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ABSTRACT: The multiple reactive oxidants produced during
chlorine photolysis effectively degrade organic contaminants during
water treatment, but their role in disinfection byproduct (DBP)
formation is unclear. The impact of chlorine photolysis on dissolved
organic matter (DOM) composition and DBP formation is
investigated using lake water collected after coagulation, floccu-
lation, and filtration at pH 6.5 and pH 8.5 with irradiation at three
wavelengths (254, 311, and 365 nm). The steady-state concen-
trations of hydroxyl radical and chlorine radical decrease by 38−
100% in drinking water compared to ultrapure water, which is
primarily attributed to radical scavenging by natural water
constituents. Chlorine photolysis transforms DOM through multiple
mechanisms to produce DOM that is more aliphatic in nature and
contains novel high molecular weight chlorinated DBPs that are detected via high-resolution mass spectrometry. Quenching
experiments demonstrate that reactive chlorine species are partially responsible for the formation of halogenated DOM, haloacetic
acids, and haloacetonitriles, whereas trihalomethane formation decreases during chlorine photolysis. Furthermore, DOM
transformation primarily due to direct photolysis alters DOM such that it is more reactive with chlorine, which also contributes to
enhanced formation of novel DBPs during chlorine photolysis.

■ INTRODUCTION
Organic contaminants, including pharmaceuticals and pesti-
cides, are found in drinking water sources1−5 and present an
unknown risk to human health.4−6 Many of these compounds
are not removed by traditional drinking water7 or waste-
water8−10 treatment processes. As the impact of climate
change becomes more profound, water scarcity will continue
to increase, resulting in greater reliance on alternative water
sources such as potable reuse options.11

Advanced oxidation processes (AOPs) such as chlorine12−15

or hydrogen peroxide14,16,17 photolysis are effective for
oxidizing organic contaminants. These AOPs generate
hydroxyl radical (•OH), a highly reactive and nonselective
oxidant that reacts with most organic compounds.12−15,18,19

Additionally, chlorine photolysis generates other reactive
oxidants, including chlorine radical (Cl•), dichloride radical
anion (Cl2

•−), and ozone (O3), via homolytic cleavage of free
available chlorine (i.e., the mixture of hypochlorous acid and
hypochlorite, referred to here as chlorine; Supporting
Information Schematic S1).20−24 These reactive oxidants are
scavenged by naturally occurring constituents in water such as
organic and inorganic carbon,14,21,25−27 resulting in lower
oxidant steady-state concentrations. The effect of scavenging is
thought to be greater for •OH than for other oxidants25,28,29

due to the greater reactivity of •OH with organic and
inorganic carbon.27,30 Decreasing the reactive oxidant

concentration will limit the efficacy of contaminant removal,
highlighting the need for insight into radical scavenging during
chlorine photolysis.
Halogenated disinfection byproducts (DBPs) form during

the reaction of dissolved organic matter (DOM) with
chlorine-based disinfectants31−35 and are of concern due to
potential carcinogenicity and other human health risks.36−40

However, only nine organic DBPs are regulated in drinking
water in the United States despite the identification of over
600 different halogenated organic compounds in drinking
water treated with chlorine.35−38,40−42 During DBP formation,
chlorine, a strong electrophile,43 preferentially reacts with
electron-rich moieties within DOM.34,44 These same electron-
rich moieties may also be highly susceptible to reaction with
reactive chlorine species, including Cl• and Cl2

•−. Because Cl•

and Cl2
•− can react by either electron transfer or chlorine

addition,45 it is possible that halogen radical reactions could
lead to elevated DBP production during chlorine photolysis.
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Targeted DBP formation during chlorine photolysis
compared to chlorine alone ranges widely in past studies.46

Generally, trihalomethanes (THMs) do not change or
increase slightly during chlorine photolysis with low pressure
UV light (LP UV; single-wavelength 254 nm light) compared
to dark chlorination,47−50 but increase with medium pressure
UV light (MP UV; broad spectrum light ranging 200−400
nm)47,51 and UV-A light.48 Haloacetic acids (HAAs) decrease
during chlorine photolysis with LP UV light,47−49 but increase
with MP UV and UV-A light.47,48,51 Haloacetonitriles (HANs)
increase during chlorine photolysis with both MP and LP UV
light.49,51,52 Despite these common trends, past studies do not
yield a conclusive understanding of how the unique
combination of chlorine, UV light, and reactive oxidants
present in chlorine photolysis affect DBP formation.
High-resolution mass spectrometry methods such at Fourier

transform-ion cyclotron resonance mass spectrometry (FT−
ICR MS) can be used to investigate molecular-level changes
in DOM and to identify high molecular weight halogenated
organic compounds. Changes in DOM composition provide
insight into how DOM may react in subsequent treatments
(e.g., with residual disinfectant in the distribution system).34,53

