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Increasing the efficiency of the processing units used to purify municipal
wastewater to potable quality would enhance the sustainability of potable

reuse. Conventional advanced oxidation processes using 254 nm UV
light degrade contaminants by both direct photolysis and reaction with
radicals produced by hydrogen peroxide photolysis. Treatment goals

include 0.5-log removal of 1,4-dioxane, reducing N-nitrosodimethylamine
to <10 ng 1™ and 6-log virus inactivation. Using three potable reuse waters,
we demonstrate here that a switch from 254 to 222 nm (far-UVC) achieved
all three treatment goals at ~320 mJ cm 2 UV fluence, which is around four-

fold less thanis needed at 254 nm. Developing and validating a kinetic
model, we determined that the increased energy efficiency arises from
a2.1-to7.5-foldincrease in direct photolysis and a 3.6-fold increase in
radical concentrations. Compared with switching to far-UVC wavelengths,
alternative efforts to switch from H,0, to chlorine have been frustrated by
the need toincrease UV fluence to control N-nitrosodimethylamine.

Utilities are increasingly considering purifying municipal wastewater
(potable reuse) to supplement conventional water supplies stressed
by population growth and climate change' . Potable reuse provides a
reliable, local water supply thatis~40% less costly and ~60% less energy-
intensive than seawater desalination*. Potable reuse treatment trains
in coastal regions (for example, Australia, Singapore and California®~”)
employ fulladvanced treatment processes, combining microfiltration,
reverse osmosis (RO) and anadvanced oxidation process (AOP), toremove
microbial and chemical contaminants**°. Research has focused on opti-
mizing RO treatment as this accounts for-50% of the 1-2.5 kWh m~energy
intensity of fulladvanced treatment trains*'°. Agreater focus onimprov-
ing the efficiency of other treatment train components would enhance
the sustainability of potable reuse as a water supply alternative.

The AOP presents a promising prospect for further optimi-
zation. AOPs serve as a final barrier to remove pathogens" and
contaminants that pass through RO membranes, particularly low-
molecular-weight, neutral compounds such as the potent carcinogen

N-nitrosodimethylamine (NDMA) and the industrial solvent 1,4-diox-
ane’. Conventional systems use 254 nm UV light emitted by low-pres-
suremercury lampsinthe presence of hydrogen peroxide (the UV/H,0,
AOP). Pathogens and certain chemical contaminants (for example,
NDMA) can be degraded by direct UV photolysis. The photolysis of
H,0, by aphotonof254 nmlight (hv) generates hydroxyl radicals (HO-;
equation (1)), which can oxidize chemicals that do not absorb UV light
(forexample, 1,4-dioxane). Treatment metrics to validate AOPs include
(1) 6-log inactivation of viruses, often demonstrated by spiking tests
using non-pathogenic MS2 bacteriophage as a surrogate, (2) the deg-
radation of NDMA to <10 ng I and (3) 0.5-log removal of 1,4-dioxane’.
Because of the inefficiency of the UV/H,0, AOP, reaching these targets
requiresavery high UV fluence (~-800-1,000 mJ cm™)’. Evenso, because
H,0, absorbs poorly at 254 nm (molar absorption coefficientat 254 nm,
£55,=18.6 M cm™)™, only ~10% is photolysed to produce HO- (ref. 9).

H,0, + hv — 2HO- Q)
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Recent attempts to switch from H,0, to chlorine (HOCI) as amore
efficient radical source (equation (2)) have met with limited success.
Radical production and 1,4-dioxane degradation are more efficient,
because HOCl has ahigher UV absorbance at 254 nm (&,5, =62 M cm™)
aswellas a higher quantumyield (0.62 versus 0.50)". Although expo-
sure to chlorine also inactivates pathogens, research has indicated
that the UV/HOCI AOP may lead to the formation of NDMA via reac-
tions between HOCI and inorganic chloramines in the RO permeate
originating from chloramines applied upstream to control membrane
biofouling™. Thus, although a lower UV fluence is needed to control
pathogens and 1,4-dioxane, utilities may need to increase UV fluence
to control the additional NDMA"™,

HOCI + hv — HO- + ClI- )

An alternative is to use lower wavelengths (far-UVC), where HO-
production from H,0, is more efficient. The krypton chloride (KrClI)
excimer lamp, which emits mainly at 222 nm, has recently been devel-
oped as a novel UV radiation source for disinfection'®’*, Compared
with conventional mercury lamps, this excimer lamp avoids the risk
of mercury leakage into treated waters during lamp breakage and is
much less damaging to human skin and eye tissue'®'’. Bench-scale
studiesindeionized water revealed that theinactivation rate constants
of coronavirus, poliovirus and rotavirus are two to ten times higher at
222 nmthanat 254 nm (refs.20-22). Arecent study of the UV/H,0, AOP
indicated that steady-state concentrations of HO- are 9.4-fold greater
indeionized water and 3.7-fold greater in groundwater at 222 nmthan
at254 nm (ref.23). Aportion of the enhancementis due to the greater
absorbance of H,0, at 222 nm (97.7 M cm™ versus 18.6 M cm™),
although the quantumyield for H,0,at 222 nmis unknown. The lower
enhancement in groundwater relative to deionized water reflects the
strong competition for UV absorbance at 222 nm as well as HO- scav-
enging by groundwater matrix components. However, the UV/H,0,
AOP using 222 nm light (the UV,,,-based AOP) has not been applied to
RO permeate in wastewater reuse contexts, and critical information
needed to model process performancein this matrix (for example, the
quantumyields of H,0, and important matrix components) is lacking.

