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Text S1: Additional materials and methods

Materials: Sodium hypochlorite (5.65-6%) and hydrogen peroxide (30% v/v) were purchased

from Fisher Scientific. 1,4-Dioxane (99.8%) was purchased from Acros Organics (Geel, Belgium).

1,4-Dioxane-d8 (99%) was purchased from Sigma-Aldrich (St. Louis, MO). All chemicals were used

as received.

1,4-Dioxane analytical methods: Water samples (40 mL) were spiked with 50 pg/L 1,4-dioxane-d8
as an internal standard. The samples were then extracted vigorously with 3 mL methyl tert-butyl-ether
(MtBE) for 2 min and further concentrated by nitrogen blowdown to 0.5 mL. The MtBE extract was
analyzed by an Agilent 6890N gas chromatography coupled with a HP-5MS column (Agilent, CA)
and a 5973N MS.
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Table S1: Basic water quality data for RO permeate samples.

Chlorine NH,Cl NHCI, NO;5
. TOC UV254 DO Cl HCO3
Sample residual (mg/L  (mg/L pH (mg/L
(mg/L)  (cm') (mg/L) (mg/L) (mM)
(mg/LasCl,) asCl,) asCl) as N)
Facility 1,
33 2.0 1.3 5.7 0.21 0.0149 5.1 6.5 1.16 NM
Event 1
Facility 1,
5.1 3.0 2.1 5.6 0.33 0.02 4.7 NM NM 0.08
Event 2
Facility 2 3.8 2.5 1.3 5.8 NM 0.012 NM 53 0.95 0.11

NM = Not Measured
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Text S2: Modeling

Kinetic modeling was performed as described previously!-> using the computer program Kintecus

4.55.4 Table S2 provides the reactions implemented for model 1 in Figure 1, based on Patton et al.5 7

Table S2: Principal reactions of the UV/chloramines AOP obtained from Patton et al.®’
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NH,Cl1 + «Cl — *NHCI+ CI- + H*
NH,Cl + *OH — *NHCI+ H,O
NH,Cl + +Cl,” — *NHCI+ 2CI- + H*
NHCI, + *OH — NCl,* + H,O
NHCIL, + +Cly — NCl,e+ 2CI- + H*
*Cl+ CI' — Cl,*

*Cl+ H,0 — CIOH+ + H*

Cl,» + H,O — CI' + HCIOH
CIOHs — CI" + *OH

HCIOH — CIOH- + H*

*Cl + OH- — CIOH~

*OH + CI'— CIOH-

CIOHe + H* — H,0O + «Cl

Cl,> + OH-— CIOH- + CI-

*NH, + O, — NH,0,*

*OH + H,CO3; — CO;s° + H,O + H*
*OH + HCO5; — COs+ + H,O

*OH + CO;> — CO;* + OH-
1,4-dioxane + *Cl — product
1,4-dioxane + *Cl,” — product

1,4-dioxane + *OH — product

1.0x10%-1.0x10° M-'s”! (1.0x10° M-!'s"! in our study)
5.8x108 M-ls-! (1.02x10° M!s'! in our study)
1.14x107 M-1s7!

2.6x108 M1s! (6.21x108 M-'s”! in our study)
4.4 x106 Mg

6.50x10° M1s'! (8.00x10°M-1s! in our study)
2.50x103 7!

1.30x103 7!

6.10x10° !

1.00x108 s°!

3.0x10° M-lg!

430x10°M-!s7!

2.10x1010 M-1g-!

4.50x107 M-1s’!

1.2 x108 M-1s!

1.00x10% M-1s!

8.60x10°M-1s-!

3.90x10% Mg

4.4x100 Mg

3.3x10° Mgt

3.1x10° Mgt
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The model derived in this manuscript contains 94 reactions obtained from the literature or from our
experimental results. Table S3 tabulates the principal reactions. This model is based upon the model
of Chuang et al.3. Updates to this base model include: 1) an updated quantum yield for NH,Cl
photolysis (0.35 vs. 0.2) in equation S22), 2) incorporation of NHCI, photolysis with an associated
quantum yield (0.75 in equation S23), 3) addition of newly measured reaction rate constants with
NHCI, (equation S29) and DOC (equation S54), 4) reactions S32-45 associated with *NH, and *NHCI,
and 5) addition of reactions with carbonate species (equations S109-S115).

Table S3: Principal reactions in the kinetic model

No. Reaction Rate constant Reference

Photolysis reactions

h
822 NH,Cl = *NH, + «Cl Eg[l _ 10—£Cd] )
Tradical = f

S23  NHClL, B -NHCI + +Cl

h Ep: photon flux at 254 nm
S24  H,0, = *OH ++OH

(mEinstein s! cm?)

