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14 Table S1.

Selected elementary reactions considered in the kinetic model

No. Reaction Rate constant
=371 M'lem!!
1 NH,Cl + /v — NHye + Cle ¢ em
O =0.2942
=126 M~'cm!'!
2 NHCl, + hv — NHCle + Cle e =126 M em
O=0.82!
=58 M 1lcm!2
3 HOCI + hv — OH + Cle ¢ em
®=0.553
—=19.6 M'cm™4
4 H,0, + hv — 2+0H e=19.6 M em
O=054
52x108M1ts15
6.1 x 108 M 1g16
5 *OH +NH,Cl — NHCl- + H,O 8.64 x 108 M 1g712
1.02 x 10° M 15717
2.8 x10°M g8
2.57 x 108 M 1g716
6 *OH +NHC12 — Nclz' + H20 6.21 x 108 M- 51 9
7 *OH +NCI; — NCl,* + HOC1 1.67 x 108 M 's716
85 x10* Mg 110
1.4x108Mtg 1
3 —+ ° +
8 OH + HOCI — CIO- + H,O 50x 108 M-1s-17
2.0x 109 Mgt 12
B 3 1.8 x 109 M 1717
9 *OH + OCI” — CIO* + OH 2.8 x 10° M1 g1 13
B _ 53x10°M g 114
10 *OH + NO,” — OH™ + NO,* L0 x 1010 M-1g-1 15
11 *OH + H202 d HOz' + H20 27 x 107 Mg 115
12 *OH + CI" — CIOH+" 43 x109M1gl16
13 *OH + ONOO~ — ONOO- + OH~ 48 x10°M1g1l7
14 *OH + HCO;™ — CO3* + H,O 85 x 10°M1g115
15 *OH + CO;32™ — COs* + OH~ 39x108M1g115
1.0 x10°M1s17
16 Cle + NH,Cl — NHCle + HC1 24 % 107 M- 5118
17 Cls + HOCI — ClO* + H" + CI~ 3.0x100M1g 119
18 Cle + OCl~ — ClO* + CI~ 82 x109M st 19
6.5x 109 Mg 119
B B 7.8 x 109 Mg 120
19 Cle + CI" — Cl,* 2.0 x 10° M-1s-12!
85x109M1s122
20 Cle + NO,” — CI” + NO,* 50x109M1g7123
21 Cls + H;O, —» H" + CI" + HO,* 1.0x10°M1g 124




2.0x 109 M 1g7120

2 Cl+ + OH — CIOH~ 1.8 % 1010 M1 1 19
T2 % 10°s 116
23 Cle + H,0 — CIOH> + H* 1.6 x 105 g119.25
1.8 % 105120
25 X 105 s*l 23,26
24 Cle + HCOy — COye + H' + CI- 22 x 108 Mg 127
2.4 % 109 M1 123
25 Cle + COs> — CO + CI- 5.0 x 108 M5! 27
26 Cly + NH,Cl — NHCI* + H* + 2CI- 6.5% 105 M1 118
27 Cly + Hy0 — CI- + CIOH+ + H* = 10057120
<1300 126
5.7x10°s 120
28 Clye — Cle + CI 6.0 x 1045128
1.1 x105s7116
29 Clys + Cle — Cl, + CI- 2.1 % 109 M1 512
30 Clye + Clye — 2CI + Cl, 9.0 107 M52t
3.5 % 109 M1 120
31 COs+ + Hy0, —HO,» + HCO;- 43 %105 M1 130
3 CIOH* — CI- + «OH 6.0 x 10° 5120
33 CIOH+ — Cl+ + OH- 235116
34 CIOH* + CI- — OH- + Cly- 1.0 % 104 M1 131
21 % 100M 's 116
35 CIOH+ + H — Cle + H,0 2.4 x 1010 M~1g120
2.6 % 1010 M1 57125
5.0 x 1010 M1 5123
36 ClO* + CIO* — CL,0, 2.5 10" M s P
7.5 % 10° M1 13
37 «OH + ClO,” — Cl0,* + OH- 6.3 10’ Ml 12
7.0 x 109 M-1s~1 33
38 «OH + CIO,» — ClOs + H* 4.0 % 10° M-1g1 19
39 «Cl + ClO,» — CLO, 10> 10" Mgt
4.0 % 10° M5 7
40 Cly> + Cl0y — CL,O, + CI- 1.0 % 10° M-1g1 34
41 ClO* + ClOy* — CL,O; 1.4 % 109 M-1s1 35
42 Clye + ClO;y — ClOgs + 2CI- 13 % 109 M1
43 ClO- + Cl0,” — OCI + ClOy 9.4 x 108 M1 136
44 CLO, + ClO,~ + CI- — 2Cl0,» + 2CI- 8.4 x 10° M25~1 37
45 CLO, + Cl0,~ + H,0 — ClOs~ + 2HOCI 1.2 10 M s
53 % 105 M5! 37
46 ClO, + HOCI + H* — CLO, + H,0 1.12 % 105 M2 5139