For example, previous investigation into DOM composition
during conventional water treatment with FT−ICR MS found
∼800 halogenated formulas postchlorination.42 The formation
of novel high molecular weight chlorinated formulas during
chlorine photolysis has not yet been investigated.
All waters that might be treated by chlorine photolysis

contain DOM, which may scavenge reactive oxidants and
form DBPs. Therefore, understanding the impact of natural
water constituents on oxidant production during chlorine
photolysis, as well as the formation of both novel and known
DBPs, is critical to applying the AOP in water treatment.
Furthermore, the ability of reactive halogen species to form
DBPs through halogen addition is a concern for chlorine
photolysis, but this mechanism has not yet been shown
experimentally in DOM. We combine bulk and molecular-
level techniques to quantify oxidant scavenging and to
investigate the transformation of dissolved organic matter
during chlorine photolysis with UV-C light used in engineered
applications and UV-B and UV-A light that is found in the
solar spectrum. Additionally, we evaluate the role of multiple
oxidative processes to provide mechanistic insight into
halogenated disinfection byproduct formation during chlorine
photolysis.

■ MATERIALS AND METHODS

Materials. Sodium hypochlorite was standardized using a
Shimadzu UV−visible spectrometer (ϵ292 = 365 M−1 cm−1).22

All other compounds were used as received (Section S1).
Water samples (treated Mendota water, TMW) were collected
from a pilot-scale drinking water treatment plant in the Water
Science and Engineering Laboratory (University of Wiscon-
sinMadison) in which water from eutrophic Lake Mendota
undergoes alum coagulation/flocculation, sedimentation, and
dual-media filtration.54 Samples were further filtered through a
0.2 μm filter before storing at 4 °C. This sample was selected
because it is representative of a treated surface water (Table
S1). The first TMW sample (March 8, 2019) was used for all
experiments except the sequential treatment experiments, in
which a second TMW sample (TMW2, October 31, 2019)
was used due to sample volume limitations.

Sample Treatments. All experiments were conducted
with 10 mM phosphate (pH 6.5) or borate (pH 8.5) buffer.
The pH values were selected to fall above and below the acid
dissociation constant of chlorine (pKa = 7.5).22 All solutions
were brought to room temperature and were in equilibrium
with the atmosphere. The initial chlorine concentration in
chlorinated samples was 4 mg-Cl2/L. The chlorine demand of
TMW was <0.5 mg-Cl2/L over the experimental duration
(Figure S2). Photolysis experiments were conducted in a
Rayonet merry-go-round photoreactor with either four 254 ±
1 nm bulbs, sixteen 311 ± 22 nm bulbs, or sixteen 365 ± 10
nm bulbs (Section S2).20 254 nm is representative of LP UV
irradiation used during water treatment. The longer wave-
lengths are emitted by medium pressure UV lamps (200−400
nm)20 and are found in the solar spectrum, making them
relevant for solar applications.20,21,55 Sample treatment times
of six (254 nm), five (311 nm), and 30 min (365 nm) were
selected to normalize total chlorine loss.
TMW samples were treated with dark chlorination, direct

photolysis, chlorine photolysis, or quenched chlorine
photolysis. Quenched chlorine photolysis samples contained
6 mM tert-butanol (t-BuOH), which scavenges >98% •OH
and Cl• and decreases [O3] by 20−30% by scavenging
O(3P).21 Residual chlorine was quenched with sodium
thiosulfate.20,56

Analytical Methods. Dissolved organic carbon concen-
trations ([DOC]) were measured using a total organic carbon
analyzer (Section S4). Anions were quantified using ion
chromatography. Specific UV absorbance at 254 nm
(SUVA254) was calculated as the ratio of the absorbance at
254 nm to [DOC].57

Reactive oxidants were quantified using nitrobenzene
(•OH), benzoate (•OH, Cl•, and Cl2

•−), and cinnamic acid
(O3) as probe compounds as described previously.20 Free
available chlorine was quantified using 1,3,5-trimethoxyben-
zene.58 All probe compounds were quantified using high-
performance liquid chromatography (Section S4).
Targeted DBPs including THMs (chloroform, bromoform,

bromodichloromethane, and dibromochloromethane), HAAs
(bromochloroacetic acid, bromodichloroacetic acid, chlorodi-
bromoacetic acid, dibromoacetic acid, dichloroacetic acid,
monobromoacetic acid, monochloroacetic acid, tribromoacetic
acid, and trichloroacetic acid), and HANs (bromochloroace-
tonitrile, dibromoacetonitrile, dichloroacetonitrile, and tri-
chloroacetonitrile) were quantified using EPA methods
551.1 (THMs and HANs)59 and 552.2 (HAAs; Section S6).60

