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ABSTRACT: In drinking water chloramination, monochloramine
autodecomposition occurs in the presence of excess free ammonia
through dichloramine, the decay of which was implicated in N-
nitrosodimethylamine (NDMA) formation by (i) dichloramine
hydrolysis to nitroxyl which reacts with itself to nitrous oxide
(N2O), (ii) nitroxyl reaction with dissolved oxygen (DO) to
peroxynitrite or mono/dichloramine to nitrogen gas (N2), and (iii)
peroxynitrite reaction with total dimethylamine (TOTDMA) to
NDMA or decomposition to nitrite/nitrate. Here, the yields of
nitrogen and oxygen-containing end-products were quantified at
pH 9 from NHCl2 decomposition at 200, 400, or 800 μeq Cl2·L−1

with and without 10 μM-N TOTDMA under ambient DO (∼500
μM-O) and, to limit peroxynitrite formation, low DO (≤40 μM-O). Without TOTDMA, the sum of free ammonia,
monochloramine, dichloramine, N2, N2O, nitrite, and nitrate indicated nitrogen recoveries ±95% confidence intervals were not
significantly different under ambient (90 ± 6%) and low (93 ± 7%) DO. With TOTDMA, nitrogen recoveries were less under
ambient (82 ± 5%) than low (97 ± 7%) DO. Oxygen recoveries under ambient DO were 88−97%, and the so-called unidentified
product of dichloramine decomposition formed at about three-fold greater concentration under ambient compared to low DO, like
NDMA, consistent with a DO limitation. Unidentified product formation stemmed from peroxynitrite decomposition products
reacting with mono/dichloramine. For a 2:2:1 nitrogen/oxygen/chlorine atom ratio and its estimated molar absorptivity,
unidentified product inclusion with uncertainty may close oxygen recoveries and increase nitrogen recoveries to 98% (ambient DO)
and 100% (low DO).
KEYWORDS: chloramine chemistry, unidentified product, dissolved oxygen microelectrode interference, disinfection byproduct,
N-nitrosodimethylamine, formation pathway

■ INTRODUCTION
Chloramines are a commonly used secondary drinking water
disinfectant in the United States because they form lower
concentrations of regulated disinfection byproducts (DBPs),1

and chloramine residuals are more persistent compared with
free chlorine.2 At pH levels typical in drinking water systems
(pH 7−10),3 monochloramine (NH2Cl) is the predominant
chloramine species and decomposes through dichloramine
(NHCl2) in the presence of total free ammonia (TOTNH3 =
NH4

+ + NH3) to nitrogen gas (N2), nitrite (NO2
−), and nitrate

(NO3
−).4,5 Several reaction schemes and kinetic models have

been proposed to capture the fate of free chlorine (HOCl +
OCl−) and chloramines under various drinking water
conditions.6−8 The unified (UF) model of chloramine
chemistry9 has been validated experimentally and captures
chloramine speciation and stability under typical drinking
water conditions. Table S1 shows the 14 reactions in the UF
model (U1−U14), with U7−U9 revised based on our previous
work demonstrating reactive nitrogen species (RNS) formed

during NHCl2 decomposition.5 The unidentified intermediate,
I, formed by NHCl2 hydrolysis was shown to be nitroxyl
(HNO) which reacts with dissolved oxygen (DO) to form
peroxynitrite. U1−U10 are relevant to drinking water
chloramination where excess TOTNH3 is present. U11−U14
are relevant to breakpoint chlorination10 and not considered in
this study. U7−U10 are empirical redox reactions formulated
to capture NH2Cl and NHCl2 concentrations over varied
conditions7,11 but do not account for minor nitrogenous
species whose formation pathways may be important in DBP
formation through reactive oxygen species and RNS.4
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In Scheme 1A, HNO dissociates to nitroxyl anion (NO−),
which is a kinetically controlled spin-forbidden reaction.12

HNO/NO− (hereinafter nitroxyl) can react with HNO to form
nitrous oxide (N2O),13 a stable end-product in water,14 that
was missing from previous nitrogen mass balances on
chloramine decomposition.15 However, it is not yet known
the extent to which N2O closes the nitrogen mass balances.
Nitroxyl can also react with (i) NHCl2 to form N2 and HOCl,
(ii) NH2Cl to form N2, and (iii) DO which initiates Scheme
1B, forming the peroxynitrous acid/peroxynitrite anion
(ONOOH/ONOO−, hereinafter peroxynitrite) as an impor-
tant intermediate. Peroxynitrite decomposes through RNS
(e.g., •NO2) and reactive oxygen species (e.g., HO• and
CO3