47 ClO,” + HOCI + CI" — ClO5~ +2CI" + H* 180 M 27138

48 CL,O, — 2CIO- Kk4s5/(1.3%10°)/1.93 /0.034 57! 32
1.0 x 107 M !g7140
1.2 % 108 Mg 141

49 NH,* + O, — NH,0,* 3.0x 108 Mg 142
11x10° M s 14
1.2x10° M lg144

50 NH,0,* — NO- + H,O 1.0 x 1085719

51 NH,0,¢ — transient species —N,0O 598 x 1085719
50-3000 M1g714

52 NO* + 0, — ONOO- L 0o M e
58 x 105 M 1s7146

53 ONOO- + NO» — 2NO;» L0 109 M et
6500 s7!'4

54 ONOO+ — NO* + 0, o 105 o156
1.0 x 1010 Mg 147

55 NOe+ + «OH — HNO, 2.0 % 1010 M-! 51 48

56 NO+ + NO,* — N,O3 1.1 x10°M g 14

57 NO,* + NO,* — N,04 4.5 x 108 M 1g7150
22x10s 15!

58 N,O3 — NO+ + NO,* 8.0 x 10*s714
43106575
530714

59 N203 + H2O i 2N027 +2H* 1600 s7133
2000 s7151

60 N,O4— 2NO,° 6900 57! 30

B B 300 s7! 5!

61 N204+ HQO — NOQ + NO3 + 2H* 1000 571 50

62 2HNO — [HONNOH] — N,O + H,0 8.0 x 106Mg7!54
3.8 x 102M1g155

63 HNO + O, - ONOOH 3.0 x 103M1g7156
1.8 x 10*M1g7157

B 7.6 x 109 M 257138

64 H* + NH,Cl + NO,” — NH; + NOCI 310 Mt

65 NO,Cl + NO,” — N,0,4 + CI~ 8000 M1g7160

66 NO,Cl + H,O — NO; + ClI-+ 2H* 4.8 57160
0.232 716!

67 ONOOH —> NO,+ + *OH 03e e
056851

68 ONOOH — NO; + H* 0.90 57162
1.15g7163

69 ONOO™ — O, + NO- 0.02 s7164

70 ONOO™ — NO;~ 8.0 x 10°¢g7162




71 0, + HO*» — HO, + O, 9.7 x 107 M 1g7165
72 HO,* + H,0, — *OH + H,O0 + O, 3.0M gt
73 0, + H,0, - *OH + OH + O, 0.13 M 1g 115
74 HOCI + NH; — NH,Cl1 + H,0 4.2 x 106 M1 g7166
75 HOCI + NH,CI — NHCI, + H,O 280 M1 g7166
76 HOCI + NHCI, + OH™ — NCl; + OH™ + H,0 33 x 109 M 257167
77 HOCI + NHCI, + OCI” — NCI; + OH™ + HOCl 1.0 x 103 M 257167
78 NH,Cl + H,0 — HOCI +NHj 2.1 x 10737166
79 NHCI, + H,O — HOCI + NH,Cl 6.5x107s7168
80 NCI; + H,0 — HOCI + NHCl, 3.2x1073g7168
81 NH,Cl + NH,Cl + H* — NHCIl, + NH,* 6944 M 25716
82 NH,CI + NH,Cl + H,CO; — NHCL, + NH,* + HCO;~ 11 M 25716
83 NH,Cl1+ NH,Cl + HCO;~ — NHCI, + NH; + HCO;~ 022 M 2716
84 NH,Cl + NHCl, — N, + 3H* + 3CI- (assumed products) 0.015M 1170
85 NHCI, + NH; + H — NH,CI + NH,Cl + H* 6.0 x 10* M 27167
86 NHCI, + OH™ — I + products 1HOM g7t
87 I+ NHCI, — HOCI + products 2.8 x 10*M1g7172
88 I + NH,Cl — products 83 x103M 17172
89 NH,Cl1 + NCI; + OH™ — HOCI + products 1.4 x10°M 257170
90 NHCI, + NCl; + OH™ — 2HOCI + products 5.6 x 1010M2g7170
91 H,0, + NH,Cl — products 0.0276 M 's71(24.6 °C) 7
92 HOCI + NO,™ — NO,Cl + OH- Z:j ) 182 ﬁi Zl .
93 H,0, + HOCl — CI" + H,O + O, + H* L1 x104M g1 13
94 H,0, + OCl" - CI" + H,0 + O, 1.7x10° M ts113
95 *OH + 1,4—dioxane — i? i igz ﬁ:i Z:l ;:
. 4.4 x106M1g7176
96 Cle + 1,4—dioxane — ) 834 X1\1/109 ?\/I‘l 177
97 Cly* + 1,4—dioxane — 33x106M g 176
HOCI < OCI” pKa=7.578
98 OCI" + H" — HOCI 5.0 x 101 M g7
HOCI — OCI” + H* 1.58 x 10° s7!
H,CO3; & HCO;™ > CO5* pKa;=6.3 & pKa,=10.3 7
99 HCO;™ + H* — H,CO; 1.0 x 101 M1g7!
H,CO; — H" + HCO5~ 5.0x103s7!
CO;* +H" — HCO;~ 5.0 x 1019 M g7