S25 HO, hy «OH + O+ d: pathlength (cm)

€: molar extinction coefficient
®: quantum yield (mol/Einstein)

C: concentration of oxidant

Oxidant scavenging reactions

S26  NH,CI + *OH — *NHCI+ H,0 1.02x10° M-1s”! 3
S27  NH,CI + +«Cl — *NHCI+ Cl 1.00x109M-'s"! 3
S28  NH,Cl+ +Cly — sNHCI+ 2CI- + H* 1.14x107 M-'s"! 67
S29  NHCI, + *OH — NCly* + H,0 6.21x108M-'s”! This study
S30  NHCI, + *Cl — NClye + CI- + H* 1.00 x10° M-'s"! Assumed
S31  NHCI, + «Cly — NCle+ 2CI- + H* 4.4 x10M-1s! 6

Reactions of *NH,and NHCI*

S32 *NH, + O, —» NH,0,° 1.2 x108M-!s7! 8,9
S33 *NHCI + O, — NHCIO,* 1.2 x108M-!s™! 10
S34 NH,0,* — + NO + H,0O 1.0 x108s™! Assumed
S35 NHCIO,* — + NO + product 1.0 x108s™! Assumed
S36 NH,0,¢ — transient species — N,O 5.98 x 108 57! Estimated
S37 NHCIO,* — transient species — N,O 6.7 x 10851 Estimated
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S38 *NO + «OH — NO,” + H* 1.0 x 1019 M-1s™! 1

S39 NO, ++OH —+NO, + OH- 1.2 x 1019M-1s"! 12
S40 *NO + *NO + O, — 2 *NO, 2.1 x 10°M-2s! 13
S41 *NO + *NO; — N,0; 1.1 x10°M's’! 13
S42 N;O; — *NO + *NO, 4.3 x 100g7! 13
S43 N,O; + H,O — 2NO, +2H* 1.6 x 103s! 13
S44 *NO, + *NO, — N,04 4.5 x 108M-1s7! 14
S45 N,O,; + H,O — NO, + NO;5 + 2H* 1.0 x 103s7! 14

Reactions with organic compounds

S46 *OH + CH;CO0O" — CH,COO" + H,0 7.50x107 Mg 15
S47 *Cl + CH3COO" — *CH,COO- + HCl 3.70x10° Mg 16
S48 *OH + CH;COOH — +*CH,COO + H,0 1.50x107 M-1s! 17,18
S49 *Cl + CH3;COOH — «CH,COO" + HCl 2.00x108 M-1s7! 19
S50 *O- + CH3COO" — «CH,COO" + OH- 5.00x107 M-1s! 2
S51 1,4-dioxane + *OH — product 3.1x10°M-1s7! 6
S52 1,4-dioxane + *Cl — product 4.4x100 Mg 6
S53 1,4-dioxane + *Cl,” — product 3.3x10°M-ls! 6
S54 DOC + *OH — product 3.3 x10* (mg/L) s 21

Other reactions

S55 H,0 — H"+ OH" 1.00x10-3s! 2
S56 H"+ OH — H,0 1.00x10" M-1s! 2
S57 H,0, —» H* + HO, 1.26x10! 5! 2
S58 H"+ HO,” - H,0, 5.00x10"0M-!s7! 2
S59 *OH + H,0, — HO,* + H,0 2.70x107 M-1s! 2
S60 *OH + *OH — H,0, 5.50x10°M-1s-! 2
S61 HO,* + H,0, — O, + *OH + H,0 3.00 M-1s-! 2
S62 0, + H,0, -0, + *OH + OH" 1.30x10- M-1s-! 2z
S63 HO,* + HO,* — O, + H,0, 8.30x10° M-1s! 3
S64 HO,* + Oy — O, + HOy 9.70x107 M-!s! 3
S65 *OH + HO,* — O, + H,0 6.60x10°M-!s! B
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*OH + O, — O, + OH-

*OH + HO,- — HO,* + OH-
*OH + OH- — O< + H,0

*OH + CI- — CIOH~

CIOHe — CI-+ «OH

*Cl + H,O — CIOH~ + H*

*Cl + OH- — CIOH*

*Cl + CI- — Cl,*

Cly» — «Cl + CI

Cl» + H,0 — CI- + HCIOH
HCIOH — CIOH-- + H*
CIOHe + CI- — Cl, + OH-
CIOHe + H* — «Cl + H,O

*Cl + H,0, — HO,* + CI + H*
*Cl++«Cl — Cl,

Cly> + *OH — HOCI + CI
Cly» + Cly- — Cl, + 2CI
Cly++Cl - CL, + CI-

Cly» + H;0, —» HO,* + 2Cl- + H*
Cly + HOy» — 2CI- + H" + O,
Cly + Oy — 2CI-+ O,
Cly>+ OH- — CIOH* + CI
Cly - ClL, +CI