High-Resolution Mass Spectrometry. Samples were
prepared using solid-phase extraction after adjusting to pH <
2.5 with formic acid61−63 and analyzed by FT−ICR MS
(SolariX XR 12T) using negative mode electrospray
i o n i z a t i o n . M o l e c u l a r f o r m u l a s w i t h
C0−80H0−140O0−80N0−1S0−1P0−1Cl0−3

13C0−1 and a mass error
<0.5 ppm were allowed after internal calibration.64−66 All
masses matched to chlorine-containing formulas were required
to have a 37Cl isotopologue. Bulk DOM properties including
H:Cw, O:Cw, and carbon-normalized double bond equivalents
(DBE/Cw) were calculated as relative intensity-weighted
averages from the assigned molecular formulas in each sample.
Details on instrumental settings and data processing are
provided in Sections S7 and S8.

Sequential Treatment. Sequential treatment experiments
to investigate the impact of direct photolysis and reaction with
•OH on DOM reactivity were conducted with the TMW2
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sample (Section S9). Hydroxyl radical control samples were
generated using UV/H2O2 at 254 nm.14 [H2O2]initial was 40
μM in order to achieve the same hydroxyl radical steady-state
concentration as the chlorine photolysis treatment (Figure
S15) and excess H2O2 was quenched with sodium
thiosulfate.67 Sequential treatment samples at pH 6.5 were
treated with irradiation or UV/H2O2 for 6 min followed by 6
min of dark chlorination (4 mg-Cl2/L), which was analogous
to the chlorine photolysis treatment time. Samples were
extracted and analyzed by FT−ICR MS.

■ RESULTS AND DISCUSSION

Effect of Natural Water Constituents on Reactive
Oxidants. DOM and inorganic constituents can decrease
contaminant removal during chlorine photolysis by consuming
chlorine, scavenging reactive oxidants, or limiting oxidant
production through light screening. The importance of these
processes is investigated by quantifying the observed chlorine
loss rate constant (kobs,chlorine) and oxidant concentrations at
pH 6.5 and 8.5 with 254, 311, and 365 nm irradiation in
buffered Milli-Q water and in treated Lake Mendota water
(Table S1). The chlorine loss rate constant is higher in TMW
than in Milli-Q water under nearly all conditions (Figures 1a
and S1a), with the exception of one sample due to the high
molar absorptivity of OCl− at pH 8.5 and 311 nm.20 The
increase in kobs,chlorine is not attributable to chlorine demand
during the short experimental time scales (Figure S2a).
Additionally, light screening is minimal as the same trends are
observed when the data is corrected for light screening
(Figure S1f; Table S2). Therefore, the increase in kobs,chlorine in

natural water is attributed to radical chain reactions involving
carbon-centered radicals, which is similarly responsible for
increases in kobs,chlorine in the presence of model compounds
(e.g., methanol).68 This conclusion is supported by the greater
relative increase in kobs,chlorine at shorter wavelengths where
radical steady-state concentrations are higher (Figures 1 and
S1), allowing for more radical-induced chlorine loss.

•OH is a desirable oxidant in AOPs because it reacts with
most organic contaminants of interest.29,69,70 However, the
nonselectivity of •OH means that it is scavenged by natural
water constituents. •OH steady-state concentrations
([•OH]ss) are 38.4 to 80.3% lower in TMW compared to
Milli-Q water under all conditions tested (Figures 1b and S1b;
Table S4). Higher [•OH]ss is observed at low pH and shorter
wavelengths, in agreement with past work in the absence of
DOM.13,14,20,22,71 •OH scavenging in natural waters is
primarily due to organic and inorganic carbon,13,27,72 and
branching ratio calculations demonstrate that >93% of carbon-
scavenged •OH reacts with DOM (Table S5). Chloride reacts
rapidly with •OH (∼109 M−1 s−1) to form HOCl•−,73−77 but
the rapid reverse reaction ensures that there is no net
scavenging by Cl−.78−80 Note that [•OH]ss during photolysis
of natural water constituents (e.g., DOM, NO2

−) is an order
of magnitude lower than [•OH]ss during chlorine photolysis
(Figure S2d).
Reactive chlorine species (RCS) can degrade organic

contaminants during chlorine photolysis (Schematic S1) and
are scavenged by natural water constituents.13,45 [Cl•]ss
decreases 48 to 100% in TMW compared to Milli-Q water
(Figures 1c and S1c; Table S4), with 72−77% of the carbon-