Using asynthetic RO permeate, in this study we developed and vali-
dated akinetic modelto predict the performance of the UV,,,-based AOP
inRO permeate. Quantumyields were measured for H,0, and theinor-
ganic monochloramine (NH,CI) and dichloramine (NHCIl,) that occur
inRO permeate; chloramines areimportant competitors with H,0, for
the absorption of UVlightand are the predominant scavengers of HO-,
but they also produce the reactive radical Cl-, which can contribute to
contaminant degradation (equations (3) and (4))"*. Using three authen-
ticRO permeates from potable reuse facilities, we determined that the
UV,,,-based AOP could achieve 6-loginactivation of MS2 bacteriophage,
control NDMA at <10 ng I and attain 0.5-log removal of 1,4-dioxane at
around fourfold lower UV fluence than is needed at 254 nm. Beyond
these typical treatment objectives, we also observed the degradation of
regulated (for example, trihalomethanes) and unregulated (for exam-
ple, haloacetonitriles) halogenated disinfection by-products (DBPs)
at two- to threefold lower UV fluence. Halogenated DBPs occur in RO
permeate at concentrations closer to levels of health concern than
pharmaceuticals and many other contaminant classes’. After form-
ing from chloramine reactions upstream of RO, many low-molecular-
weight, neutral halogenated DBPs pass through RO membranes and
are poorly removed by the UV/H,0, AOP at 254 nm (refs. 13,15,24). Our
results demonstrate that switching to the UV,,,-based AOP could sub-
stantially increase the efficiency of AOP treatment, further enhancing
potable reuse as a sustainable water supply alternative.

NH2CI +hv - H2N +Cl- (3)

NHCI, + hv — HCIN- + CI- 4)

Table 1| Parameters for direct UV photolysis at 222 and
254nm

Contaminant Kooolkosa €222 Dy Ex5a Dy,
(M'cm™) (M'cm™)
Trichloromethane 5.45 335 038 79 0.26
Bromodichloromethane 3.63 81.4 0.61 337 0.48
Dibromochloromethane  2.86 3325 072 1365 0.53
Tribromomethane 3.93 1,686.7 0.55 489.8 0.42
Dichloroacetonitrile 719 16.8 0.57 31 0.38
Bromochloroacetonitrile  7.51 850.4 035 17 0.20
Dibromoacetonitrile 2.42 886.9 0.45 3867 0.37
N-Nitrosodimethylamine  6.49 29,4342 044 6,372.3 0.27
N-Nitrosomorpholine 21 8,583.3 0.43 6,013.2 0.25
1,4-Dioxane 5.45 38.4 034 94 0.22
Oxidant DypoEorad €222 Dy €54 D5
Dps€rss (M'cm™) (M"cm™)
H,0, 45 97.7 043 186 0.50
NH,CL 0.8 188 055 371 0.35
NHCL, 8.2 1105.8 0.76 136 0.75

Direct photolysis by the UV,,,-and UV,;,-based
AOPs

Kinetic models enable the prediction of contaminant degradationunder
different conditions, while highlighting fundamental factors responsible
for differences in the efficiency between two systems. In the UV/H,0,
AOP, contaminants are degraded via (1) direct UV photolysis and (2)
oxidation by HO- generated from H,0, photolysis. Under conditions
of low UV absorbance (for example, deionized water), the direct UV
photolysis of contaminants can be described by equation (5), where
Cisthe concentration of acontaminantattimet, /,is theincident fluence
rate (mW cm?), @isthe unitless quantumyield, €is the molar absorption
coefficient (M cm™) and Uis the energy associated with an einstein of
photons (J einstein™) of 222 or 254 nm UV light®. Four chlorinated and
brominated trihalomethanes, three chlorinated and brominated dih-
aloacetonitriles, two N-nitrosamines (NDMA and N-nitrosomorpholine
(NMOR)) and 1,4-dioxane were treated separately in deionized water
with222 or 254 nm UV light. Plots of In (C/C,) versus time, where C,isthe
initial contaminant concentration, demonstrated that the direct UV pho-
tolysis of each compound (1 pM) fit first-order kinetics (Extended Data
Figs.1and 2), as expected based on equation (5). The UV fluence-based
degradation rate constants (Supplementary Table 1) were calculated
tobe2.1-to 7.5-fold higher at 222 nm than at 254 nm (Table 1).