Cly + HOy* — Cly + HC1 + O,
Cly + 0Oy — Clp» + ClI- + O,
Cl, + H,O — HOCl1 + CI- + H*
Cl, + ClI- - Cly

Cl, + H,0, — 2HCI + O,

Cl, + Oy — Cly + O,

Clz + HOz' g Clz" +H" + Oz

7.00x10°M-1s!
7.50x10° Mg
1.20x1010M-1s-!
4.30x10°M-!s’!
6.10x10%s’!
2.50x10° s™!
1.80x1010M-!s"!
8.00x10°M-1s!
6.00x10%*s™!
1.30x10%s™!
1.00x108 57!
1.00x10*M-1s!
2.10x1010M-1s-!
2.00x10°M-1s7!
8.80x10" M-1s"!
1.00x10°M-1s!
9.00x108M-1s!
2.10x10°M-1s!
1.40x105 Mg
3.00x10° Mg
2.00x10°M-1s!
4.50x10"M-1s’!
1.10x10° 57!
1.00x10°M-1s!
3.80x10°M-1s!
155!
2.00x10*M-1s!
1.30x10*M-1s!
1.00x10°M-1s!
1.00x10°M-1s!
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HOCI — OCI- + H*

OCI-+ H" — HOCI

HOCI + H,0, — HCI + H,O + O,
OCI- + H,0, — CI' + H,0 + O,
HOCI+ O, — +Cl+OH + O,

HOCI + HO,* — «C1+ OH + O,

OCI + Oy + H,O — «Cl1 + 20H- + O,

H*+ Cl- — HCl

HCl —-H"+ CI

Rate-limiting

H" + NH2C1 + NOQ" g NH3 + N02C1 g NO3"

*OH + HPO4% — HPO,* + OH-
*OH + H,PO4 — HPO,4* + H,O
H,0, + HPO4+- — H,PO4 + HO,*
*OH + HCO;3~ — CO3* + H,O

*OH + H,CO; — CO3* + H,O + H*
*OH + CO;* — product

H,0, + CO5-— HCO;5 + HO,*
HO, + CO3e- —COs* + HO,¢

Oy + CO3e- —CO3* + 0,

CO;++ CO;3 — product

1.41x103s™!
5.00x10"0M-1s7!
1.10x10*M-1s!
1.70x10° M5!
7.50x106 M- 1s-!
7.50x106M-1s-!
2.00x108 M-2s!
5.00x10"0M-1s7!
8.60x10'6 57!
1.36 x 107 M%s°!
1.50x10° M-1s-!
2.00x10* M-1s-!
2.70x107 M-1s!
8.50x106 M-!s"!
1.00x10° M-'s-!
3.00x10° M-s°!
4.30x10° M-1s!
3.00x10” M-1s-!
6.00x103% M-1s-!

3.00x107 M-1s-!
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Figure S1. Plots of In(C/Cy) vs. t for the (a) UV/NH,CI (47 uM) AOP and the (b) UV/NHCI, (44
pM) AQOP treating 0.2 uM 1,4-dioxane. The modeled results were determined using the optimized

model from the manuscript (Table S3).
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Figure S2. Photodecomposition of (a) NH,CI (50 uM) and (b) NHCI, (50 uM) in 2 mM phosphate
buffer with N, purge and without N, purge. Error bars represent the data range of experimental

duplicates.
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Figure S3. Formation of nitrite and nitrate and gaseous nitrogen loss from chloramine (100 uM)
photolysis in 2 mM phosphate buffer. Error bars represent the data range of experimental duplicates.
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Text S3. Procedure to determine the innate quantum yields of chloramines by modeling

The quantum yields of NH,Cl and NHCI, were determined by experimental data for oxidant decay from experiments using different initial
concentrations of NH,Cl and NHCl,, both with and without acetate as a radical quenching agent, using a kinetics model combining the 94
elementary reactions listed in Table S3. The procedure was described in our previous study.® The optimal innate ® for oxidants was determined
using least squares fitting, where the sum of the squares of errors (SSE) is defined as: SSE = Y,(Kmodeted — Kobs)%: Kobs represents the
experimentally determined (pseudo-first order) rate constants for oxidant decay. Table S4 shows the ks for oxidant decay, the modeled k for

oxidant decay using various @, and the corresponding SSE. Figure S4 shows the optimal quantum yields with the smallest SSE.