Figure 1. (a) Observed chlorine loss rate constant, (b) hydroxyl radical steady-state concentration, (c) chlorine radical steady-state concentration,
and (d) cumulative ozone concentration as a function of wavelength at pH 6.5 in Milli-Q water (MQ) and treated Mendota water (TMW)
during chlorine photolysis.
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scavenged Cl• attributable to HCO3
−. Furthermore, the

forward rate constant for the reaction of Cl• with Cl− is
faster than the reverse reaction, suggesting that additional
scavenging by Cl− is possible.27,30,73−77,81

The reaction of Cl• with Cl− produces Cl2
•− (Schematic

S1). [Cl2
•−]ss is 3 orders of magnitude higher than [Cl•]ss at

low pH for all wavelengths in TMW, but is below the
detection limit in Milli-Q water (Figure S1e). Cl2

•− is a
selective oxidant and typically reacts with organic contami-
nants at a lower rate constant than Cl•.13,27,45 Conversion of
Cl• to Cl2

•− is proportional to [Cl−]; therefore, contaminant
removal during chlorine photolysis will be more efficient at
lower [Cl−] for compounds that do not react with
Cl2

•−.20,45,76,77,82

Ozone is produced during chlorine photolysis under the
three irradiation conditions considered here,20,55 but the
impact of natural water constituents on its production has not
been considered. The cumulative concentration of ozone is
greater in Milli-Q water (i.e., (8.9−21.7) × 10−7 M vs (4.0−
14.2) × 10−7 M in TMW; Figures 1d and S1d). [O3]
decreases with wavelength at low pH, while the opposite is
true at high pH due to the higher molar absorptivity of OCl−

than HOCl at high wavelengths and the more efficient
formation of O(3P), the O3 precursor, from OCl−.20,21

Literature measurements similarly range from 4.0 × 10−7 M
to 2.2 × 10−6 M in Milli-Q water,20,21 with higher O3

concentrations observed at high pH (Schematic S1).20,23

The cumulative O3 concentration decreases by 20.6 to 54.7%

Figure 2. (a) SUVA254 and (b) intensity weighted double bond equivalents per carbon (DBE/Cw) grouped by treatment at pH 6.5 and 8.5 and
254, 311, and 365 nm. Solid lines represent the initial values of SUVA254 and DBE/Cw, respectively. van Krevelen diagrams of formulas common
to the initial and all treated samples (pH 6.5 and 254, 311, and 365 nm) that (c) decrease or (d) increase in relative intensity during chlorine
photolysis. Color corresponds to the percent change. Note that nearly all points in panel (d) fall within the −20 to −40% range. (e) van Krevelen
diagram of oxygen addition formulas found after chlorine photolysis that are +1O (red), + 2O (blue), or either +1O or +2O (gray) from a
formula in the initial sample. (f) Principal component analysis of the initial and treated samples at 254 and 311 nm, pH 6.5 and 8.5.
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in TMW compared to Milli-Q water (Figures 1d and S1d;
Table S4). Reported rate constants for O3 and DOM are ∼103
L mg-C−1 s−1,83,84 while reaction rate constants between O3
and inorganic water constituents are low (Table S8).83−86

Therefore, we attribute the decrease in cumulative [O3] to
scavenging by DOM (Table S7), which likely occurs through
highly reactive phenolic moieties.83,84,87

Transformation of Dissolved Organic Matter. Under-
standing DOM transformation during chlorine photolysis
provides insight into mechanisms of reaction during water
treatment.28,88 For example, the composition of DOM
determines its DBP formation potential.34,89−91 Therefore,
changes in DOM composition during chlorine photolysis
through a combination of direct photolysis, dark chlorination,
or reaction with reactive oxidants might alter its reactivity with
chlorine in distribution systems.88,91,92 DOM composition
following dark chlorination, direct photolysis, chlorine
photolysis, and chlorine photolysis with a radical scavenger
is investigated using UV−visible spectroscopy and high-
resolution mass spectrometry to identify how chlorine, light,
and reactive oxidants contribute to DOM alteration.
The dissolved organic carbon concentration reflects the

total amount of carbon, whereas optical properties provide
insight into DOM composition. For example, SUVA254 is
proportional to aromaticity.57 The initial TMW sample has a
low [DOC] (i.e., 1.71 mg-C/L) as a result of the treatment
plant processing. There is no evidence of mineralization
during chlorine photolysis (Table S14), consistent with
previous observations at pH 6.2 and 254 nm.28 The initial
TMW sample has a SUVA254 value of 2.01 L mg-C−1 m−1,
indicating that the DOM is relatively aliphatic, as expected
due to high microbial productivity in eutrophic lakes (Figure
2a).65,66