23031,®
dc _ 2.303h%e -

Tdr U ©

The two parameters defining contaminant susceptibility to direct
photolysis are e and @ (equation (5)). The e values measured in deion-
ized water for these compounds (full spectraare provided in Extended
DataFig.3) were1.4-to4.8-fold higher at 222 nmthan at 254 nm. Table 1
also provides the @ values determined by fitting compound decay
(Extended DataFigs.1and 2) to equation (5) using the e values and the
incident fluence rate (determined by iodide-iodate actinometry®*?);
the @ valuesat 254 nmgenerally agreed with literature values (Supple-
mentary Table 2). The @ values were higher at 222 nm than at 254 nm for
each compound, reflecting the greater tendency for photodegradation
after absorptionof'the higher-energy 222 nm photons. The compounds
showing the smallest increases in the fluence-based direct photolysis
rate constants (dibromoacetonitrile and NMOR) when switching from
254 t0 222 nm exhibited the smallest increases in € values (Table 1).
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Table 2 | Model-simulated steady-state radical concentrations under different conditions

222nm 254nm

HO- (M) Cl- (M) Cl,~ (M) HO- (M) Cl- (M) ClL,~ (M)
UV/H,0,” 5.86x10™2 NA NA 1.58x10™2 NA NA
UV/H,0,/chloramines® 1.82x1072 2.21x10™® 614x10™ 5.08x10™" 2.40x10™ 6.79x10™
UV/chloramines® 3.89x10™ 3.20x10™ 8.99x10™ 3.57x10™ 2.83x107™ 8.00x10™

*[H,0,]o=3.4mgl", [HCO;1,=50mgl", pH5.6 and UV fluence rate=11mWcm™. °[H,0,],=3.4mgl", [NH,ClJ,=3.5 mg, I, [NHCL],=1.5 mg, |, [HCO;1,=50mgL", pH5.6 and UV fluence
rate=11mWcm™. °[NH,Cl],=3.5 mg, 7, [INHCL,]o=1.5 mg, [, [HCO;1,=50mgl™, pH5.6 and UV fluence rate=11mWcm™. NA, not applicable.

Radical concentrationsinthe UV,,,-and UV ,-
based AOPs

AOP treatment produces HO: by photolysis of the 3.4 mg ™ (-100 pM)
H,0, typically added to RO permeate, and Cl- by photolysis of the 1.1 mg
Cl, per litre (hereafter mgc;, I%; <16 uM) NH,CI (equation (3)) and
-L1mge, 11 (-7.5 uM) NHCI, (equation (4)) occurring in RO permeate
(Supplementary Table 3). While the molar absorption coefficients at
222 nmare higher than those at 254 nm by around fivefold for H,0,and
around eight-fold for NHCI,, the molar absorption coefficient for NH,Cl
is two-fold lower (Table 1).

Determining the @ values for the direct photolysis of H,0, and
chloramines requires a more complicated procedure than that used
for the compounds discussed above because the radicals produced
by direct photolysis react with H,0, and chloramines, such that their
decay rate constants result from both direct photolysis and their reac-
tions with these radicals (equation (6), where k is the experimentally
determined rate constant and R is a radical that reacts with H,0, or
chloramines with rate constant k). Instead, an existing kinetic model
containing 119 elementary reactions (Supplementary Table 4) involv-
ing radicals was used to model the radical reactions, encompassing
the second terminequation (6); the accuracy of this kinetic model has
been validated in UV,s,/H,0, AOP pilot studies involving the treatment
ofauthentic RO permeates containing chloramines'. For UV treatment
at222 nm, the primary unknownis the direct photolysis quantum yield
(®@inequation (6)).For the treatment of H,0,, NH,Cl or NHCI, in deion-
ized water at 222 nm, their experimentally observed degradation was
compared with model results using various @ values (Extended Data
Fig. 4), with the optimal @ values determined by least-squares fitting
(Table 1). Driven by both photon absorption and quantum yield (that
is, @cinequation (5)), radical production from H,0, was 4.5-fold higher
at 222 nm than at 254 nm, and 8.2-fold higher from NHCI,. For NH,ClI,
although the e value was two-fold lower at 222 nm, radical production
was only ~20% lower (as indicated by ®¢) because of the substantially
higher @ value at 222 nm compared with at 254 nm (Table 1). These
findings are important because NH,Cl is considered the major com-
petitor for photonabsorptionin conventional UV,,/H,0, AOP systems
due to its strong UV absorbance (¢)*". Hydroxyl radical production
by H,0, photolysis should be enhanced by the reduced competition
for photonsresulting from the lower absorbance by NH,Cl at 222 nm,
and when NH,Cl does absorb 222 nm photons, its higher @ value at
222 nm would promote the production of CI- radicals, contributing
to contaminant degradation.

2.303/y e
kobs = =7 +kx[R] ©)

The € and @ values were used in the kinetic model to predict the
steady-state concentrations of HO-, Cl- and Cl, " radicals generated in
three scenarios during irradiation at 222 or 254 nm under conditions
relevant to AOP treatment of RO permeate (pH 5.6,50 mg I HCO; and
1.1mW cmincident fluence rate): (1) 100 uM (3.4 mg 1™) H,0, alone,
(2) 50 uM (3.5 mg,, I")) NH,Cland 11 pM (1.5 mg,, I') NHCl,, and (3) a
mixture of 100 uM H,0,, 50 uM NH,Cland 11 pM NHCl,. Inexperiments

