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ABSTRACT: Bromine radical (Br•) has been hypothesized to be a
key intermediate of bromate formation during ozonation. Once
formed, Br• further reacts with ozone to eventually form bromate.
However, this reaction competes with the reaction of Br• with
dissolved organic matter (DOM), of which reactivity and reaction
mechanisms are less studied to date. To fill this gap, this study
determined the second-order rate constant (k) of the reactions of
selected organic model compounds, a DOM isolate, and monochlor-
amine (NH2Cl) with Br• using γ-radiolysis. The kBr• of all model
compounds were high (kBr• > 108 M−1 s−1) and well correlated with
quantum-chemically computed free energies of activation, indicating a
selectivity of Br• toward electron-rich compounds, governed by
electron transfer. The reaction of phenol (a representative DOM
moiety) with Br• yielded p-benzoquinone as a major product with a
yield of 59% per consumed phenol, suggesting an electron transfer mechanism. Finally, the potential of NH2Cl to quench Br• was
tested based on the fast reaction (kBr•, NH2Cl = 4.4 × 109 M−1 s−1, this study), resulting in reduced bromate formation of up to 77%
during ozonation of bromide-containing lake water. Overall, our study demonstrated that Br• quenching by NH2Cl can substantially
suppress bromate formation, especially in waters containing low DOC concentrations (1−2 mgC/L).
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1. INTRODUCTION
Bromide is ubiquitously present in fresh waters in 10−1000
μg/L1,2 and plays an important role in most oxidative water
treatment processes.3 During oxidation processes, bromide is
converted to reactive bromine species such as hypobromous
acid (HOBr)4 and/or bromine(-containing) radicals (e.g., Br•,
Br2•−, BrO•).5−7 HOBr reacts with dissolved organic matter
(DOM) to produce potentially harmful brominated disinfec-
tion byproducts (Br-DBPs).8,9 Bromine radicals can influence
micropollutant abatement5,10−12 and algal toxin degrada-
tion.13,14 A special feature of ozonation is the oxidation of
bromide to bromate,15 which is a probable human carcinogen
with a drinking water standard of 10 μg/L.16,17 Its formation
mechanism during ozonation has received considerable
research efforts for decades.18 It is formed by a complex
interplay between ozone, hydroxyl radical (•OH), and various
reactive bromine species,18 characterized by two initial
pathways: oxidation of bromide (a) to hypobromite (OBr−)
by ozone (eq 1)19,20 or (b) to Br• by •OH (eqs 2 and 3).21,22

The primary products, OBr−/HOBr and Br•, serve as key
intermediates by subsequently reacting with ozone or •OH to
ultimately form bromate.7,18
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However, the subsequent reactions to bromate can be
interrupted by DOM. HOBr reacts partially with residual
electron-rich moieties of DOM, which remain after ozone
attack, with second-order rate constants (k) ranging from 103
to 107 M−1 s−1.4 Likewise, Br• can react fast with DOM
moieties with kBr• of 104 to 108 M−1 s−1.23−25 Recently, kBr• of
standard DOM were measured in a range of (0.5−4.2) × 108
Mc−1 s−1.

26 During ozonation, the Br• reaction with DOM is in
competition to ozone with kBr•, O3 ≈ 1.5 × 108 M−1 s−1.7 A
wide range of kBr• has been reported for micropollutants (108
− 1011 M−1 s−1),10 which implies selectivity of Br• to organic
compounds. Nevertheless, a systematic investigation on the Br•
reactivity with organic moieties including quantitative
structure−activity relationship (QSAR) is lacking to date.
Among diverse bromate mitigation strategies, a sequential

addition of chlorine and ammonia prior to ozonation has
shown good performance.18 Direct addition of monochlor-
amine (NH2Cl) prior to ozonation was also effective to reduce
bromate,27,28 but questions remain about the underlying
mechanism. NH2Cl was suggested to mitigate bromate by
reacting with •OH, HOBr, or bromide.27,28 However, such
reactions are either insufficient to account for a substantial
mitigation29 or too slow.30

This study aims to understand the role of Br• in bromate
formation during ozonation, especially with regard to its
reactions with DOM and NH2Cl, with the specific objectives
to (1) determine the kBr• of organic model compounds for
DOM and establish QSAR, (2) identify products formed
during the reaction of phenol (a representative DOM moiety)
with Br• and elucidate the underlying reaction mechanisms,
and (3) investigate the effect of quenching Br• by NH2Cl and
DOM on bromate formation during ozonation of bromide-
containing water.

2. MATERIALS AND METHODS
2.1. Reagents. Details for chemicals and Lake Zurich water

composition are provided in Text S1 (Supporting Informa-
tion). Preparation of DOM and chloride-free NH2Cl stock
solutions is described in Text S2 and Text S3, respectively.