Dark chlorination and chlorine photolysis result in
consistent decreases in SUVA254 under all tested conditions,
while direct photolysis results in a small increase or no change
in SUVA254 (Figure 2a; Table S14). A decrease in SUVA254
during dark chlorination is expected because chlorine reacts
preferentially with electron-rich compounds (e.g., aromatic
moieties).43 The largest decreases in SUVA254 (i.e., 11.4−
28.4%) are observed during chlorine photolysis which may be
attributable to reaction of •OH and RCS with aromatic DOM
moieties.45,46 The addition of t-BuOH during chlorine
photolysis limits the effect on SUVA254, with values decreasing
16.4% on average during quenched chlorine photolysis
compared to 22.0% during chlorine photolysis. These
observations suggest that reactive oxidants and direct reaction
with HOCl/OCl− contribute to the degradation of aromatic
DOM, with minimal changes due to direct photolysis.
FT−ICR MS analysis is used to investigate molecular

changes in DOM. An average of 2722 formulas are assigned to
the initial and treated TMW samples (Table S13). Bray−
Curtis dissimilarity and principal component analysis (PCA)
compare similarity of DOM composition in all samples. Bray−
Curtis dissimilarity analysis shows that treated samples group
together (Figure S7). Similarly, PCA shows all treated samples
clustering separately from initial samples. Additionally, PCA
reveals that chlorine photolysis-treated samples group
separately from the other treatments at 254 and 311 nm,
while quenched chlorine photolysis samples fall in between
chlorine photolysis and dark chlorination samples (Figure 2f).
It is noteworthy that quenching radical species results in

DOM transformation that is different than either dark
chlorination or direct photolysis alone.
As with SUVA254, FT−ICR MS results demonstrate the loss

of aromaticity with all treatments. Carbon-normalized double
bond equivalents increase proportionally to aromaticity, while
H:Cw increases as the DOM becomes more aliphatic. DBE/
Cw decreases and H:Cw increases in all treated conditions
relative to the initial sample (Figures 2b and S5a). Decreases
in aromaticity are expected for all treatments because electron-
rich aromatic systems are more reactive with chlorine and
with radical species, resulting in possible ring cleavage
products, and light is more readily absorbed by aromatic pi
systems.28,93−95 Interestingly, the decrease in aromaticity does
not vary with treatment type at the molecular level, but does
vary with pH. For all treatments and wavelengths, DBE/Cw
decreases more at pH 6.5 compared to pH 8.5. For dark
chlorination, this change is attributable to the higher reactivity
of HOCl than OCl− and is most pronounced with longer
reaction times (365 nm; Figure 2b).43 During chlorine
photolysis, the change in DBE/Cw is attributable to the
higher production of radicals at low pH (Figure 1), along with
the combined effects of direct photolysis and reaction with
HOCl.
The decrease in aromaticity during chlorine photolysis is

further demonstrated by evaluating the change in intensity of
molecular formulas found in both the initial and treated
samples. Formulas that decrease in intensity during chlorine
photolysis are aromatic (low H:C) and reduced (low O:C)
and are tightly clustered in the lignin- and tannin-like regions
of the van Krevelen diagram (Figure 2c).96−98 These reactive
formulas are similar across all considered treatments (Figure
S9), highlighting the selective nature of light, chlorine, and
reactive oxidants for aromatic, electron-rich compounds. In
contrast, formulas that increase in intensity and are possible
reaction products are widely distributed across the van
Krevelen diagram with clear differences between treatments
(Figure S10). In particular, formulas in the high O:C region
only increase in relative intensity during chlorine photolysis
(Figure 2d), which may be attributable to oxygen addition due
to radical reactions with phenolic moietes.13,27,30,45,68

Quenching the radical species during chlorine photolysis
prevents the increase in intensity in this region (Figure S10d).
O:Cw is a proxy for DOM oxidation state and is expected to

increase with treatment because dark chlorination, direct
photolysis, and chlorine photolysis are all oxidative processes.
However, O:Cw only increases during chlorine photolysis at
low pH and wavelength when enough radical species are
generated to sufficiently oxidize DOM (Figure S5b). Under all
other conditions, O:Cw decreases with treatment. Reaction
with light, chlorine, and reactive oxidant species occurs in
lower H:C (i.e., aromatic) formulas with a wide range of O:C
values (Figure S9), producing formulas that are generally
more aliphatic in nature (Figure S10). With the exception of
chlorine photolysis (i.e., when high O:C formulas could be
produced by O-addition due to •OH reactions;88,99 Figure
2d), the product formulas are generally lower in O:C and may
be attributable to double-bond attack/ring cleavage reactions
characteristic of reaction with •OH and RCS (Figure
S10).45,46,100,101