conducted under the same conditions, nitrobenzene (which reacts only
with HO-)*® and benzoicacid (which reacts with HO- and Cl-)* were used
as probes to measure the steady-state concentrations of HO- and Cl-.
The steady-state concentrations of HO- and Cl- calculated by the kinetic
model (Table 2) agreed with those measured experimentally via the
probes (Supplementary Table 5) within 12% on average (7% standard
deviation; n=10), indicating the accuracy of the kinetic model.
During treatment of H,0, alone, the HO- concentration was 3.7-fold
higher under222 nmirradiation than under 254 nmirradiation (Supple-
mentary Table 6), reflecting the substantial enhancement of H,0, direct
photolysis (@sinequation (6) and Table 1). During UV treatment of the
mixture of H,0,and chloramines at 222 nm, the HO- concentration was
3.2-fold lower than without chloramines, reflecting both substantial
competition by chloramines for photon absorption and the strong
scavenging of HO- by chloramines (k=1.02 x10° M's™ for NH,Cl and
k=6.21x10*M™ s for NHCI,)". However, the HO- concentration was
still 3.6-fold higher duringirradiation at 222 nm than at 254 nm, while
the concentrations of Cl- and Cl,” were ~10% lower (Supplementary
Table 6). Duringirradiation of chloramines alone, the concentrations
of HO-, Cl- and Cl," radicals were ~10% higher under 222 nm irradia-
tion than under 254 nm irradiation, reflecting a balance between the
decrease in photolysis of NH,CI, the dominant chloramine species,
andtheincreasein NHCI, photolysis (Table 1). In addition to the 2.1- to
7.5-foldincreaseinthe direct photolysis of target contaminants (Table 1),
boththe model and experimental results indicate that switching from
254 to 222 nm should result in an ~3.6-fold increase in contaminant
degradation by HO- during treatment of typical mixtures of H,0, and
chloramines encountered during AOP treatment of RO permeate.

Contaminant degradationby the UV,,,-and UV,;,-
based AOPs

The degradation of 1 uM1,4-dioxanein three authentic RO permeates
containing100 uM (3.4 mg1™) H,0,and chloramine concentrationsin
therange of 1.6-2.8 mg, I (Supplementary Table 3) followed first-
order kinetics during irradiation with either 222 or 254 nm UV light
(Extended Data Fig. 5). The incident fluence-based degradation rate
constants measured within the UV,,,-based AOP were 4.0-, 3.4- and
4.8-fold higher in the RO permeate samples from facilities 1,2 and 3,
respectively, than those measuredin the UV,5,-based AOP (P=3.8 x107;
Fig. 1a). As aresult, the UV fluences needed to achieve the 0.5-log
removal target for potable reuse facilities were 282,305 and 375 mj cm™
at222 nmfor the RO permeate samples from facilities 1,2 and 3, respec-
tively. These fluences were 3.4- to 4.8-fold lower than the 1,140, 1,047
and1,786 mJ cm2needed at 254 nm for facilities 1,2and 3, respectively.
The fluence values at 254 nm are comparable to the values reported
previously under similar conditions®. The experimental fluence-based
degradation rate constant of 1,4-dioxane in a synthetic RO permeate
containing3.4 mg1™"H,0,,3.5 mg I"'NH,Cland 1.5 mg I NHCl,was
also 3.7-fold higher for the UV,,,-based AOP than for the UV,s,-based
AOP, concurring with the results of the kinetic model (Extended Data
Fig. 6). The fluence-based degradation rate constants for 1,4-dioxane
were fairly well predicted by the kinetic model for the RO permeates
from facilities 1 and 2, but less so for the permeate from facility 3.
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Fig.1| Comparison of degradation rate constants for 1,4-dioxane and NDMA
using the UV,,,-and UV,,,-based AOPs. a,b, Incident fluence-based degradation
rate constants for 1 pg I™ 1,4-dioxane (a) and 50 ng 1" NDMA (b) using the UV,,,-
and UV,s,-based AOPs in authentic RO permeates from facilities 1-3 spiked with
100 pM (3.4 mg 1Y) H,0,.

Research is needed to constrain the reactivity of dissolved organic
matter to further optimize the kinetic model (Extended Data Fig. 7).

The degradation of 50 ng I""NDMA also followed first-order kinet-
ics (Extended DataFig. 8). Theincident fluence-based degradationrate
constants determined for the UV,,,-based AOP were 2.3-fold higher
than those using the UV,;,-based AOP for samples from all three facili-
ties (P=4.5x107) (Fig. 1b). The 383, 264 and 241 mJ cm2 UV fluences
needed to reduce NDMA concentrations to California’s 10 ng I Noti-
fication Limit" using 222 nm UV light were ~2.3-fold lower than the
890,594 and 546 mJ cm?fluences needed at 254 nm for samples from
facilities 1,2 and 3, respectively.

Probably formed viareactions with chloramines applied upstream
to control membrane biofouling, trichloromethane (TCM), bro-
modichloromethane (BDCM) and dichloroacetonitrile (DCAN) were
detected at concentrations in the range of 2.03-5.14, 1.21-3.66 and
0.19-0.57 ug I, respectively, in the RO permeate samples collected
fromfacilities1,2and 3. Their detection in the RO permeates highlights
their potential to pass through RO membranes. While TCM and BCDM
aretwo of the four trihalomethanes regulated in drinking water®, DCAN
contributes more to the cytotoxicity of disinfected drinking waters,
despite occurring at lower concentrations, due to its high cytotoxic
potency>*2. When100 pg I TCM, BDCM or DCAN was spiked into the
three RO permeate samples, the fluence-based degradation rate con-
stants were highest for BDCM for both the UV,,,-and UV,5,-based AOPs
(Fig.2). Brominated DBPs feature stronger UV absorbance (Table 1) and
greater reactivity with HO- (ref. 30). The increases in fluence-based
degradation rate constants when switching between the UV,,,- and
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Fig.2|Comparison of halogenated DBP degradation rate constants using the
UV,,,-and UV,;,-based AOPs. Incident fluence-based degradation rate constants
for100 pg I TCM, BDCM and DCAN spiked into authentic RO permeates
collected from facilities 1-3 using the UV,,,- and UV,s,-based AOPs.