2.2. γ-Radiolysis. γ-radiolysis was carried out by a 60Co γ-
radiation source (Gammacell 220, Atomic Energy of Canada,
Ltd.) with a dose rate of 0.13 kGy/h (yielding a Br• formation
rate of 9.7 nM/s) determined by a dosimetry in a formate
solution (Text S4).7 Br• was formed by the reaction of 1,2-
dibromoethane with e−, according to eqs 4 and 5.23,25,31.32
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Samples for determining kBr• of the organic model
compounds were prepared as described in Text S5 and Figure
S4. Briefly, mixed solutions containing 3.4 μM ibuprofen (as a
competitor), 3.4 μM of a model compound, 0.7 mM 1,2-
dibromoethane (for generating Br•), 4 mM t-butanol (for
scavenging •OH), 50 mM buffer (phosphate for pH 7.1 or
borate for pH 10.2), and ∼50 μM dissolved O2 (for scavenging
C-centered radicals (Text S6)) were prepared and subjected to
γ-radiolysis for 0−20 min. Before and during γ-radiolysis, silver
nitrate solution was added for masking bromide which is

formed from the reaction of 1,2-dibromomethane with
solvated electrons (Text S7). The scavenging rates of the
reactive species (e.g., e−, •OH, Br•) in the applied γ-radiolysis
condition were estimated based on kinetic information, as
shown in Table S10. After a predetermined time point, the
sample was taken out from the γ-radiation source and sodium
chloride was added to precipitate residual Ag+ as AgCl.
Samples for identifying products for the reaction of phenol
with Br• were prepared as described in Text S9. Solutions in
these vials contained 22 μM phenol, 0.7 mM 1,2-dibromo-
ethane, 40 mM t-butanol, and 50 mM phosphate buffer (pH
7.1).

2.3. Competition Kinetics. kBr• of organic model
compounds were determined by competition kinetics with
ibuprofen as a competitor based on eq 6 where M and C
indicate an organic model compound and a competitor
(ibuprofen), respectively. kBr• of ibuprofen was 3.8 × 109
M−1 s−1 (see section 3.1.1).
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kBr• for DOM and NH2Cl was determined by measuring the
change in ibuprofen concentration over γ-radiolysis time, by
applying varying concentration ratios of ibuprofen (1 μM) and
DOM (2−15 mgC/L) or NH2Cl (0.01−0.4 mM). Details to
derive kBr• under this adapted method are provided in Text S8.
All competition kinetics plots are provided in Figures S5 and
S6.

2.4. Analyses. High-performance liquid chromatography
coupled with a diode array or fluorescence detector (HPLC)
and LC coupled with high-resolution tandem mass spectrom-
etry (LC-HRMS/MS) were used for analyzing organic
compounds. Reference standards were compared for identified
products during the phenol-Br• reaction. For suspected
products by LC-HRMS/MS, the confidence level system
(level 1 to 5 with level 5 as the lowest level providing only an
exact mass)33 was used to categorize the MS results. Ion
chromatography coupled with a conductivity detector (IC)
was used for analyzing chloride and bromate (Text S10).

2.5. Ozonation. Ozone stock solutions were prepared and
standardized as described in Text S11. For ozonation
experiments, filtered Lake Zurich water was spiked with 2
μM bromide, 1 mM phosphate buffer (pH 7.6), and 5 μM p-
chlorobenzoic acid (pCBA), as mixed concentrations. Addi-
tionally, either 10 μM formate, or 4 μM ammonium, or 7 μM
NH2Cl, or 15 μM NH2Cl was added to the spiked Lake Zurich
water to assess different quenching scenarios. An aliquot of the
ozone stock solution (ozone dose 60 μM) was added to the
Lake Zurich waters to initiate ozonation. Samples were taken
at predetermined reaction times (30 s − 1 h) and analyzed for
residual ozone by indigo,34 pCBA by HPLC, and bromate by
IC. Rct, the ratio of concentrations of •OH and ozone, was
determined as described previously35 and used as a control
parameter for comparing the different reaction conditions.

2.6. Quantum Chemical Computation. Aqueous-phase
free energy (Gaq) of all species were obtained by the sum of
electronic energy of a species solvated by explicit water
molecules (E0,gas), solvation free energy (ΔGsolv,calc), and
gaseous-phase correction for the explicit water molecules
(Gcorr,gas) (Text S12). E0,gas was calculated at the level of M06-
2X/Aug-cc-pVTZ,36 while ΔGsolv,calc and Gcorr,gas were calcu-
lated at the level of M06-2X/Aug-cc-pVDZ with an implicit
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solvation model (SMD)37 and a continuum solvation
method.38 Methods were validated by experimentally deter-
mined reduction potentials for halides and aromatic com-
pounds (Text S13). The aqueous free energy of reaction
(ΔGreactaq,SET) was determined based on Gaq of reactants and
products of the reaction, which was subsequently used for
calculating free energy of activation (ΔGactaq) by the Marcus
theory39 (Text S14).

3. RESULTS AND DISCUSSION
3.1. Reaction Kinetics. 3.1.1. Determination of kBr• for

Organic Model Compounds. All kBr• for organic model
compounds, DOM, and NH2Cl were determined by
competition kinetics using ibuprofen as a competitor. kBr• of
ibuprofen was determined separately by competition kinetics
with 4-iodophenol as a competitor. The reference kBr• of 4-
iodophenol was (6.6 ± 0.5) × 109 M−1 s−1 based on the
previous values determined by indirect methods using pulse
radiolysis or laser flash photolysis.10,23 The obtained kBr• of
ibuprofen was (4.6 ± 1.4) × 109 M−1 s−1 (duplicates), higher
than the previously reported value of 2.2 × 109 M−1 s−112 by a
factor of 2. The final kBr• of ibuprofen used as the reference
was (3.8 ± 1.8) × 109 M−1 s−1, an average of our
measurements and the reported value. The relative standard
deviation in the reference value is relatively large (48%), which
systematically affects the results in this study. Table 1 shows
that the selected organic model compounds have generally