Oxidation is further investigated at the molecular level by
considering the addition of 1 or 2 oxygen atoms to molecular
formulas found in the initial sample. This analysis requires
that oxygen addition products are only found after treatment
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and it is possible that a single product may be attributable to a
+ 1O or +2O reaction (Section S8). Chlorine photolysis
results in the formation of >210 oxygen addition products
localized in the high O:C region of the van Krevelen diagram
(Figures 2e and S14; Table S16). Fewer oxygen-addition
products are formed in quenched samples (130 on average),
suggesting that reactive oxidants such as •OH and O3
contribute to oxygen-addition as expected based on their
known reactivity with model compounds.29,86 Therefore, there
is evidence of oxidation at the molecular level during chlorine
photolysis despite the decrease in O:Cw at high pH and
wavelengths (Figure S5b).
Formation of Halogenated Dissolved Organic Mat-

ter. FT−ICR MS enables the identification of chlorinated
formulas, which can be considered as novel, high molecular
weight disinfection byproducts.42,44,102 CHOCl formulas are
absent in initial samples and in samples exposed only to light,
but are found in all samples treated with chlorine (Figure S11;
Table S13). Dark chlorination results in up to 9 CHOCl
formulas, with more CHOCl formulas formed at low pH
because HOCl is a stronger electrophile than OCl−.43 Fewer
CHOCl formulas are identified than in previous dark
chlorination studies that had a longer disinfectant contact
time, higher [DOC], acidification with hydrochloric acid
rather than formic acid, and a less conservative approach to
matching CHOCl formulas.42,102 CHOCl formulas formed
during dark chlorination are primarily in the lignin- and
tannin-like regions of the van Krevelen diagram (Figures 3a
and S11), which is consistent with previous observations of
preferential chlorine reactivity with low H:C formulas in the
same regions.44,98 These CHOCl formulas are formed in the
same region as formulas shown to be reactive during
chlorination (Figure S9).
More CHOCl formulas are formed during chlorine

photolysis than dark chlorination, with an average of 84
CHOCl formulas across the six chlorine photolysis treatment
conditions (Table S13). The addition of t-BuOH as a
quencher decreases the average number of CHOCl formulas
under most chlorine photolysis conditions (i.e., low pH and
wavelength; Figures S11a−c) to an average of 57, which is
higher than the number observed during dark chlorination.
However, quenching does not affect the formation of CHOCl
formulas at pH 8.5 and 311 or 365 nm irradiation where
radical concentrations are lower (Figures S11d−f; Table S13).
The CHOCl formulas that are prevented by quenching are

attributable to reaction of reactive chlorine species (i.e., Cl•

and/or Cl2
•−) with DOM directly via chlorine addition,45

demonstrating that RCS partially contribute to the formation
of chlorinated DOM. The chlorinated formulas attributed to
RCS halogenation are in the high O:C, low H:C region of the
van Krevelen diagram (Figure S11a) where aromatic rings
with hydroxy and methoxy substitution, along with other
electron rich moieties, fall. These types of compounds are
known to have high reactivity with Cl• and Cl2

•−.13,45

However, the inability of t-BuOH to prevent enhanced
halogenation of DOM indicates that other processes, such as
DOM transformation and subsequent changes in reactivity,
may also impact elevated DOM chlorination during chlorine
photolysis.
It is noteworthy that some of the novel DBPs contain

nitrogen due to the increased toxicity of nitrogen-containing
DBPs.103,104 Fifteen distinct CHON formulas are formed
during chlorine photolysis or quenched chlorine photolysis
that contain either 1 or 2 chlorine atoms (Table S15), but are
absent in control samples as well as samples treated by dark
chlorination or UV irradiation. These formulas are found
primarily at low pH and in greater abundance during chlorine
photolysis in the absence of t-BuOH, suggesting that reactive
chlorine species contribute to the formation of high molecular
weight N-DBPs.