UV,,,-based AOPs were substantial for TCM (~3.1-fold; P=1.1x107),
BDCM (-7.7-fold; P=2.0 x1077) and DCAN (-2.7-fold; P=1.1x107%).

Virusinactivation by the UV,,,-and UV,,,-based
AOPs

Foreach UV-based AOP, the slopes of the logarithmic plots of the inac-
tivation of MS2 bacteriophage spiked into RO permeate samples versus
UV fluence were not significantly different (P=0.76 and 0.11 for the
UV,,,-and UV,5,-based AOPs, respectively) across the three RO perme-
atesamples (Fig. 3). However, the incident fluence-based inactivation
rate constant for the UV,,,-based AOP (4.61 x 102 cm? mJ ™) was 35%
higher than that for the UV,s,-based AOP (3.43 x 10 2cm? m)%; P= 0.035).
Therefore, 6-loginactivation of MS2 bacteriophage, atypical target for
AOP treatment in potable reuse facilities, would require 130 mj cm™
using the UV,,,-based AOP, but 175 mJ cmfor the UV,5,-based AOP.

Discussion

While potable reuse represents areliable and less costly and energy-
intensive alternative to seawater desalination* for expanding water
suppliesindrought-proneareas, furtherimprovements in the efficiency
of potable reuse treatment trains are needed. Effort has deservedly
been focused on optimizing the RO process, which accounts for ~-50%
of the energy consumption of RO-based reuse trains*. Increasing the
efficiency of AOP treatment would also contribute to the sustainability
of potable reuse, but the modified AOP must still achieve three key
treatment goals. First, AOPs target 0.5-log removal of 1,4-dioxane,
anindicator of AOP performance with respect to radical-mediated
degradation of the low-molecular-weight, neutral compounds that
pass through RO membranes’. In addition to 1,4-dioxane, such com-
poundsincludeindustrial solvents and DBPs, while higher-molecular-
weight contaminants are well rejected by RO’. Second, AOPs aim to
degrade N-nitrosamines by direct photolysis to <10 ng 1. Of the two
N-nitrosamines most commonly detected in potable reuse trains,
NDMA typically is of greater concern because NMOR is well rejected
by RO membranes®. Lastly, potable reuse trains in California seek to
accumulate 12-loginactivation of viruses across the potable reuse train,
with 6-log inactivation a typical goal for the AOP process’.

For treatment of RO permeates, the UV,;,/H,0, AOP has been
favoured over the ozone/H,0, AOP because it features substantially
lower capital costs for smaller facilities (-0.5 m*s™)*, and also because
the ozone/H,0, AOP does not effectively degrade NDMA'. Recent
efforts to improve the AOP process have focused on switching oxi-
dants from H,0, to chlorine as the source of radicals on irradiation
at 254 nm (refs. 13-15,34). Compared with H,0,, chlorine features
greater UV absorbance (&,5, =62 M cm™ versus 18.6 M cm™) and
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Fig. 3| Comparison of the inactivation rates of MS2 bacteriophage for the
UV,,,-and UV,,,-based AOPs. a,b, Logarithmic plots of the inactivation of MS2
bacteriophage spiked into authentic RO permeate samples from facilities 1-3
along with100 pM (3.4 mg 1) H,0, as a function of incident UV fluence for the
UV,,,-based AOP (a) and the UV,s,-based AOP (b).

a higher quantum yield (®,5, = 0.62 versus 0.50)", properties that
promote radical production and radical-mediated degradation of
chemical contaminants such as 1,4-dioxane . Chlorine contact also
contributes to pathogeninactivation. These factors suggest that AOP
treatment goals could be attained at lower UV fluence, thereby reduc-
ing the energy intensity of AOP treatment. However, the reduction in
UV fluence probably could not be realized because other research has
demonstrated that chlorine reactions with inorganic chloramines in
RO permeate lead to the formation of NDMA, necessitating anincrease
in UV fluence to control the additional NDMA"***,