high reactivity toward Br• with kBr• > 108 M−1 s−1. The
determined kBr• of anisole, benzoic acid, and phenol agree well
to the reported values10 within a factor of <3, which is a typical
error range for different kinetic studies. For some of the
dissociating compounds, kBr• was measured under two pH
conditions (pH 7 and 10) to evaluate the effect of speciation
on kBr•. The species with higher electron density (e.g.,
phenolate and neutral amine) show a 5−20 times higher kBr•
than their protonated forms.
3.1.2. QSAR Models of kBr• for Organic Model Compounds

with σp+ or ΔGactaq,SET. To further validate the selectivity of
Br•, a QSAR was assessed for the measured kBr• of the aromatic
model compounds based on Hammett constant (specifically
σp+).40,41 Quantum-chemically (QC) computed free energies
of activation, ΔGactaq,SET, were also tested by assuming a single
electron transfer as a reaction mechanism. The QSAR
assessment results in a good correlation for both molecular
descriptors (R2 = 0.82 for σp+ (Figure S7a) and R2 = 0.92 for
ΔGactaq,SET (Figure S7b)) for the aromatic group. Next, the
QSAR approach was expanded to the other model compounds
beyond aromatic groups and to the aromatic compounds for
which Hammett constants are not available, by calculating
ΔGactaq,SET. The corresponding results are summarized in Table
S8. An overall good QSAR for all model compounds including
aromatic compounds (except p-benzoquinone), amines,
olefins, and NH2Cl was obtained (R2 = 0.77, Figure 1). Four
literature-reported kBr• of phenol, ibuprofen, anisole, and

Table 1. Measured Apparent Second-Order Rate Constants at Indicated pH for the Reactions of the Selected Organic Model
Compounds, Monochloramine, and a DOM Isolate with Br• (kBr•, M−1 s−1 or (mgC/L)−1 s−1 for DOM) and Theoretically
Calculated Free Energies of Activation (ΔGact

aq,SET, kcal mol−1) for the Reactions of Organic Model Compounds and
Monochloramine with Br• by Electron Transfera

compounds group pKa pH
measured kBr• (this study) (average

± s.d.)
reported kBr•

(previous studies) σp+e
ΔGactaq,SET
(kcal mol−1)

benzylamine 1° amine 9.3 10.0 (7.4 ± 0.5) × 109 n.a. 8.1
benzylamine 1° amine 9.3 7.1 (3.8 ± 0.01) × 108 n.a. 20.5
N,N-dimethylbenzylamine 3° amine 8.9 10.0 (1.7 ± 0.2) × 1010 n.a. 3.1
N,N-dimethylbenzylamine 3° amine 8.9 7.1 (9.1 ± 5.5) × 108 n.a. 20.3
4-bromophenol aromatic 9.1 10.0 (2.8 ± 0.7) × 1010 n.a. −2.15 0.1
4-bromophenol aromatic 9.1 7.1 (3.5 ± 0.5) × 109 n.a. −0.77 8.6
4-chlorophenol aromatic 9.0 10.0 (2.0 ± 1.1) × 1010 n.a. −2.19 0.1
4-chlorophenol aromatic 9.0 7.1 (3.9 ± 1.3) × 109 n.a. −0.81 7.9
anisole aromatic n.a. 7.1 (2.2 ± 0.4) × 109 3.3 × 109 10 −0.62 6.7
benzeneb aromatic n.a. 7.1 3.4 × 108 n.a. 0 16.5
benzoic acid aromatic 4.2 7.1 (2.5 ± 0.4) × 108 7.7 × 108 10 −0.02 13.7
p-chlorobenzoic acid aromatic 4.0 7.1 (3.0 ± 0.4) × 108 n.a. 0.09 14.9
ibuprofenc aromatic 4.4 7.1 (3.8 ± 1.8) × 109 2.2 × 109 12 −0.25 6.2
naphthalene aromatic n.a. 7.1 (5.5 ± 0.05) × 109 n.a. 5.7
phenol aromatic 10.0 7.1 (3.9 ± 0.6) × 109 8.5 × 109 10 −0.92 7.5
toluened aromatic n.a. 7.1 4.5 × 108 n.a. −0.31 11.1
3-phenylpropionic acid aromatic 4.7 7.1 (7.3 ± 0.07) × 108 n.a. 11.8
p-benzoquinone aromatic n.a. 7.1 (4.0 ± 0.5) × 109 n.a. 41.2
sorbic acid olefin 4.8 7.1 (5.2 ± 0.1) × 109 n.a. 5.0
trans-cinnamic acid olefin 4.5 7.1 (2.1 ± 0.5) × 109 n.a. 7.6
monochloramine inorganic 1.4 7.1 (4.4 ± 1.3) × 109 n.a. 3.8
SRFA DOM n.a. 7.1 (1.7 ± 0.01) × 104 2.6 × 104 n.a.
oxidized SRFA (0.8 gO3/gC) DOM n.a. 7.1 (1.6 ± 0.01) × 104 n.a. n.a.
oxidized SRFA (1.5 gO3/gC) DOM n.a. 7.1 (2.1 ± 0.3) × 104 n.a. n.a.