Table S4. kg, for oxidant decay, the modeled k for oxidant decay using various @, and the sum of squares of errors.

Experiments Modeled k (cm?/mlJ)

[NH>Cl]inital (LM) [Acetate] (WM)  kops (c¥mJ) ®=0.10 @ =0.20 @ =0.30 ® =0.35 ®=0.40 ® =0.50
10 0 0.00111 0.00035 0.00066 0.00095 0.00109 0.00122 0.00148

20 0 0.00109 0.00035 0.00068 0.00099 0.00113 0.00127 0.00154

50 0 0.00109 0.00036 0.00071 0.00105 0.00120 0.00136 0.00166

10 500 0.00087 0.00035 0.00066 0.00095 0.00067 0.00122 0.00096

20 1000 0.00080 0.00019 0.00038 0.00058 0.00067 0.00077 0.00096

50 2500 0.00093 0.00019 0.00039 0.00058 0.00068 0.00078 0.00098
Z(Kmodeled = Kobs)? 2.9x10¢ 1.0x10¢ 2.2x107 1.3x107 2.7x107 7.0x1077

S13



Experiments Modeled k (cm?/mJ)

[INHCI it (M) [Acetate] (uM) Kops (cm?/mJ) @ = 0.60 ®=0.70 ®=0.72 ®=0.75 ® =0.80 ® =0.90
4 0 0.00065 0.00067 0.00077 0.00079 0.00082 0.00086 0.00087
10 0 0.00082 0.00068 0.00078 0.00080 0.00083 0.00088 0.00099
25 0 0.00081 0.00068 0.00079 0.00081 0.00084 0.00089 0.00099
50 0 0.00076 0.00069 0.00079 0.00081 0.00084 0.00089 0.00099
4 200 0.00058 0.00042 0.00049 0.00050 0.00052 0.00056 0.00063
10 500 0.00071 0.00041 0.00048 0.00049 0.00051 0.00054 0.00061
25 1250 0.00066 0.00040 0.00047 0.00048 0.00050 0.00054 0.00060
50 2500 0.00056 0.00040 0.00047 0.00048 0.00050 0.00053 0.00060

Z(Kmodeled = Kobs)? 2.47x107 1.23x107 1.13x107 1.07x107 1.17x107 1.76x107
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®

Figure S4. Sum of the squares of errors for predicted vs. measured loss of oxidants using data from all experiments (i.e., with and without acetate)
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Figure S5. Experimental vs modeled results of photolysis of NHCI, (a-d) and NH,Cl (e-g) over a range of chloramine concentrations (4 — 50 uM)

with and without the quencher. Error bars represent the data range of experimental duplicates.
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Figure S6. Variation of modeled radical concentrations during (a) UV/NH,CI (46 uM) AOP and (b)
UV/NHCI, (45 uM) AOP treatment of 0.2 uM 1,4-dioxane in 2 mM phosphate buffer.
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Figure S8: Effect of 1,4-dioxane concentration (0.2-5 uM) on its pseudo-first-order degradation rate
for UV/H,0, (100 uM H,0,) and UV/NH,CI (50 uM NH,Cl) in 2 mM phosphate at pH 5.5. Error

bars represent the data range of experimental duplicates.
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Text S4: Determining k.o for NHCI, and dissolved organic carbon in the RO permeate using

gamma-radiolysis

The hydroxyl radical reaction rate constant for NHCIl, was determined by gamma radiolysis as
described in our previous study.’ Deionized water (500 mL) buffered with 5 mM phosphate was
adjusted to pH 5.0 with phosphoric acid and purged with N,O gas for >40 minutes. The sample was
spiked with 15 uM NHCl, and 1 uM tribromomethane (TBM, reference compound), and then decanted
into 25-mL vials. The vials were sealed headspace-free with Teflon-lined septa. Samples were exposed
to gamma radiation within a Mark I Model 25 irradiator (JL Shepherd and Associates, San Fernando,
CA, USA) employing a '3’Cs source.

The *OH reaction rate constants were determined by competition kinetics, using bromoform (koy
= 1.5 x 108 M- s1)* ag the reference compound. Two earlier studies have indicated reaction rate
constants of 1.3 x 108 M-!s'4 and 1.1 x 108 M- s'142, Samples periodically removed from the device
were sacrificed and analyzed for the residual target compound (T) and the reference compound (R).
Using the *OH reaction rate constants with the reference compounds (kg), the *OH reaction rate

constant with the target compound (kr) was determined from the slope of plots of In([T]/[T]y) vs.
In([R]/[R]o) according to:*
[Ty _ ke, (RD
ln(ﬁ) - len([R]o)

Figure S9 shows the results. Accordingly, we obtained the *OH rate constant with NHCI, to be
6.21 (£0.07)x108 M- s! (average + range of experimental duplicates).