•−) to either nitrite (NO2
−) plus half a mole of DO or

NO3
−, the distribution of which is pH-dependent.16 Potential

cross reactions between peroxynitrite and/or its decomposition
products and species from the chloramine system are not in
the UF + RNS model, and the extent to which these reactions
may be important in DBP formation is unknown.
Peroxynitrite and/or its decomposition products were

previously shown to react with total dimethylamine [TOTD-
MA = dimethylammonium cation, DMAH+ plus dimethyl-
amine (DMA), pKa = 10.73], to form N-nitrosodimethylamine
(NDMA, Scheme 1C,D).17 NDMA is a nonhalogenated DBP
associated with chloramination18 and is classified by the
United States Environmental Protection Agency as a probable
human carcinogen.19 TOTDMA is a common probe
compound used to assess NDMA formation in chloramine
systems.5,17,18 With 10 μM-N TOTDMA and ambient DO,
our previous work5 showed uric acid, a peroxynitrite
scavenger,20 shutdown NDMA formation at pH 7, where
NDMA final concentrations were the lowest. At pH 9,
however, where NDMA formation was maximal, 160 μM
uric acid decreased NDMA formation by only about half.
Because greater uric acid concentrations increased chloramine

decomposition, it was unfeasible to fairly demonstrate
complete NDMA formation shutdown at pH 9 under ambient
DO. We hypothesize that uric acid could not scavenge
peroxynitrite and/or its decomposition products fast enough to
shutdown NDMA formation under ambient DO. In this
present work, therefore, we assessed uric acid scavenging under
low DO conditions to slow peroxynitrite formation and assess
NDMA formation through the RNS pathway. Nitroxyl and
peroxynitrite are RNS and were previously integrated into the
UF model5 (Scheme 1) and referred to herein as the UF+RNS
model. While this model accurately simulated NHCl2, NH2Cl,
DO, and NDMA kinetics at pH 7−10, N2O final
concentrations were under-simulated at pH 7, 8, and 9 and
oversimulated at pH 10.5 Additionally, NDMA formation
reactions in the UF+RNS model are empirical, leading to the
possibility that other nitrogenous end-product(s) are missing
in Scheme 1. Potential cross reactions with the chloramine
system cannot be properly assessed until all of the stable end-
products are accounted for experimentally.
One possible missing end-product that has yet to be

considered in the UF+RNS model is the so-called unidentified
product of dichloramine decomposition.21 The unidentified
product was first observed almost four decades ago as an
ultraviolet (UV) absorbance-based interference while kineti-
cally monitoring NH2Cl and NHCl2 at 231 and 295 nm.7

Subsequent studies showed its accumulation paralleled total
oxidant loss, absorbed maximally at about 245 nm, and was
stable in water for weeks.21−23 Photolysis destroyed the
unidentified product and yielded two moles of chloride per one
mole of NO3

− along with some NO2
−, demonstrating that it

contained nitrogen (N) and chlorine (Cl). While the structure
of the unidentified product remains unknown, its concen-
tration can be estimated using its estimated molar absorptivity
(ε) of 5000 M−1·cm−1 at 245 nm and assuming one Cl atom
per molecule.21 Like NDMA,5 we hypothesize that the

Scheme 1. Proposed Reaction Scheme for the UF + RNS Model, Showing NHCl2 Decomposition and NDMA Formationa

aAdapted from Pham et al.5 and segmented into Pathways A−D based on DO and dimethylamine (DMA, DMA plus dimethylammonium cation,
DMAH+, pKa = 10.73) presence. Pathway A (orange shading) represents DO-independent chloramine decomposition from NHCl2 hydrolysis to
HNO and ultimately N2O and N2. Pathway B (green shading) summarizes ONOOH/ONOO− formation and decomposition and is initiated by
DO-dependent reactions, increasing Pathway B relevance under ambient vs low DO. Pathway C (yellow shading) is relevant upon DMA addition
and is DO independent. Pathway D (blue shading) forms NDMA and requires DMA and DO-dependent ONOOH/ONOO− generation, making
Pathway D more relevant under ambient vs low DO. Species in the blue font were measured in the current work.
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unidentified product forms through the RNS pathway during
NHCl2 decomposition. Previously reported NHCl2 decom-
position studies have been completed under ambient
DO.6,7,11,24 Potential cross reactions may exist between
reactive oxygen species and RNS and/or their decomposition
products and species such as NH2Cl, NHCl2, and
TOTNH3.