Our results indicate that switching from 254 to 222 nm could be
amore effective alternative than switching oxidants. After develop-
ing an accurate kinetic model for the UV,,,-based AOP, we confirmed
by both experiment and modelling that switching irradiation wave-
lengthincreased the steady-state concentration of radicals 3.6-fold in
synthetic RO permeate (Table 2). Of the three treatment targets that
potable reuse utilities must meet, 0.5-log removal of 1,4-dioxane was
the most challenging across three RO permeate samples, necessitat-
ing on average ~-320 mJ cm2incident UV fluence at 222 nm, a 4.1-fold
reduction fromthe -1,320 mJ cmaverage needed at 254 nm. However,
the strong absorbance by RO permeate constituents at 222 nmresults
inashorter effective pathlength. Compensating for the reduced path-
length will require either decreasing the spacing between lamps and/
orincreasingthelampirradiance. Asaresult, the anticipated approxi-
mately fourfold reductionin energy may not be fully realized, with the
extent of the effect dependent on the constitution and the resulting
UV absorbance of a particular RO permeate. At 254 nm, NH,Cl can be
a dominant scavenger of UV photons (&,5, =371 M cm™; Table 1), but

it is difficult to avoid in RO permeate due to the common practice of
applying inorganic chloramines upstream of RO membranes to con-
trol biofouling. The absorption by NH,Cl is lower at 222 nm (Table 1),
but nitrate becomes an important scavenger at this wavelength
(£22,=2,747 M cm™)*, Thus, minimizing nitrate would maximize the
effective pathlengthat 222 nm. However, further research is needed on
the net effect of nitrate at 222 nmbecause nitrate photolysis can gener-
ate HO-, which contributes to contaminant degradation (equation (8)),
although the quantum yield for this reaction at 222 nm is not known.
Nitrate photolysis also produces reactive nitrogen species (for exam-
ple, O,N-) that canreact with organic matter to form DBPs (for example,
chloropicrin)®. Despite these risks, switching to 222 nmincreased the
UV fluence-based degradation rate constants for halogenated DBPs up
to approximately eightfold for DBPs with bromine substituents, which
exhibit the highest cytotoxic potencies®* and occur at concentrations
close to levels of potential human health concern in RO permeate®-**,
Further commercial development of lamps capable of efficient emis-
sion of 222 nm light is needed. While the efficiency of the mercury
lamps currently used to deliver 254 nm light (-15-35%) exceeds that of
excimer lamps delivering 222 nm light (5-15%), novel lamps based on
cathodoluminescent field-emission chips are anticipated to surpass
the efficiency of excimer lamps in the near future”.

NO3 + H* + hv - HO- + O,N- 7)

Methods

Reagents

The sources and purities of 1,4-dioxane, DBPs and probe compounds
are provided in Supplementary Table 7. Stock solutions were pre-
pared by diluting these reagents in deionized water. Stability tests
confirmed that the degradation of these compounds in these stock
solutions was negligible for over 2 weeks. Stock solutions of H,0, and
HOCI were prepared by diluting 30% H,0, or ~6% sodium hypochlo-
rite in deionized water and standardized spectrophotometrically
(Agilent Cary 60 system) at 254 nm (&,5,=18.6 M cm™; Table 1) or
292 nm (£, =365 M™ cm™)*®, respectively. The concentration of H,0,
was further verified by the I,” method®. Stock solutions of NH,Cl were
prepared daily by titrating sodium hypochlorite into an ammonium
chloride solutionata Cl/N molarratio of1:1.03 at pH 8.5.Stock solutions
of NHCI, were prepared by adjusting the pH of the NH,Cl solutions to
3.7 using phosphoricacid, equilibrating for 1 hand then refrigerating
overnight with no headspace at 4 °C (ref. 12). The concentrations of
NH,Cland NHCI, in the stock solutions were measured by N,N-diethyl-
p-phenylenediamine (DPD)/ferrous ammonium sulfate (FAS) titration
and cross-checked by measuring the UV absorbance at the absorption
maxima of NH,CI (245 nm) and NHCI, (295 nm)™.

Thesynthetic RO permeate was prepared by adding 70 uM sodium
hypochlorite to 70 uM ammonium chloridein deionized water contain-
ing 0.5 mMsodium bicarbonate and 2 mM phosphate buffer. The solu-
tionwas adjusted to pH 5.8 using H,SO,and NaOH and kept in darkness
with gentle mixing for 30 min before use. The NH,Cl and NH,Cl con-
centrations were measured as 35 pM (2.46 mgg, ™) and 11 M
(1.62 mg, I), respectively.

Grab samples of RO permeate were collected from three potable
reuse facilities in California (facilities 1-3). The general water quality
parameters are provided in Supplementary Table 3. Samples were
maintained onice with no headspace until experiments were initiated,
and experiments were conducted within 24 h to minimize the evolu-
tion of chloramine species. The concentrations of NH,Cland NHCI, in
the RO permeates were determined using the absorbances at 245 and
295 nm measured in a10-cm quartz cuvette’.

Preparation of virus
MS2bacteriophage (DMS, no.13767) was propagated inits host Escheri-
chiacoli (ATCC700891) following EPA Method 1602 (ref. 40). Briefly, to
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grow the E. coli host, 25 ml tryptic soy broth (pH 7.3 £ 0.2) containing
theantibiotics ampicillinsodium salt and streptomycinsulfate (15 mg/L
each) wasinoculated with 20 pl E. colistock and thenincubated at 37 °C
for -3 huntil the growth reached logarithmic phase.