HCO, — CO2 +H' 251

HOz' > 02'_ pKa: 4.8 65

100 O, + H* — HO,* 5.0 x 1010 M~ 5!
HO,» — Oy + H* 7.9 x 105 ¢!
ONOOH < ONOO- pKa= 6.6 2

101 ONOO- + H* — ONOOH 5.0 x 1010 M1 5!

ONOOH — ONOO- + H* 126 x 10* 57!
_ —1 a1 80

102 NDMA+ hv — ¢= 1650 M em

D =028%

15

16




17

18

19

20

21

22

23

24

25

26

27

Section S1. 1,4-Dioxane analysis

A Gas Chromatograph (7890A, Agilent Technologies) equipped with triple-axis detector (5975C,
VL MSD, Agilent Technologies) and autosampler (GC sampler 80, Agilent Technologies) was
used to analyze 1,4-dioxane. An automated solid-phase microextraction (SPME) unit is connected
to the GC-MS autosampler for 1,4-dioxane extraction from the sample using a method developed
in-house. A ZB-WAXPlus (30 mx0.25 mmx0.5 pm) GC column was used with a temperature
program (37 °C for 5 min — 85 °C at 10 °C min™! — 200 °C for 1.6 min) and helium as a carrier
gas (1 mL min!). The MS source, MS Quad, and transfer line temperatures were maintained at
230, 150, and 280 °C, respectively. The instrument was used in the electron impact ionization

mode (electron energy of 70 eV at 230 °C).
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Section S2. The photolysis rate and reactive radical formation rate from oxidants.
The direct photolysis rate of a specific compound M can be calculated using the fundamental

expression of photolysis rate constant shown in equation S18!:

kam =
' Ujss (S1)

where gy is the molar absorption coefficient at 254 nm (M~! em™"), @y, is the quantum yield (mol
einstein~!; dimensionless parameter), and U,s; 7 is the molar photon energy (J einstein™') at 253.7
nm. The *OH and Cl- radicals are the primary radical species responsible for 1,4-dioxane treatment
in the UV/HOCI and UV/H,0, AOPs in the presence of chloramines. In this study, NH,* and
NHCI- are not considered as reactive radical species toward 1,4-dioxane. The radical generation
rates were calculated according to the reactive radical formation yield from each oxidant. Table

S2 lists the photochemical properties of oxidants.

Table S2. Photochemical properties of oxidants

Reactive radical

Molar absorption . Direct photolysis .

: Quantum yield, , generation rate,

coefficient, rate constant, k, ,

M- et /] (cm? mI) constant ky,gical
(cm? mJ)
NH,CI 3711 0.296 2 5.33 x 10 533 x 10
NHCI, 126! 0.82! 5.05 x 10 5.05x 10
HOCI 582 0.553 1.56 x 10~ 3.12x 10
H,0, 19.6 4 054 0.48 x 10~ 0.96 x 10~
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Section S3. Bench-scale tests using a closed-loop recirculation UV reactor

A bench-scale UV system (UVMax™ D4 reactor, Viqua, Canada) equipped with one 43W-low-
pressure Hg-vapor arc lamp was used to treat water sample volumes up to 8L in a recirculation
mode. The lamp emits primarily the 253.7 nm wavelength and the average UV fluence rate in
milliQ water was determined as 5.5+0.1 mW c¢m™? using very low concentrations (uM) of either

sulfamethoxazole or H,O, as chemical probes.
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51
52 Figure S1. The pilot system comprising a TrojanUVPhox™O08AL20 reactor, a flow meter,
53 injection ports, static mixers, sample ports, online UV effluent transmittance instrument, and real-
54 time pH and DO meters.
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Figure S2. Pilot test description including the electrical energy dose (EED") corrected for the lamp

e e e e

EED'=0.07 —0.29 kWhm™
[NH,Cl],=2.1 —2.4 mg Las Cl,
[NHCL],=09-12mgL'asCl,
no H,0, and HOC]I addition