25−27 Assessing NHCl2 decomposition under low
DO would slow peroxynitrite formation and simplify Scheme 1
primarily to Scheme 1A (no TOTDMA) or Scheme 1A,C
(with TOTDMA). N and oxygen (O) mass balances under
ambient and low DO could therefore provide information
about the relative importance of the unidentified product
compared to other NHCl2 decomposition end-products and
insights into its formation pathway to spur future work aimed
at revealing its structure and assessing its potential public
health risk.
The current work assesses the UF+RNS model complete-

ness in terms of N- and O-containing end-products and
assesses the role of chloramine disinfectant chemistry in
nitrogenous DBP formation. If the UF+RNS model is
incomplete, then it will not be robust regarding the
development of generalizable DBP control strategies for
chloramine systems. Here, we seek to identify all the stable
end-products of NHCl2 decomposition and identify potential
missing end-products and reactions to be interrogated in future
work. Scheme 1 was divided into (1) Pathways A and C, which
are DO independent, and (2) Pathways B and D, which
require DO to initiate. Under ambient DO (∼500 μM-O) and
no added TOTDMA, Pathways A and B are relevant, with
Pathway B limited under low DO (≤40 μM-O). With
TOTDMA, Pathways A−D are relevant under ambient DO
with Pathways B and D limited under low DO. To assess
peroxynitrite as the critical NDMA formation intermediate at
pH 9 where NDMA final concentrations are maximal,5 low DO
experiments were completed with uric acid, a peroxynitrite
scavenger.28−30 N and O mass balances were then completed
at pH 9, following NHCl2 decomposition at initial concen-
trations of 200, 400, and 800 μeq Cl2·L−1 under ambient and
low DO in the absence and presence of 10 μM-N TOTDMA
addition (ambient DO ± DMA and low DO ± DMA). N2,
TOTNH3, and NH2Cl were expected to be the primary N-
containing end-products and were measured along with N2O,
NO2

−, and NO3
−. For two treatments with the addition of

TOTDMA, NDMA was also measured. Last, to assess its
potential importance in closing N- and O-mass balances,
unidentified product concentrations were estimated at the
greatest NHCl2 dose (800 μeq Cl2·L−1) to maximize
unidentified product formation under ambient and low DO
without DMA present to prevent DMA interfering with UV
absorbance measurements.

■ MATERIALS AND METHODS
Experiments were performed at room temperature (∼23 °C).
The reagents used are detailed in the Supporting Information,
S2.1. This section’s remainder details peroxynitrite quenching
with uric acid, ambient DO experiments, low DO experiments,
and N and O mass balances.
Peroxynitrite Quenching with Uric Acid and NDMA. A

peroxynitrite quenching experiment was completed using uric
acid under low DO (≤40 μM-O, see Low DO Experiments) at
pH 9 in 40 mM borate buffer [pKa = 9.14,31 referred to herein
as total borate, TOTBO3 = H3BO3 + B(OH)4−, see Supporting
Information, S2.2] with initial concentrations of 800 μeq Cl2·

L−1 NHCl2 (see Supporting Information, S2.3) and 10 μM-N
TOTDMA. NDMA final concentrations at 24 h were
measured in solutions dosed with uric acid at 20, 40, 80,
120, and 160 μM. These uric acid concentrations were shown
to not impact NH2Cl and NHCl2 profiles in our prior work.5

NDMA was identified and quantified using electrospray
ionization gas chromatography−mass spectrometry with an
LoQ of 0.100 μM-N, as detailed previously.5

Ambient DO Experiments. As shown in Scheme S1,
ambient DO experiments ± DMA were prepared in triplicate
in two 40 mL headspace-free amber glass vials (A,C) and one
20 mL nominal crimp seal vial (B) with 12.5 mL of solution
and 7.5 mL of headspace. All vials contained water buffered at
pH 9 with 40 mM TOTBO3 and dosed with NHCl2 at 200,
400, or 800 μeq Cl2·L−1. After 24 h (e.g., following complete
NHCl2 decomposition at pH 9),5 vial A was analyzed for NO2

−

and NO3
− (Supporting Information, S2.4) and for the subset

of vials containing 10 μM-N TOTDMA, NDMA; vial B was
used for N2 quantification (Supporting Information, S2.5),
with the triplicate consisting of initial 15N ratios for NHCl2 of
0.10, 0.15, and 0.20 for each dosed NHCl2 concentration; and
vial C was analyzed for pH and TOTNH3 (Supporting
Information, S2.6 for TOTNH3 quantification and NHCl2
interference), NH2Cl and total chlorine (Supporting Informa-
tion, S2.3), N2O and DO microelectrode measurements
(Supporting Information, S2.7 for quantification and chlor-
amine interference on DO microelectrode), and, for the subset
of vials without added 10 μM-N TOTDMA, UV absorbance
spectra (200−600 nm) to estimate the unidentified product
concentration (see Supporting Information, S2.8).