aMost kBr• were determined in competition with ibuprofen or unless otherwise indicated. kBr• are shown as an average and standard deviation (s.d.)
of duplicates except benzene and toluene. The corresponding competition kinetics plots are shown in Figure S5. bSingle measurement with a poor
linearity of the competition kinetics plot (R2 = 0.67, Figure S5). ckBr• of ibuprofen was determined in competition with 4-iodophenol with kBr• of 4-
iodophenol of 6.6 × 109 M−1 s−1. dSingle measurement. eAll σp+ values were taken from Hansch et al.40 except for ibuprofen, for which σp+ was
estimated after a structural approximation by Lee and von Gunten.41
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benzoic acid10,12 with our theoretically calculated ΔGactaq,SET
values were included in Figure 1 to compare the correlation
and they had only an insignificant impact on the overall trend.
Because the QSAR was developed based on the ΔGactaq,SET
assuming a single electron transfer, it supports a single electron
transfer mechanism as the rate-determining step. Only p-
benzoquinone appears to undergo a different reaction
mechanism based on an exceedingly high ΔGactaq,SET value of
41.2 kcal/mol, significantly higher than for all the other
compounds. Instead, p-benzoquinone seems to favor a Br•-
addition mechanism to the aromatic ring, according to a lower
ΔGactaq,addition of 4.8 kcal/mol.
3.1.3. kBr• and Calculated ΔGactaq,SET for Ibuprofen. In

addition to the simple organic model compounds, micro-
pollutants also likely react by a single electron transfer
mechanism, according to the result of ibuprofen agreeing
well with the QSAR trend (Figure 1). The ΔGactaq,SET for
ibuprofen was calculated as 6.2 kcal/mol, higher than the
recently reported value (1.35 kcal/mol),12 despite the use of
the same DFT method (with a similar basis set) and the
implicit solvation model. The discrepancy may have resulted
from the accuracy of solvation energies for Br− and Br•, which
is critical to obtain an accurate ΔGactaq,SET. Our calculation
method was validated by calculating the one electron reduction
potential of Br•/Br− with various DFT and ab initio methods
and comparing the result with experimental values as a
benchmark (Text S13). Such a validation process was not
reported in the previous study.12,26 Another source of
uncertainty is the treatment of the solvent reorganization
energies in the Marcus theory calculations. Including both
outer- and inner-sphere solvent reorganization energies is
important because of the potential impacts of both reactants
and surrounding water to the overall structure.

3.1.4. kBr• and Calculated ΔGactaq,SET for NH2Cl and
Mechanistic Interpretation. NH2Cl reacts fast with Br• with a
kBr• of 4.4 × 109 M−1 s−1 (Table 1), higher than the reactivity
of NH2Cl with other radical species such as •OH (k•OH,NH2Cl =
5.2 × 108 M−1 s−1 or 5.7 × 108 M−1 s−1).42,43 Previous studies
on the reaction of NH2Cl with •OH reported H-atom or Cl-
atom abstraction as the main reaction mechanism. However,
according to our computation results, for the reaction of
NH2Cl with Br•, a single electron transfer shows a clearly lower
energy barrier than H-atom or Cl-atom abstraction (ΔGactaq =
3.8, 9.4, and 19.2 kcal/mol, for electron transfer, H-atom
abstraction, and Cl-atom abstraction, respectively). The good
agreement of the experimental kBr•,NH2Cl with the regression of
the QSAR model built upon ΔGactaq,SET (Figure 1) also
strongly supports a single electron transfer for the reaction of
NH2Cl with Br•. A single electron transfer reaction would form
NH2Cl•+ and Br− as products, of which the former can
dissociate to NHCl•. NHCl• is also formed in the reaction of
NH2Cl with •OH where self-decay or quenching reaction by
dissolved oxygen were suggested as follow-up reactions.42

3.1.5. Formation of Transient Adduct from Br• Reactions.
Quantum-chemical computations additionally predicted the
formation of an energetically stable transient adduct in the
reaction coordinate to the oxidized target compound and Br−
(Figure S8). The formation of the adduct may not be a rate-
determining step, but there is still a reasonable correlation
between free energy of adduct formation (ΔGadductaq) and kBr•
(Figure S9). In most cases, the most energetically stable adduct
among all possible conformers results from the interaction of a
bromine atom (Br•) with a benzene ring (Table S7).
Exceptions are the neutral forms of amine model compounds
(benzylamine and N,N-dimethylbenzylamine) where Br•
preferably interacts with the neutral amine-nitrogen over the
benzene ring (nitrogen benzylamine-Br adduct ΔGadductaq =
−8.4 kcal/mol; adduct on the benzene ring: −1.1 kcal/mol).
The preference on the amine-nitrogen was also illustrated by
the spin density distribution of the protonated and
deprotonated forms of amines (Table S9). For the protonated
amines, the spin density is delocalized over the entire structure,
indicating less favorable formation of an adduct (ΔGadductaq =
−0.4 kcal/mol for the benzylamine-Br adduct). The ΔGadductaq
value of p-benzoquinone is higher than for other model
compounds with similar kBr• (e.g., ΔGadductaq = 1.2 kcal/mol for
p-benzoquinone vs −1.9 kcal/mol for phenol (Table S7)), as
observed also for ΔGactaq,SET. The positive ΔGadductaq value of p-
benzoquinone indicates unfavorable interaction between Br•
and the quinone structure due to the oxidized form of this
compound.
3.1.6. Kinetics of Br• Reaction with DOM. The kBr• for the