Time (s)
0 20 40 60 80
09 & Tvm
i, T
. ............. é
-0.2 tribromomethane
/—OI\ . ' ."'..
v 0.4
5 “... NHCI,
-0.6 R J

-0.8

Figure S9. Gamma-radiolysis experiments for determining k.qy for NHCI,.
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We also used competition kinetics to determine the *OH reaction rate constant with the DOC
in RO permeate. Two samples of RO permeate were collected from Facility 1 during two separate
sampling events. The residual chloramines were measured by the DPD colorimetric method and then
quenched using stoichiometric sodium sulfite. The DOC concentrations were 0.21 mg-C/L and 0.33
mg-C/L for sample 1 and sample 2, respectively (Table S1). Dissolved inorganic carbon was measured
using a Shimadzu TOC-L analyzer. The total inorganic carbon (i.e., carbonate) concentrations were
0.15 mM, which were lower than the concentrations (0.5 mM) measured on the sampling days due to
off-gassing of CO, into the headspace of the storage bottles. The samples were buffered with 5 mM
phosphate at pH 5.0 and purged with N,O gas for > 40 mins. Purging with N,O was expected to further
reduce the carbonate concentration. The samples were then spiked with 1 uM tribromomethane and
decanted into 25-mL vials. The vials were sealed headspace-free with Teflon-lined septa, and treated
by gamma radiolysis, as described above. The losses of tribromomethane in the RO permeate samples
were compared to the loss in deionized water spiked with 15 uM NHCl,, as shown in Figure S10. The
slopes of In(C/Cy) vs t provided the pseudo-first order degradation rate constants (k) for
tribromomethane. The k., was determined by the steady-state concentration of *OH ([*OH]s) as
shown in equation S116:

d[TBM)]

i = kopsITBM] = k.o teMm[*OH]ss[ TBM] (S116)

where ko is the pseudo-first order degradation rate constant for TBM (s™!), k.on teum is the second
order *OH reaction rate constant with TBM (M- s'!). [*OH] can be calculated by the ratio of the *OH

Production rate

production rate to the *OH scavenging rate ([*OH]s = ). In deionized water, NHCI, dominated

Scavenging rate
*OH scavenging as shown in Table S5. Accordingly, [*OH] in this system can be described by
equation S117:

Production rate Production rate

[*OH]ss, p1= (S117)

Scavenging rate  k-onniciz x [NHCI2]

where [*OH] pr represents the steady-state concentration of *OH in deionized (DI) water spiked with
1 uM TBM and 15 pM NHCl,, k.on N is the second order *OH reaction rate constant with NHCl,
(M-1s1), and [NHCI,] is the concentration of NHCl, (M).

In RO permeate spiked only with TBM, TBM degradation was somewhat faster than in deionized
water spiked with both TBM and NHCl,, but by less than a factor of two (Figure S10). The similarity
suggests a similar [*OH],, and that the overall *OH scavenging must be at least half that of 15 uM
NHCI,. Considering the relatively low contribution to *OH scavenging from TBM and other inorganic
species in the system (Table S5), the DOC in RO permeate would be the dominant *OH scavenger.
Thus, [*OH],s in RO permeate can be described by equation S118:

Production rate Production rate

[*OH]ss, R0 = (S118)

Scavenging rate — k-onpoc x [DOC]

where [*OH] ro represents the steady-state concentration of *OH in RO permeate spiked with 1 uM
TBM, k.on, poc is the *OH rate constant with DOC (mg-C/L)"!' s! and [DOC] is the concentration of
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DOC in RO permeate (mg-C/L). Since the *OH production rate from treatment of water by gamma
radiolysis would be the same in the deionized water or RO permeate experiments,?? the *OH reaction
rate constant with the DOC in RO permeate can be estimated by equation S119 (i.e., by dividing
equation S117 by equation S118):

Kobspr ~ [*OHJsspr  K-ompoc x [DOC]
kobs,ro ~ [*OHlsro ~ keounmcz x [NHCI2]

(S119)

Accordingly, the k-gy poc Was estimated to be 2.49 (£0.11)x10* (mg-C/L)!' s'! (average + range of
experimental duplicates) for sample 1 and 2.12 (£0.009)x10* (mg-C/L)"! s-! for sample 2. To check
the assumption that DOC would be the dominant *OH scavenger, the *OH scavenging rate by DOC
for sample 2 would be 6996 s!, which is much higher than the other inorganic constituents (Table
S5; note that chloramines were not present in the RO permeate samples since they had been
quenched by sulfite).