EED=0.07 - 0.22 kWhm™

[NH,Cl],=2.2-2.6 mg L'as Cl,
[NHCL],=1.4 - 1.6 mg L'as Cl,
[HOCl], = 0.7 —2.4 mg L'as Cl,

EED=0.07 - 0.29 kWhm™
[NH,Cl],=2.2 - 23 mgL"'as Cl,
[NHCL],= 1.1 -1.3 mg L'as Cl,
[H,0,]o=1.7 —4.4 mg L™

EED=0.07 - 0.30 kWh m™

[NH,Cl],=3.2-4.1mgL'as Cl,
[NHCL,], = 1.8 —3.0 mg L™'as Cl,
[HOCI], =0.7 —3.3 mg Ltas Cl,

EED=0.07 - 0.29 kWhm™
[NH,Cl],=3.0-33mgL'asCl,
[NHCL],=2.1 -2.4 mg L'as Cl,
[H,0;],=6.1 —6.7 mg L™

efficiency at the operating %BPL, RO permeate quality, and oxidant concentrations.
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64 Figure S3. Photodegradation of chloramines in RO permeate at ambient quality conditions.
65 [NH,Cl]p=2.1-2.4 mg L !as Clp; [NHCl,]o= 0.9—1.2 mg L !as Cly; pH 5.1-5.3; 97.1-97.5% T.

66



67

68
1.2 0.30
-o-NH2Cl alone
-#-NH2Cl + NHCI2

1.0 -o-Nitrite_ NH2Cl alone - 0.25
L‘J: -+Nitrite_ NH2CI + NHCI2
© 08| 020
Q
£ -
£ 4
8 06 | 1015 o
o £
L &
g 2
S 04 - 010 &
= =

0.2 -+ 0.05

0.0 O ! ! ! ' ' 0.00

0 500 1000 1500 2000 2500 3000
UV fluence, mJ cm—2
69

70 Figure S4. Formation of NO,™ from photodegradation of NH,Cl in the presence and the absence
71 of NHCI, in the bench-scale tests: [NH,Cl1], =0.9—1.1 mg L ! as Cl,; [NHCl,]¢= 2.2 mg L ! as Cl,;
72 Ey=5.5£0.1 mW cm2%; pH 5.5 (phosphate buffer).
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Figure SS. The degradation of NH,Cl and 1,4-dioxane and NO,~ formation in the UV/chloramine
process at OCWD with RO permeate at ambient chloramine concentrations. [NH,Cl]y= 2.1-2.4
mg L™! as Clp, [NHCl;]p= 0.9-1.2 mg L as Cl,, [1,4-dioxane]p= 0.19 mg L', pH 5.1-5.3, and
97.1-97.5% T. The symbols represent the experimental data; the black line is the regression line
for the pseudo-first-order kinetics of NH,Cl decay; the solid blue and red lines represent best fits
for 1,4-dioxane and NO,~ experimental data, respectively; the blue dashed line indicates the trend

for a pseudo-first order kinetics of 1,4-dioxane decay.
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Figure S6. Degradation of 1,4-dioxane with the UV/NH,Cl, UV/NHCI,, and UV/HOCI processes

in milliQ water using the bench-scale UV reactor. Test conditions: [oxidant]y= 0.05 mmol L™!

[1,4-dioxane]y = 0.048+0.005 mg L™!; E¢= 5.5+0.1 mW cm™2; pH 5.5.
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Figure S7. The log-removal of NH,Cl in UV/chloramine, UV/chloramine/H,0,, and
UV/chloramine/HOCI processes at EED'= 0.145 kWh m™3 RO permeate at ambient chloramine
concentrations: [NH,ClJp= 2.2 mg L' as Cl, (UV/chloramine and UV/chloramine/H,0,);

[NH,Cl]p=2.5 mg L ! as Cl, (UV/chloramine/HOCI).
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100 Figure S8. Contribution of radical species to 1,4-dioxane log-removal in the UV/chloramine and
101 UV/chloramine/H,0, processes at ambient chloramine condition, and in the UV/chloramine/HOCI
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108 Figure S9. Chloramine decay and nitrite formation in the UV/chloramine/H,0O, process during the
109 pilot tests with the RO permeate at ambient and high chloramine concentrations. Conditions:
110 [Hy0,]¢= 1.7 mg L' and 97.1% T (ambient chloramine levels); [H,0,]p=6.1-6.7 mg L™! and
111 95.7% T (high chloramine levels); pH 5.0-5.3.
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