DOM isolate SRFA II was determined as (1.7 ± 0.01) × 104
(mgC/L)−1 s−1 (Table 1), matching to the previously reported
value within a factor of < two (kBr• = 2.6 × 104 (mgC/L)−1
s−1).26 The determined value is close to the k•OH of various
types of DOM with an average value of (2.2 ± 0.8) × 104
(mgC/L)−1 s−1,44−46 implying a similar DOM scavenging rate
for Br• and •OH. kBr• of preozonated SRFA II was also
determined to evaluate the effect of DOM oxidation during
ozonation. Ozone targets electron-rich moieties of DOM (e.g.,
phenols),47−49 which are also reactive sites for Br• attack. The
extent of preoxidation was controlled by measuring electron
donating capacity (EDC), which characterizes antioxidant
properties of DOM.47 The oxidation of DOM with specific
ozone doses of 0.8 gO3/gC and 1.5 gO3/gC led to a decrease

Figure 1. Quantitative structure−activity relationship of the measured
second-order rate constants for the reactions of all selected model
compounds (except p-benzoquinone) with Br• and the computed free
energies of activation for electron transfer reactions (see Table 1).
The aromatic compounds with reported kBr• in the literature

10,12 are
labeled as “(ref)” and are also shown for comparison. The literature
values were not included in the regression.
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in EDC by (31 ± 5)% and (40 ± 4)%, respectively (Text S2),
agreeing with a previous observation.49,50 Nevertheless, kBr• of
non- and preozonated DOM remained in a similar range
(Table 1), suggesting that DOM oxidation by ozone has a
limited effect on its reactivity with Br• and its scavenging rate
during ozonation. This is exemplified by p-benzoquinone, a
major product of phenol oxidation by ozone,51 for which kBr• is
similar as for phenol (Table 1).

3.2. Product Formation and Reaction Mechanisms for
the Reactions of Phenol with Br•. 3.2.1. Identified
Products. Phenols are important DOM moieties and therefore
phenol was selected to investigate product formation from the
reaction with Br•.47 Its transformation products after reaction
with Br• were investigated by LC-HRMS/MS and HPLC.
Over a γ-irradiation time of 40 min (theoretically forming 22
μM Br•, according to the dose rate), phenol was degraded by
Br• from 21.7 μM to 17.6 μM, suggesting a 1:5 (phenol:Br•)
reaction stoichiometry (Figure S10). The reaction led to 2.4
μM p-benzoquinone, 0.5 μM hydroquinone, and 0.2 μM 4-
bromophenol, as identified products. The sum of the residual
concentrations of phenol and the concentrations of the
identified products accounted for 96−98% of the initial phenol
concentration. p-Benzoquinone was the major product with a
yield of 59% per degraded phenol at 40 min, followed by
hydroquinone (14%) and 4-bromophenol (4%) (Figure 2). A
small concentration of catechol was also identified at the
beginning of the reaction (0.1% at 12 min), but not for >12
min.

3.2.2. Suspected Products. In addition to the identified
products with reference standards, some products were
detected by nontargeted screenings of LC-HRMS/MS data
where peaks with unique retention time and exact mass were
extracted by comparing chromatograms of blank samples
(containing phenol, no reaction) with those from γ-radiolysis
samples (containing phenol, reaction with Br•). Because the
mass balance was almost complete by the identified products,
they were minor products with yields <4%. Two suspected
products featuring molecular formula of C6H3BrO3 and
C6H5BrO3 were detected with a confidence level 3 (Text
S15). They showed a gradual increase over time during γ-

radiolysis experiments with phenol and also p-benzoquinone
(Figure S12), suggesting a presence of a quinone structure. For
C6H3BrO3, p-benzoquinone substituted by a hydroxy group
and a Br was suggested as a possible molecular structure
(Scheme 1) based on a comparison of MS spectra with a
synthesized isomer (Text S15). The other suspected products
consistently detected in the γ-radiolysis sample were: C6H4O3,
C12H10O2, C6H6O3, and C6H6O4. C6H4O3 is suspected as
hydroxy-benzoquinone or benzoquinone-epoxide (Scheme 1)
with a confidence level 3, which could be a precursor of
C6H3BrO3 and C6H5BrO3. MS2 spectra of C6H4O3 featured a
unique fragmentation pattern (Figure S14) but not specific
enough to differentiate the two suspected structures (Figure
S15). C12H10O2 is likely to be dihydroxybiphenyl with a
confidence level 2, based on the matching MS2 pattern with a
spectrum included in the MassBank spectral database (Figure
S16).52 C6H6O3 and C6H6O4 are suspected as 6-oxo-2,4-
hexydienoic acid and muconic acid, respectively, but without
sufficient evidence to confirm these structures (confidence
level 4).
3.2.3. Phenol-Br• Reaction Mechanism. Based on the

identified and suspected products, a reaction pathway of the
reaction of phenol with Br• is proposed as in Scheme 1. Phenol
is initially transformed by Br• to phenoxyl radical (PhO•),
analogously to its reaction with halogen dimer radical anions,
X2•− (X = Cl, Br, I).53 The presence of PhO• was supported by
the detection of C12H10O2 suspected to be dihydroxybiphenyl,
often formed by dimerization of PhO•.53 The formation of
PhO• can occur via electron transfer,10,54 H-abstraction,23,25