Impact of DOM Transformation on Organohaloge-
nation. Chlorine photolysis involves a combination of light,
chlorine, and multiple reactive oxidants that alter DOM
composition. While the quenching experiments demonstrate
that RCS contribute to direct halogenation of DOM, we
hypothesized that alteration of DOM (e.g., via direct
photolysis or reaction with nonhalogenating oxidants) could
make DOM more susceptible to dark chlorination. For
example, phenolic products produced by •OH attack could
make DOM more reactive; this mechanism has been proposed
for model compounds (e.g., nitrobenzene and benzoate), but
has not been considered in DOM.22,68,105 Thus, we conducted
a series of sequential experiments that exposed treated
Mendota water to oxidation via UV/H2O2 (i.e., a source of
•OH) or direct photolysis followed by dark chlorination
(Section S9). [•OH]ss in the UV/H2O2 experiment was
equivalent to the value measured during chlorine photolysis
(Figure S15). These experiments used a second Mendota
water sample (TMW2) so small differences are observed in

Figure 3. (a) CHOCl formulas formed during dark chlorination, chlorine photolysis, and sequential treatments in the second treated Mendota
water sample (254 nm, pH 6.5). (b) Concentration of THMs, HAAs, and HANs during dark chlorination, chlorine photolysis, and quenched
chlorine photolysis at 254 nm, pH 6.5.
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the initial water chemistry (Table S1). These experiments
were conducted at pH 6.5 with 254 nm irradiation because
these conditions generate the highest [•OH]ss and [Cl•]ss
(Figure 1).
DOM transformation from direct photolysis and reaction

with •OH causes DOM to be more reactive toward chlorine,
resulting in increased formation of CHOCl formulas (Figure
3a). A similar number of CHOCl formulas are found in both
sequential samples (i.e., 32 CHOCl formulas in the direct
photolysis-transformed sample and 27 in the UV/H2O2-
transformed sample; Table S17), suggesting that UV
photolysis is a major factor. The decrease in DBE/Cw
indicates that direct photolysis produces DOM that is, on
average, more aliphatic. However, DOM photolysis also
produces reactive intermediates that oxidize DOM moieties,
as evidenced by the large number of oxygen addition formulas,
making them more reactive with chlorine (Tables S16 and
S17).66,106,107 DOM sensitization by direct photolysis is
further supported by the higher O:C ratio of CHOCl
formulas compared to all matched formulas (Figure S6),
which indicates preferential reactivity of chlorine with oxidized
DOM. In contrast, only 4 CHOCl formulas are formed during
dark chlorination for the same amount of time with no prior
oxidation. As observed in the experiments conducted with
TMW at two different pH values and three different
wavelengths (Table S13), the most extensive halogenation
(i.e., 124 formulas) is observed during chlorine photolysis.
The increase in CHOCl formation in sequential treatment
demonstrates that DOM is transformed via UV-mediated
sensitization, making it more susceptible to direct reaction
with chlorine. This mechanism accounts for CHOCl formulas
formed during chlorine photolysis when RCS are quenched
with t-BuOH. These results demonstrate that the combination
of processes present during chlorine photolysis collectively
contribute to enhanced halogenation, rather than simply direct
reaction of RCS or chlorine.
Formation of Targeted Disinfection Byproducts.

Halogenated DBPs present a known risk to human health
and a subset of aliphatic DBPs (i.e., THMs and HAAs) are
regulated in drinking water in the U.S.36,37,41,42 Additionally,
unregulated DBPs, such as halogenated aromatics, can have
greater toxicity than regulated compounds.35,38,40,108 This
study focuses on the formation of THMs, HAAS, and HANs
during chlorine photolysis to enable comparison with the
conflicting literature on these DBPs. Previous investigations
into the formation of these DBPs during chlorine photolysis
are inconsistent, with some studies observing increased DBP
formation compared to dark chlorination and other studies
observing opposite trends.47−52 These studies vary in water
source, chlorine concentration, light source, and reaction time,
making it challenging to draw clear conclusions.46 We
quantified the formation of four THMs, nine HAAs, and
four HANs at two pH values and three wavelengths to
investigate how pH and wavelength alter DBP formation in
the same water sample with the same initial chlorine
concentration.
The TMW sample did not contain any DBPs prior to

treatment and DBPs are formed in all treatment conditions
except direct photolysis (Tables S10−S12). Total THMs and
HAAs (average of 12.5 μg/L and 12.6 μg/L, respectively) are
formed during dark chlorination, whereas HANs are generally
below the detection limit (Figures 3b and S4). There is no
effect of sample pH on DBP formation despite the greater

reactivity of HOCl.44 Treatment time is important, with more
formation of all DBP classes at 30 min (i.e., used for
comparison with 365 nm irradiation) than 5 min (i.e., used for
comparison with 254 and 311 nm). This result is expected
because DBP concentrations generally increase with contact
time.109