Generation of the virus stock required high-titre lysed plates.
These plates were made by inoculating 0.7% soft tryptic agar with
200 pl of the log-phase E. coli solution and 200 pl diluted stock virus
(-10* plaque-forming units per ml (PFU ml™)). The soft agar was then
poured onto 1.5% hard tryptic soy agar plates and the plates were
incubated upside down overnight at 37 °C. The following day, the
soft agar from the completely lysed plates was scraped off the hard
agar and combined with phosphate-buffered saline (PBS) solution
(Fisher BioReagents) to elute the virus into PBS solution. To remove
bacteria, large cell fragments and remaining agar from the solution,
we centrifuged the mixture and filtered the supernatant through a
0.45-pm pore-sized filter followed by a 0.22-pm pore-sized filter. To
remove nutrients and colour left from the culturing process from the
virus stock, the filtrate was washed three times with PBS inan Amicon
Ultra-15 centrifugal filter unit (EMD Millipore). The Amicon Ultra-15
centrifugal filter unit had a 100,000 Da molecular weight cut-off,
which, unlike the pore filters used earlier, was able to retain viruses
and allow concentration and purification of the virus stock. The virus
concentrate (0.85 ml) obtained from the Amicon Ultra-15 centrifugal
filter unit after washing was combined with 0.15 ml autoclaved glycerol
and stored at —80 °C until use in experiments.

To characterize the purity of our viral stock solution, we meas-
ured the UV absorbance (200-300 nm) of the viral stock solution
(virus + matrix) and compared it with the absorbance of the viral stock
matrix alone (Extended Data Fig. 9). The stock matrix was created in
the same way as the viral stock, but without the addition of any virus.
Briefly, bacteriawere added to soft agar, poured onto hard agar plates
andincubated. After incubation, the soft agar was combined with PBS,
filtered and washed in the same manner as described previously. The
absorbance values for deionized water and RO permeates from the
three potable reuse facilities are provided in Extended Data Fig. 9. At
225 nm, the difference in the absorbance of deionized water and the
viral stock was 0.13 cm™, while the difference in the absorbance of
deionized water and the viral stock matrix was 0.05 cm™. These were the
largest absorbance differences observed between 222 and 254 nm for
these solutions. These differences suggest that the absorbance arose
predominantly from the virus rather than the matrix, and therefore
that the viral stock solution was sufficiently pure so as not to interfere
with UVinactivation.

UVset-up

TheUVirradiation was provided by either alow-pressure (LP) mercury
lamp (Philips, TUV 15W/G15T8) emitting UV radiation at 254 nmor a
KrCI* excimer lamp (Ergo HealthTech, Ltd., 15W/A65) emitting UV radia-
tionat222 nm. The excimer lamp was equipped with aband-gap filter
tofilter out emission >230 nm. The emission spectra of the LP UV and
excimer lampswererecorded using aspectroradiometer (International
Light Technologies, ILT960UVLS-RAA4) and are shown in Extended
Data Fig. 10. The UV light from the lamps was directed down onto
the water samples in cylindrical crystallization dishes (4.4 cm diam-
eter x 4.5 cm depth; the exterior of the dishes was wrapped in black
duct tape) with rapid mixing by magnetic stir bars. The reactors were
covered with quartz plates to prevent the evaporation of chemicals
during UV irradiation. The incident fluence rates from the reactors
were measured by KI-KIO; actinometry®® as 0.53 + 0.05 mW cm™ for
254 nmlightand 1.10 + 0.03 mW cmfor 222 nm light.

Experimental procedures

Experiments were conducted to compare the degradation rate con-
stants for the halogenated DBPs, N-nitrosamines and 1,4-dioxane
by direct UV photolysis and the UV/H,0, AOP (in the presence and

absence of chloramines) in deionized water and authentic RO per-
meate samples collected from three potable reuse facilities. The
degradation rate constants by direct photolysis at 222 and 254 nm
were measured separately for each contaminant by irradiating 1 pM
of each contaminant in deionized water and collecting samples to
analyse the remaining concentration of contaminant. First-order
degradation rate constants (k,,,) were obtained from the slopes of
plots of In (C/C,) versus time. Similar procedures were followed in the
presence of 100 pM H,0, in synthetic RO permeate with and without
chloramines. For experiments conducted using authentic RO perme-
ates, low levels of halogenated DBPs were measured in the samples.
The samples were spiked with 100 pg I halogenated DBPs, 50 ng 1™
NDMA or1uM1,4-dioxaneto facilitate measurement of the remaining
contaminant concentrations over time.

For experiments with MS2 bacteriophage, three aliquots of 50 ml
of the RO permeate samples were each spiked with 500 pl MS2 stock
(-1,010 PFU ml™) at room temperature, yielding a 1:100 dilution of
theviral stock. Each RO permeate sample was then subjected to three
conditions: (1) darkness (no UV application), (2) irradiation at 222 nm
and (3) irradiation at 254 nm. Five1 ml samples from the RO permeate
solutions under UV conditions were withdrawn over time, and three
1 ml samples under the dark condition were removed over time. The
samples were stored on ice in the dark until quantification within a
maximum of 3 hafter sample collection.