and Br-addition,25 as depicted in Scheme S1. The QSARs of
kBr• determined by this study (Figure 1) supports an electron
transfer reaction. After the initial step to PhO•, the reaction
pathway further branches to three reactions, resulting in
hydroquinone, catechol, or 4-bromophenol, respectively,
according to the identified products. Hydroquinone is the
major product (>70%), based on the sum of the product yields
of hydroquinone and p-benzoquinone (a subsequent oxidation
product of hydroquinone). This is likely to further undergo
hydroxylation and/or bromination reactions, leading to the
suspected products (C6H4O3, C6H5BrO3, and C6H3BrO3). The
second pathway is a very minor pathway forming catechol
(0.1% yield), a stereoisomer of hydroquinone which was only
detected at a short reaction time (12 min). It may be further
oxidized to o-benzoquinone, which is difficult to confirm
because of its poor stability in aqueous solution.55 The third
pathway with 4% yield of 4-bromophenol may imply a possible
addition mechanism comparable to the oxidation of phenol by
•OH (Scheme S1(3))56 or a radical−radical coupling
mechanism of PhO• and Br• confirmed by calculated
thermodynamically favorable ΔGreactaq (Text S16). In addition
to ring products, ring-opening products such as 6-oxo-2,4-
hexydienoic acid and muconic acid are also suspected (Scheme
1). Such short-chain organic acids (up to C6) were identified
during oxidation of phenol by •OH57,58 and ozone.59

Dicarbonyl compounds were also reported as ring-opening
products from the reaction of phenol with chlorine and
•OH,60,61 but they could not be detected by the analytical
method applied in this study.

3.3. Mitigation of Bromate Formation by Monochlor-
amine during Ozonation: Role of Br•. As a proven strategy
to mitigate bromate during ozonation,18 the chlorine-ammonia
pretreatment blocks the initial steps of bromate formation by
masking bromide and scavenging •OH (Text S17). As an

Figure 2. Relative product yields per degraded phenol as a function of
the γ-radiolysis time during the reaction of phenol with Br•, for the
condition with 22 μM phenol, 0.7 mM 1,2-dibromoethane, 40 mM t-
butanol, and 50 mM phosphate buffer (pH 7.1). Concentrations of
phenol and the products as a function of time are provided in Figure
S10.
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alternative, a simpler strategy has been applied, which entails
the direct addition of NH2Cl before ozonation. It has an
advantage over the chlorine-ammonia process by forming less
chlorinated DBPs by avoiding free chlorine contact time.
Quenching of •OH by NH2Cl is similar to the chlorine-
ammonia process. However, an additional benefit such as
bromide masking is not expected, because the reaction of
NH2Cl with bromide is slow (k = 0.14 M−1 s−1 at pH 7).30

According to our measurement, NH2Cl reacts fast with Br•
with kBr• of 4.4 × 109 M−1 s−1 and may therefore be a quencher
for this transient species. Additionally, NH2Cl reacts with
HOBr with k = 2.8 × 105 M−1 s−1 at pH 7.4,62 This may also
add to bromate mitigation, however, only when HOBr
significantly builds up during ozonation.
To assess the effect of NH2Cl in quenching Br•, the fraction

of Br• reacting with a compound X, f(Br•+X), was calculated
based on the measured and reported values for kBr• of NH2Cl,
DOM, ozone, and bromide, which are considered the main Br•
consumers during ozonation (Text S18). Figure 3 shows the
calculated f(Br•+X) in absence or presence of NH2Cl for low
dissolved organic carbon (DOC) and Br− levels as in typical
Swiss surface waters. Without NH2Cl, most Br• was quenched
by DOM (Figure 3a). The low DOC concentration (1 mgC/
L) was yet high enough to quench at least 84% of Br• for a
range of specific ozone doses of 0.5−1.0 mgO3/mgC, typically
applied in drinking water treatment in Switzerland (shaded
area in Figure 3). For the same conditions, f(Br•+O3) and
f(Br•+Br−) were 8−15% and 0.03%, respectively. The result
was markedly changed in the presence of 15 μM NH2Cl where
NH2Cl became the major consumer scavenging at least 70% of
Br• even for the highest ozone dose of 60 μM. Under these
conditions, f(Br•+DOM) was reduced to 20% and more
importantly f(Br•+O3) was reduced to 2−4%. This demon-
strates, that the Br• + O3 reaction is significantly suppressed by

a factor of 4. Conditions with higher DOC and Br− levels
simulating wastewater were also assessed and the results are
shown in Figure S18. For these conditions, DOM plays an
important role even in the presence of 15 μM NH2Cl,
quenching 53−57% of Br• for the entire range of ozone
concentrations. Therefore, the quenching effect by NH2Cl in
the water with high DOC levels is not expected as significant as
in the water with low DOC concentrations. Nevertheless, the
f(Br•+O3) decreases by a factor of 2, which still mitigates the
reaction between Br• and ozone significantly. Br− does not
influence the Br• concentration based on the low f(Br•+Br−) of
0.1−0.2%, even with the higher Br− level of 1.3 μM (or 100
μg/L). The importance of DOM relative to the other
consumers (ozone and Br−) is additionally illustrated by

Scheme 1. Reaction Pathway for the Reaction of Phenol with Br• Based on the Identified (in squares) and Suspected
Productsa

aThe initial step of forming phenoxyl radical is described in detail in Scheme S1.