Table S5. «OH scavenging rate for different species.

Initial conc Koo (M-Is1) *OH scavenging rate (s™)
. s
(uM) o = K.on X conc
NHCI, 15 6.2 x 103 9300
TBM 1 1.5x108 150
HPO,* 31.3 1.5x10° 4.7
H,PO, 4962 2.0 x 104 99
HCO5 7.2 8.5 x 106 61
H,CO; 143 1.0 x 106 143
0 , Time(min) , 6
0 Q— - . .
o~ < DI water with 15 yM NHCI,
1 ¢ . @ Sample1
015 § y © Sample2
I S e
QO 03 1 -9
o ] .. s
£ - N
045 - . °
e g
0.75 |

Figure S10. Degradation of tribromomethane in deionized water with 15 uM NHCI, and in the RO
permeate samples collected from Facility 1.
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Calculation of the contribution of different scavengers for reacting with radicals: In Figure 4, the

total radicals produced for each AOP were distinguished by their fates. The cumulative radicals
scavenged by different species, including carbonate, 1,4-dioxane (14D), "NO, oxidants and DOC,
after 1080 mJ/cm? fluence were calculated by Kintecus 4.55 based on the equations below:

Total radical production (M) = f 2.303(Pnmacienm2clo[ NHLCll + Onpepenucilo[ NHCL]  +
Ooem02lo[H20,])dt

(S120)

Radical scavenged by carbonate (M) = [ (kncos-, «on["'OH][HCO5T] + kuacos, -on[ 'OH][H,CO5]) dt
(S121)

Radical scavenged by 14D (M) = f[(kl4D, .OH['OH] + k]4D’ «Cl [.Cl] + k14D,Cl2° — [Clz. o ])[14D]]dt
(S122)

Radical scavenged by ‘NO (M) = [(kwo. -ou['OH][ *NO] + knoy. -on [‘OH][NO,])dt
(S123)

Radical scavenged by oxidants (M) = f(kNHZCl, .OH[.OH] [NHzCl] + kNHZCl, .C][.Cl] [NHQC]] + kNHzc]’ C12.
~[Cly' ™ J[NH,CI] + knnciz, -on["OH][NHCl,] + knncia, -cil CIIINHCL,] + knpcr, ci2” ™ [Cl'~ J[NHCl,] +

Ki1202, -on["OH][H205] + Ki202, il ‘CII[H205] + K202, ci2”~ [Cly' ™ [[H2O,])dt (S124)
Radical scavenged by DOC M) = ) kpoc, .on['OH][DOC]d!t
(S125)

where @ is the photolysis quantum yield in mol/Einstein, ¢ is the molar absorption coefficient (M-!
cm!), I is the incident light intensity (mEin cm s'!), and k; j represents the rate constant between i
and j (M-'s™).
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Figure S11. Experimental and modeled fluence-based pseudo-first order rate constants (kops) for loss
of 0.2 uM 1,4-dioxane during various AOP treatments in authentic RO permeate (Facility 1 Event 1)
with different light pathlengths. Using the model considering radical scavenging by DOC, the total
radicals produced for each AOP after 1080 mJ/cm? fluence were distinguished by their fates.

0.0036
B Koos for 1,4-dioxane
[ kgps for chloramines
0.0024 -
—
) |
S
~
£
L ]
2 0.0012
[=]
=< 1 £
H,0, H,0, + S3pM 20 pM
53 pM chloramines  chloramines chloramines

Figure S12. Pseudo-first order observed fluence-based rate constants for the degradation of 0.2 uM
1,4-dioxane and the chloramines in the RO permeate sample from Facility 2 for a light pathlength of
3.6 cm. The sample contained 35 uM NH,Cl and 9 uM NHCI, (53 uM CIl[+1] chloramines). For the
UV/H,0, AOP, residual chloramines were quenched using stoichiometric sodium sulfite prior to
adding 100 uM H,0,. For the UV/H,0,-chloramines AOP, 100 uM H,0, was added to the background
chloramines in the RO permeate. For the UV/chloramines AOP, either the background 53 uM
chloramines were used or for 20 uM chloramines, sodium sulfite was added to partially quench the
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total residual chloramine concentration to 20 uM. Error bars represent the data range of experimental

duplicates.