THM formation decreases during chlorine photolysis
compared to dark chlorination under most conditions. This
trend is seen at both low and high pH, although the relative
decrease in total THM concentration ([TTHM]) compared
to dark chlorination is greater at high pH (Figures 3b and S4;
Table S10). The decrease in [TTHM] during chlorine
photolysis shows that the reactive oxidants produced during
chlorine photolysis are less efficient at forming THMs than
chlorine alone. It is likely that decreased chlorine contact time
from chlorine degradation via photolysis and radical chain
reactions,50,55 along with the removal of aromatic precur-
sors,31,110,111 limits THM formation. Quenching •OH and Cl•

with t-BuOH during chlorine photolysis has minimal effect on
THM formation, further suggesting RCS are not involved in
generating THMs (Table S10). These results are contrary to
previous studies with higher initial chlorine concentrations
and longer reaction times that showed an increase in THM
formation during chlorine photolysis compared to dark
chlorination.47,51

HAAs show the opposite trend as THMs and increase in
concentration during chlorine photolysis relative to dark
chlorination (Figures 3b and S4), which is consistent with
previous studies at longer wavelengths.47,48,51 Quenching
radical species decreases HAA formation under most pH
and wavelength combinations, although not down to the level
of dark chlorination (Table S11). These data suggest that
reactive chlorine species may contribute to the formation of
HAAs. However, the increased formation of HAAs during
chlorine photolysis may also be attributable to formation of
HAA precursors from DOM transformation (i.e., as observed
in the sequential experiments for novel DBP formation; Figure
3a) because quenching does not completely prevent the
increased formation of HAAs.
HAN formation is greatest during chlorine photolysis

compared to dark chlorination and quenched chlorine
photolysis (Figures 3b and S4), in agreement with previous
studies.49,52 Only one sample for all pH and wavelength
conditions had measurable HANs during radical quenching
(i.e., 365 nm, pH 6.5; Table S12). The near complete
inhibition of HAN formation during quenched chlorine
photolysis indicates that HAN precursors are degraded during
chlorine photolysis and suggests that enhanced formation of
HANs is mediated by radical reactions, as observed for novel
N-DBPs (Table S15).

Implications for Water Treatment. This study inves-
tigates the effect of natural water constituents on reactive
oxidant concentrations and the effect of those oxidants on
DOM transformation. The observed chlorine loss rate
constant increases in the presence of DOM due to radical
chain reactions (Figure 1a). Water with higher [DOC] will
have enhanced kobs,chlorine in practical applications of chlorine
photolysis. This effect is less pronounced at high pH and
wavelength and is therefore less important in solar chlorine
photolysis applications.
Natural water constituents are major radical scavengers and

can decrease the efficacy of chlorine photolysis as an advanced
oxidation process. Organic and inorganic carbon are the
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primary sinks for reactive oxidants such as •OH and Cl•,
respectively, under our experimental conditions13,27,30,72 and
will lead to lower steady-state concentrations in natural waters.
O3 is more selective and less impacted by natural water
constituents, suggesting that contaminants that react with
ozone will be removed even in natural waters.
The alteration of DOM during chlorine photolysis has

implications for DBP formation. DOM transformation during
chlorine photolysis results in DOM that is more aliphatic and
reduced as reactive, electron-rich DOM moieties are trans-
formed, with the formation of oxygen addition products
demonstrating oxidation at the molecular level (Figure 2).
Importantly, the combination of oxidants (e.g., UV light and
•OH) present during chlorine photolysis transforms DOM so
that it is more reactive with chlorine, as shown using the
sequential treatment experiments (Figure 3a). As a result,
treatment systems that use chlorine photolysis may see
increased formation of disinfection byproducts in the
distribution system due to reaction of transformed DOM
with residual disinfectant.
Furthermore, the analysis of DOM transformation by FT−

ICR MS demonstrates that reactive chlorine species such as
Cl• and Cl2

•− react with DOM via chlorine addition to form
novel DBPs. This mechanism is demonstrated by the
enhanced formation of CHOCl formulas during 254 and
311 nm chlorine photolysis and the ability of t-BuOH to limit
the formation of some, but not all, of these formulas (Figure
S11a−d). This is the first study to demonstrate the role of
reactive chlorine species in forming high molecular weight
halogenated DBPs, which could have implications for human
health. The combination of RCS and DOM transformation
also impacts the formation of targeted DBPs. THMs decrease
during chlorine photolysis compared to dark chlorination due
to consumption of chlorine. However, HAAs and HANs
increase in concentration due to the formation of precursors
from DOM transformation and from radical reactions. This
study demonstrates that an understanding of multiple reaction
pathways is necessary to mitigate DBP formation in this
complex AOP.
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