Figure 3. Calculated fractions (see text) of Br• reacting with DOM
(green line), ozone (red line), bromide (blue line), or NH2Cl (orange
line) as a function of ozone concentration in the (a) absence or (b)
presence of NH2Cl. The selected concentrations were 1 mgC/L
DOC, 0.2 μM Br− (16 μg/L Br−), and 15 μM NH2Cl. Shaded areas
indicate a typical range of ozone doses applied in drinking water
treatment in Switzerland (0.5−1.0 mgO3/mgC).
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plotting f(Br•+NH2Cl) as a function of bromide, ozone, or
DOC concentration. Figure S19 shows that f(Br•+NH2Cl)
remains almost constant throughout the range of bromide and
ozone concentrations, whereas it changes as a function of the
DOC concentration.
The Br• quenching effect by NH2Cl was further assessed

experimentally by measuring bromate formation during
ozonation in presence or absence of NH2Cl in a lake water.
Figure 4 shows the bromate formation during ozonation of
Lake Zurich water containing 1.4 mgC/L DOC, spiked with 2
μM of bromide, with a 60 μM ozone dose at pH 7.6 as a
function of the ozone exposure (black four pointed stars).
Additional experiments are shown for addition of NH2Cl
(green squares (7 μM), red triangles (15 μM)), formate
(orange circles), or ammonium (blue diamonds) to Lake
Zurich water. Fifteen μM NH2Cl theoretically quenches 66%
of Br•, based on the calculated f(Br•+NH2Cl), shown by the
red asterisk in Figure S19. Oxidant exposures (ozone and
•OH) of the different conditions were assessed by measuring
Rct, the ratio of •OH exposure to ozone exposure.35 The
corresponding Rct values for each condition are provided in
Table 2 and Figure S20a and the ozone decay curves are shown

in Figure S20b. To compare bromate formation among the
different conditions, slopes of the bromate formation curves
were obtained by linear regression of the initial formation
(Figure 4b). The reduction in bromate formation of a
quenching condition was calculated by comparing the slope
of a quenching condition with the slope of a reference
condition (Table 2). The addition of 7 μM NH2Cl reduced
bromate by 60% compared to the unaltered Lake Zurich water.
Doubling the NH2Cl concentration to 15 μM enhanced the
reduction of bromate formation to 73%. However, for 15 μM
NH2Cl, the Rct increased from 5.6 × 10−9 to 9.9 × 10−9 (Table
2), due to additional consumption of ozone and •OH by
NH2Cl (kO3 = 26 M−1 s−1 and k•OH = 5.2 × 108 M−1 s−1 or 5.7
× 108 M−1 s−1).19,42,43 To mimic this change in Rct, another
reference condition was tested by using 10 μM formate, which
promotes ozone decay by forming O2•− and thereby increases
Rct.
63 The Rct of the new reference condition with formate was

7.4 × 10−9, very close to the 15 μM NH2Cl condition. Based
on this comparison, the bromate mitigation for 15 μM NH2Cl
was updated to 77% relative to the formate addition. The
bromate formation of the reference condition with formate was
augmented by 15% relative to the unaltered Lake Zurich water.
This can be explained by the higher Rct in the presence of

Figure 4. (a) Bromate formation as a function of the ozone exposure for five ozonation conditions. Unaltered Lake Zurich water contained 1.4
mgC/L DOC, 2 μM bromide, 1 mM phosphate buffer (pH 7.6), 5 μM pCBA, and a 60 μM ozone dose (black four pointed stars). The other
conditions additionally contained 10 μM formate (orange circles), 4 μM ammonium (blue diamonds), 7 μM NH2Cl (green squares), or 15 μM
NH2Cl (red triangles), respectively. (b) A close-up for a low range of ozone exposures (dotted rectangle in a). The slopes of the first three data
points are provided in Table 2.

Table 2. Conditions of Ozonation Experiments with Lake Zurich Water (1.4 mgC/L DOC, 2.7 mM Alkalinity, 2 μM Bromide
(spiked), 0.5 μM pCBA (spiked), 1 mM Phosphate Buffer at pH 7.6 (spiked)) and the Determined Rct (Figure 20a), the
Bromate Formation Slopes Expressed As a Function of Ozone Exposure, And the Change in Bromate Formation with Regard
to the Reference Conditions

no. condition comment Rct
slope (μM/(M

s))a
change in bromate
formationb (%)

reference
condition

1 Lake Zurich water (unaltered) reference for low Rct 3.7 × 10−9 29.5 ± 6.8
2 Lake Zurich water + 10 μM formate reference for high Rct 7.4 × 10−9 33.8 ± 3.9 +15 1
3 Lake Zurich water + 4 μM NH4+ NH4+ as HOBr quencher 4.3 × 10−9 18.9 ± 0.8 −36 1
4 Lake Zurich water + 7 μM NH2Cl NH2Cl as HOBr/Br• quencher 5.6 × 10−9 11.8 ± 1.1 −60 1
5 Lake Zurich water + 15 μM NH2Cl NH2Cl as HOBr/Br• quencher 9.9 × 10−9 7.9 ± 0.7 −73 1

−77 2
−58 3

aSlopes were obtained from linear regression of a bromate concentration plot as a function of ozone exposure for the initial phase (Figure 4b).
bChanges in bromate formation were obtained by comparing the slope of a condition with the slope of a reference condition specified in the last
column.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.2c07694
Environ. Sci. Technol. 2023, 57, 18658−18667

