 3.33 813 

Azithromycin 

 

8.5922 3.3322 N.A. N.A. N.A. 3.14 N.A. 
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Roxithromycin 

 

8.829 

9.230 

9.1722 

N.A. N.A. N.A. N.A. 5.53 N.A. 

Sulfamethoxazole

 

1.83, 

5.5722 
0.8922 

3.79 
(±1.15),12 

8.413 

13.2 
(±4.5),12 

1313 

5.5±0.7,11 

615 
N.A. 26.816 

Famotidine 
 

N.A. N.A. N.A. N.A. N.A. N.A. N.A. 

Cimetidine 

 

7.131 N.A. N.A. N.A. N.A. N.A. N.A. 

Diclofenac 

 

4.1526 4.5111, 26 
29.2 (±8.6),12

2313 

4.77 
(±1.16)12 

6.813 

7.5±1.5,11 

7.5 32 
N.A. 7.8013 

Ibuprofen 

 

4.9111, 33 3.9711 19.212 0.25612 7.4±1.211 7.2 0.07920 
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Naproxen 

 

4.1526, 34, 

35 
3.1811 

2.78 
(±2.06),12 

1.413 

4.00 
(±0.70)12 

4.813 

8.9±0.65,14 

9.6 (±0.5) 35 9.45 5.6020 

Salbutamol 
 

9.2320 N.A. N.A. N.A. 2.6220 6.18 2.1220 

Clenbuterol 

 

N.A. 226 213 
7.48428 

3.913 
6.6±0.8914 9.48 5213 

Ractopamine 

 

9.6220 N.A. N.A. N.A. 3.8520 10.6 4.9920 

Terbutaline 

 
 

N.A. N.A. N.A. N.A. 6.87 ± 0.4336 N.A. N.A. 

Atenolol 
 

 
9.633 0.1630 6.513 0.3513 

7.7±0.55,14 

832 
6.84 0.19520 

Metoprolol 
9.7,34 

9.637 
1.8837 

3.47 
(±4.12)12 

6.613 

0.565 
(±0.333),12

0.235,28 
0.3313 

7.8±0.814 8.2 0.24120 

Propranolol 
 

9.4226 

 

3.4811 

 
3.213 

0.85628 

1.313 

7.6±4.8,14 

10±238 
9.65 1.4220 
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Primidone 

 

N.A. 0.9130 N.A. N.A. 
6.711 

715 
6.63 N.A. 

Carbamazepine 

 
 

13.911 2.4511 
0.06012 
0.3313 

6.07 12 
5.813 

8.8±1.2,11 

915 
8.8 0.25120 

Venlafaxine 

 

9.2439 N.A. 9.713 0.3813 8.8±1.5 14, 25 8.83 0.48920 

Gemfibrozil 

 
 

4.740 

4.4235 
4.7740 9.213 0.3713 1014, 15, 25 7.68 0.4120 

Caffeine 

 

10.4,11, 35 

6.140 
-0.0711 0.18012 3.9212 

6.911, 35 

 
7.41 N.A. 

Bisphenol A 
 

9.6, 10.210 3.3241 
0.655 

(±0.276)12 
0.75012 8.00 (±3.1)12 8.77 N.A. 
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