Measurement of steady-state concentrations of radicals
Nitrobenzene (NB) and benzoic acid (BA) were used as probes to meas-
ure the steady-state concentrations of HO- and CI- formed from the
photolysis of H,0, and chloramines. These probes have been used to
measure steady-state radical concentrations in many complicated
systems, including UV/chlorine, UV/persulfate and UV/chloramine
AOP systems?>**!, NBis highly reactive withHO- (k=3.9 x10° M's%)%,
but not with Cl- or Cl, ™ (ref. 28), such that the observed first-order
degradation rate constant probes HO- reactions (equation (8)).
Here ks ns is the observed first-order degradation rate constant of
NB, and k0. is the second-order reaction rate constant between
NB and HO-. BA is reactive with both HO- (k=5.5x10°M"s™) and CI-
(k=1.8x10" M™*s™)*, but not with Cl," (ref. 42), such that the first-
order degradationrate constant of BA enables calculation of the steady-
state concentration of Cl- (equation (9)). Here ks, is the observed
first-order degradation rate constant of BA, and k.5, and k., are
the second-order reaction rate constants between BA and HO- and
Cl-, respectively.

Kobs,nB = Kno.—ng[HO- I (8)

Kobs,ga = Kno.—ga[HO-1gs + Kc1.—pa[Cl-]g )

Analytical methods

The NB and BA probe concentrations were measured by high-perfor-
mance liquid chromatography (Agilent, Infinity 1260 system) using a
UV-visible detector and an Agilent C18 column®*. The concentrations
ofhalogenated DBPs were measured by gas chromatography (Agilent,
6890N system) using a micro-electron capture detector following
methods described previously*°. The concentrations of NDMA and
NMOR were measured by gas chromatography tandem mass spectrom-
etry with methanol chemical ionization (Agilent, 7890N gas chroma-
tograph coupled to a 240 ion trap mass spectrometer) following EPA
Method 521 modified as described previously*.

MS2 bacteriophage was quantified using a double-layer plaque
assay procedure based on EPA Method 1602. Briefly, 200 pllog-phase
E. coliand 200 pl diluted sample were added to 0.7% soft tryptic soy
agar and then poured onto1.5% hard tryptic soy agar plates. The plates
were incubated upside down overnight at 37 °C and then PFUs were
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recorded. Countable PFUs were in the range 1-300 PFU. Samples in
which all plated dilutions were above the limit of detection (that is,
>300 PFU) were assayed again the following day (after storage at
4°Cin the dark) at higher dilutions. Negative and positive controls
wereincludedineach experiment. Negative controlsinvolved plating
with E. coli and PBS; positive controls were plated with E. coli and the
diluted viral stock. The log reduction of virus was calculated using
equation (10):

log reduction = —log;, (ﬂ> (10)

No

where Nis the average PFU x dilution factor for the six plates (three
dilutions plated in duplicate) at each time point and N, is the average
PFU x dilution factor for the plates at time zero. Samples below the limit
of detection (1PFU) or above the limit of detection (300 PFU) were not
used in the average PFU x dilution factor calculation. If the undiluted
sample plate was below the limit of detection, the log reduction could
notbe determined.

Kinetic modelling and determination of quantumyields
Akinetic model of the UV/H,0, AOP was implemented using Kintecus
software (version 4.55; http://www.kintecus.com/) to determine the
innate quantumyields for the UV photolysis of H,0,, NH,Cland NHCI,
to predict the steady-state concentrations of radicals and compare
the experimental and modelled degradation of contaminants. The
119 elementary steps contained within the model are provided in Sup-
plementary Table 4. The model was examined in terms of detailed
balancing using the DETBAL software®,

To measure the photodecay quantum yields at 222 nm, pseudo-
first-order photodecay rate constants (k) for H,0,, NH,Cland NHCI,
were determined in separate experiments for each oxidant by meas-
uring the time-dependent change in oxidant concentrations under
222 nmradiation at pH 7.0. The @ value for each oxidant was fitted by
assigning different values to @ within the kinetic model and comparing
the modelled time-dependent photodecay rate constants (Ko geieq) With
the experimentally determined rate constants (k). The error (square
oferrors) is defined as the square of the difference between the tworate
constants, that is, (Kmogeied — Kobs)* (ref. 12). The optimal @ values were
those that minimized this error (Extended Data Fig. 4).

Statistical analysis

All tests were conducted in duplicate. The data were plotted as the
mean of the duplicated experiments. For MS2 bacteriophage analy-
ses, the individual data points provided in Fig. 3 represent the aver-
age PFUs from plates featuring 1-300 PFUs obtained from duplicate
experiments at three different dilutions (that is, up to six plates).
Statistical significance (P < 0.05) was evaluated by one-way analysis
of variance (ANOVA; two-sided) using Origin 8.0 software (https://
www.originlab.com/origin). When comparing the degradation of
chemical contaminants, the first-order degradation rate constants
were determined by regression analysis using the slopes of plots of
In (C/C,) versus UV fluence. The average relative percentage differ-
ence between the slopes obtained from the duplicate experiments
was <10%. The slopes for each of the duplicate experiments using the
three RO permeate samples irradiated at 222 and 254 nm were then
compared by the ANOVA test (N = 6). For experiments involving the
inactivation of MS2 bacteriophage, the slopes of plots of log (N/N,)
versus UV fluence for each of the duplicate experiments in the three
RO permeate samples irradiated at 222 and 254 nm were compared
by the ANOVA test (N = 6).

Data availability
Source data are provided with this paper. The Extended Data figures
containthe datasets analysed to develop Figs.1and 2 in the main text.
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Extended Data Fig.10 | Lamp emission spectra. The emission spectra of (a) the KrCI* excimer lamp and (b) the low-pressure mercury UV lamp.
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