S25



Text S5. Initial cost estimates for AOP alternatives

The cost estimates targeted 0.5-log removal of 1,4-dioxane, using a 3.6 cm light pathlength.
The estimates considered as a baseline the UV/H,0;-chloramines AOP containing 50 uM total
chloramines (3.3 mg/L as Cl,) and 100 uM H,0; (3.4 mg/L). The estimates also considered that the
utility would attempt to reach a 35 uM (2.5 mg/L as Cl,) chloramine residual for final distribution.
For the UV/H;0,-chloramines baseline AOP, the pseudo-first order rate constant for 1,4-dioxane
degradation with a 3.6 cm pathlength was 0.0011 mJ/cm? (Figure 5). Achieving 0.5-log removal of
1,4-dioxane would require ~1000 mJ/cm? UV fluence. After 1000 mJ/cm?, the residual chloramine
concentration would decrease to ~20 uM (Figure 3), while the residual H,O, concentration would be

~90 uM with or without chloramines present (Figures 2, 3 and 5).

To evaluate the energy input required to achieve this target removal, other research** has
indicated an energy requirement of ~0.3 kWh/kgal for 1-log removal of 1,4-dioxane in RO permeate
using the UV/H,0;-chloramines AOP with 2 mg/L residual chloramines and 3 mg/L. hydrogen
peroxide. These concentrations are similar to those employed in the base case and were used for
rough estimates of the energy consumption. Accordingly, for 0.5-log removal of 1,4-dioxane, we
estimated that ~0.15 kWh/kgal of energy input would be needed for treatment by the UV/H,0,-
chloramines AOP.

Alternative 1: Quenching residual chloramines with bisulfite before H,O; addition and AOP
treatment to convert to the UV/H,0, AOP.

The kops for 1,4-dioxane degradation for the UV/H,O, AOP with a 3.6 cm pathlength was
0.0032 cm?/mJ (Figure S11), which was similar to the ks for a 0.9 cm pathlength (Figure 4) due to
the low absorbance of 100 uM H,0, (0.00186 cm™') and the lack of chloramines. Thus the UV
fluence needed to degrade 0.5-log 1,4-dioxane could be reduced to 360 mJ/cm? by quenching
chloramines prior to H,O, addition. Thus only ~0.056 kWh/kgal of energy input would be needed for
treatment by the UV/H,0, AOP. For a $0.16/kWh cost of electricity, the savings would be
$4.06/million liters (ML).

Quenching total residual chloramines using sodium bisulfite requires 1 mole equivalent of
sodium bisulfite per mole of CI[+1] chloramines. Assuming a cost for a 40% by weight solution of

sodium bisulfite of $1.57/gallon,* the cost for quenching 50 uM chloramines would be $5.40/ML.

Chlorine must be added to leave the 35 uM (2.5 mg/L as Cl,) chloramine residual for
distribution. However, the 90 uM H,0, residual would scavenge the chlorine, requiring 1 mole free
chlorine per mole H,0,. With or without bisulfite quenching, the cost of chlorine addition to quench

the 90 uM residual H,O, would be the same.
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However, the 20 uM chloramine residual following UV/H,0,-chloramines AOP treatment
would contribute to the final chloramine residual for distribution, such that only 15 uM additional
chloramines would be needed. The additional chloramines could be added using 15 uM sodium
hypochlorite and ~18 uM ammonium sulfate, assuming a ~20% molar excess of ammonia added to
form chloramines. With bisulfite quenching, the full 35 uM chloramines would need to be added,
requiring 35 uM sodium hypochlorite and ~42 uM ammonium sulfate. Thus bisulfite addition would
necessitate an additional 20 uM sodium hypochlorite and ~24 uM ammonium sulfate. Assuming a
cost of $0.69/gallon for a 12.5% by weight solution of sodium hypochlorite,*® the cost of free
chlorine addition would be $2.16/ML. Assuming a cost of $2.70/gallon for a 40% by weight solution

of ammonium sulfate,*’ the cost of ammonium sulfate addition would be $5.67/ML.

Overall, quenching the chloramine residual would save $4.06/ML in electricity costs, but
increase chemical costs by a total of $13.22/ML, for a net increase in costs of $9.15/ML (Table S6).
It is also important to note that it may not be possible to reduce the UV fluence to 360 mJ/cm?,
because higher UV fluence may be needed to achieve other water quality goals, such as the direct
UV photolysis of NDMA. Thus, it may not be possible even to achieve the potential energy

savings.

Alternative 2: Avoiding H>O, addition to convert to the UV/chloramines AOP using the residual

chloramines.