18664

https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07694/suppl_file/es2c07694_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07694/suppl_file/es2c07694_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07694/suppl_file/es2c07694_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.2c07694/suppl_file/es2c07694_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07694?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07694?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07694?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.2c07694?fig=fig4&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.2c07694?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


formate (similar to 15 μM NH2Cl), indicating higher •OH
exposure at a given ozone exposure, resulting in higher overall
oxidant exposure and bromate. In contrast, an increase in Rct
from 7 μM to 15 μM NH2Cl suppressed the bromate
formation, in agreement with the Br• quenching effect by
NH2Cl.
In addition to the NH2Cl experiment, ammonium (NH4+)

was tested to further confirm the effect of quenching Br•/
HOBr on bromate formation. NH2Cl quenches HOBr as well
as Br• (kBr• = 4.4 × 109 M−1 s−1 (Table 1) and kHOBr = 2.8 ×
105 M−1 s−1 at pH 7),4,62 NH4+/NH3 only quenches HOBr
(kBr• ≪ 9.7 × 107 M−1 s−1, assumed based on k•OH of NH3
(generally more reactive species than NH4+)

64 and kHOBr ∼ 106
M−1 s−1 at pH 7−8).4 An NH4+ concentration of 4 μM was
selected to obtain a similar HOBr quenching rate as for 15 μM
NH2Cl. The condition with 4 μMNH4+ (blue diamonds) leads
to a reduction of bromate formation by 36%, mainly due to
quenching of HOBr. Therefore, from the 73% bromate
mitigation observed for 15 μM NH2Cl, roughly similar
contributions can be attributed to the quenching of HOBr
and Br•, respectively. The reduction of bromate formation by
15 μM NH2Cl compared to by NH4+ was 58% (by taking the
NH4+ condition as reference) and occurred mainly during the
initial phase of the ozonation (Figure 4b). During this phase,
an enhanced Br• formation is expected from the reaction of
bromide with •OH, which are formed in high concentrations
during the initial phase of an ozonation.29,65 Therefore,
quenching of Br• by NH2Cl during the initial phase slows
down bromate formation by reducing the transient Br•
concentrations.

3.4. Practical Implications. The good correlation of the
experimentally determined kBr• with the molecular descriptors
(Hammett constants and the computed ΔGactaq,SET) for diverse
functional groups (aromatics, amines, olefins, and NH2Cl)
enables a prediction of kBr• for a wider range of compounds. As
shown by the case of p-benzoquinone, some compounds react
with Br• by different mechanisms than common aromatic rings
(e.g., addition instead of electron transfer), which needs further
investigation to improve prediction capability for such
compounds. The predominant formation of hydroquinone
(and subsequently p-benzoquinone) during the phenol-Br•
reaction raises concern related to mutagenicity. Their
formation is comparable to the phenol reaction with other
oxidants (e.g., ozone, •OH) and likely to follow similar
subsequent reactions to ring opening compounds. In addition
to quinones, brominated phenol was identified during the
phenol-Br• reaction but as a minor product only. Accordingly,
only a small fraction of Br• will react with DOM to form Br-
DBPs, which is likely to be outweighed by other sources of Br-
DBP such as bromination of DOM by HOBr. During
conventional ozonation, Br• plays a key role in bromate
formation by its further reaction with ozone. According to our
kinetic result, this reaction can be partially inhibited by the fast
reaction of Br• with DOM. For a typical Swiss surface waters
with the DOC concentration of ∼1 mgC/L, the majority of Br•
is quenched by DOM and the rest reacts with ozone. Despite
the generally small fraction, the oxidation of Br• by ozone can
lead to a substantial portion of formed bromate, especially
during an initial phase of ozonation where •OH exposure is
high and Br• becomes an important bromate precursor. This
bromate formation pathway involving Br• can be suppressed by
NH2Cl, according to our theoretical and experimental
assessment. It was demonstrated that the majority of Br• can

be quenched by 15 μM NH2Cl for the condition with DOC
concentrations on the order of 1−2 mgC/L. Accordingly,
bromate reduction of 70−80% was achieved during ozonation
of real Lake water even with the excess ozone dose applied in
this study (corresponding to ∼2 gO3/gC). About a half of the
reduction was related to quenching of Br• and the other was
linked to quenching of HOBr. Overall, NH2Cl can interfere in
both the •OH (forming Br•) and ozone pathway (forming
HOBr), serving as an efficient quenching agent throughout the
course of ozonation. Additional benefits of the NH2Cl
treatment over the chlorine-ammonia treatment prior to
ozonation is mitigating the formation of chlorinated and
brominated DBPs, because of a lower reactivity of NH2Cl with
DOM and with Br−. The NH2Cl pretreatment would be less
efficient for waters with higher DOC concentrations (∼5 mg/
L) such as wastewater, but the fraction of Br• oxidized by
ozone can be suppressed by a factor of 2, which results in a
significant reduction in bromate. If the advanced oxidation
processes UV/H2O2 is applied in Br−-containing water, Br−
can scavenge •OH to form Br•. However, even for wastewater
featuring elevated Br− levels, DOM still quenches about 99% of
the •OH (based on 1 μM Br−, 4 mgC/L DOC and k•OH = (2.2
± 0.8) × 104 (mgC/L)−1 s−1 for DOM44−46 and 1.1 × 109 M−1

s−1 for Br− to Br•).21 Because only a minor fraction of Br• leads
to Br-DBPs, small changes are expected in the process
performance.
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