For ~50 uM background chloramine concentration in RO permeate, the ks for 1,4-dioxane
degradation by the UV/H,0,-chloramines AOP was 0.0011 cm?/m]J for a 3.6 cm pathlength for
samples collected from both facilities (Figures 5 and S11), such that ~1000 mJ/cm? would be
required to achieve 0.5-log removal. For the UV/chloramines AOP, the ks value was 0.00082
cm?/mJ at the first facility (Figure 5) and 0.00056 cm?/mlJ at Facility 2 (Figure S11). The UV fluence
required to achieve 0.5-log removal of 1,4-dioxane at Facility 1 would be ~1400 mJ/cm?, while it
would be ~2050 mJ/cm? at Facility 2. This would increase the electricity cost by $2.54/ML at
Facility 1 and $6.67/ML at Facility 2. At Facility 2, additional fluence might be needed to achieve
0.5-log removal since the kg, value decreased from 0.00056 cm?/mJ for 50 uM chloramines to
0.00042 cm?/mJ for 20 uM chloramines (Figure S11). The extent of this increase is difficult to
predict without pilot-testing, but should be <25%.

Using the 0.0072 cm?/mJ Kps for chloramine degradation (Figures 5 and S11), the residual
chloramines would be 18 uM at Facility 1, which is not significantly different from the 20 uM
residual for the UV/H,0,-chloramines AOP base case. However, the 11 uM residual at Facility 2
would be significantly lower, necessitating additional sodium hypochlorite (9 uM or $0.97/ML) and
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ammonium hydroxide (11 uM or $2.59/ML) to replace the chloramines lost due to the additional UV

fluence.

The cost of hydrogen peroxide addition would be saved. Assuming $2.75/gallon for a 50% by
weight hydrogen peroxide stock solution,*® the cost savings would be $4.95/ML.

The cost of sodium hypochlorite addition to quench the 90 uM residual H,O, would be
avoided, saving $9.73/ML.

Overall, if the RO permeate already contained 50 uM residual chloramines, avoiding H,O,
addition at Facility 1 would cost $2.54/ML in additional electricity costs, but save $14.68/ML in
chemical costs, resulting in a net savings of $12.13/ML (Table S5). At Facility 2, the additional
electricity cost would be $6.67/ML and the additional chemical cost to replace the chloramines lost
due to the extra fluence would be $3.56/ML, but the savings would again be $14.68/ML for a net
savings of $4.44/ML (Table S5).

However, if the RO permeate contained only 20 uM residual chloramines, there would be an
additional cost to boost the chloramine residual to 50 uM upstream of the AOP. If the RO permeate
featured only 20 uM residual chloramines, 30 uM sodium hypochlorite and ~36 UM ammonium
sulfate would need to be added upstream of the AOP to bring the chloramine concentration to 50
uM. The cost of sodium hypochlorite addition would be $3.24/ML. The cost of ammonium
sulfate would be $8.49/ML. The total additional cost would be $11.73/ML. In this case, the net
savings for Facility 1 would be $0.41/ML, but there would be a net cost for Facility 2 of $7.29/ML
(Table S5).

S28



Table S6. Net cost estimate summary

Alternative 1

Energy savings

Bisulfite cost
Hypochlorite cost
Ammonium sulfate cost
Net cost

Alternative 2 - 50 uM chloramines in RO permeate
Facility 1

Energy cost

Hydrogen peroxide savings

Hypochlorite to quench peroxide savings

Net cost

Facility 2

Energy cost

Hypochlorite cost to replace lost chloramines
Ammonium sulfate cost to replace lost chloramines
Hydrogen peroxide savings

Hypochlorite to quench peroxide savings

Net cost

Alternative 2 - 20 uM chloramines in RO permeate
Facility 1

Energy cost

Hydrogen peroxide savings

Hypochlorite to quench peroxide savings
Hypochlorite to raise chloramines to 50 uM
Ammonium sulfate cost to raise chloramines to 50 uM
Net cost

Facility 2

Energy cost

Hypochlorite cost

Ammonium sulfate cost

Hydrogen peroxide savings

Hypochlorite to quench peroxide savings
Hypochlorite to raise chloramines to 50 pM
Ammonium sulfate cost to raise chloramines to 50 uM
Net cost
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S/ML
(4.06)
5.40
2.16
5.66
9.15

2.54
(4.95)
(9.73)

(12.13)

6.67
0.97
2.59

(4.95)

(9.73)

(4.44)

2.54
(4.95)
(9.73)
3.24
8.49
(0.41)

6.67
0.97
2.59

(4.95)

(9.73)
3.24
8.49
7.29
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