Low DO Experiments. NHCl2 decomposition and nitro-
gen end-product formation were studied under low DO ±
DMA in a glovebox (Labconco, model 50700-00) with an
ultrahigh-purity nitrogen atmosphere. The workflow was like
the ambient DO experiments (Scheme S1), and the purging
procedure to minimize DO in solutions is detailed in
Supporting Information, S2.9. Prior to each experiment, all
stock solutions and Milli-Q water were checked to ensure that
initial DO microelectrode (Unisense) readings were ≤40 μM-
O. NH2Cl and NHCl2 stock solutions were prepared inside the
glovebox following the same procedure as for ambient DO
experiments. Approximately 10 mL of NH2Cl and NHCl2
stock solutions was transferred into a 25 mL amber glass vial
and taken outside for quantification with the UV−vis
spectrophotometer (Supporting Information, S2.3). The
NH2Cl solution was only used for NHCl2 preparation, and
the resultant NHCl2 solution was only used when measured
concentrations were within ±5% of target concentrations. Low
DO samples were prepared following Scheme S1 for ambient
DO experiments. After 24 h, N2O concentrations were
measured for 7−10 min per sample inside the glovebox
using a N2O microelectrode (Unisense). All remaining sample
vials were removed from the glovebox for measurement of pH,
TOTNH3, NH2Cl, N2, NO2

−, and NO3
−, as detailed

previously. Chloramine species measured using wet chemistry
methods were completed within 10 min after the vial was
opened to minimize possible DO interferences. For the subset
of vials with 10 μM-N TOTDMA added, the NDMA final
concentrations were also measured.

N and O Mass Balances. Twelve N mass balances were
calculated in triplicate, comprising three initial NHCl2
concentrations (200, 400, and 800 μeq Cl2·L−1) and four
experimental treatments (ambient DO ± DMA and low DO ±
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DMA). Six O mass balances were calculated, composed of the
same initial NHCl2 concentrations but for ambient DO
experiments only as the initial DO for low DO experiments
were ≤40 μM-O. The initial total nitrogen concentration for
each condition was determined by summing measured initial
NHCl2 and calculated TOTNH3 concentrations. A calculated
TOTNH3 concentration was used because the initial
TOTNH3 could not be accurately measured with the presence
of NHCl2 (Supporting Information, S2.6). Final total nitrogen
concentrations were measured after 24 h, corresponding to
complete NHCl2 decomposition,5 and consisted of summing
measured μM-N concentrations of TOTNH3, NH2Cl, N2,

N2O, NO2
−, NO3

−, and, when 10 μM-N TOTDMA was
added, NDMA. For one 800 μeq Cl2·L−1 NHCl2 experiment
under ambient and low DO without TOTDMA, the
unidentified product concentration was estimated using
absorbance at 245 nm in units of μM-Cl after accounting for
NH2Cl, NO2

−, NO3
−, and NH3, as detailed in Supporting

Information, S2.8. N2O, ONOO−, and carbonate species had
negligible absorbance at 245 nm (Supporting Information,
S2.8 and Figure S1) and were thus ignored in the unidentified
product quantitation.

Figure 1. NDMA formation at pH 9 in 40 mM TOTBO3 with 10 μM-N TOTDMA and 800 μeq Cl2·L−1 NHCl2 under ambient DO (∼500 μM-O,
reported previously5) and low DO (≤40 μM-O, this work). (a) Kinetic NDMA concentrations in which points are measured values, lines are UF
+RNS model (rev. 1) simulations, and gray-shaded regions encompass one standard error in the estimated model rate constants and (b) NDMA
final concentrations at 24 h as a function of uric acid dose under the ambient and low DO; lines illustrate trends.

Figure 2. Measured (circles) and UF+RNS model (rev. 1) simulated (bars) final concentrations of the major nitrogen containing end-products (a)
TOTNH3, (b) NH2Cl, and (c) N2 and minor nitrogen containing end-products (d) N2O, (e) NO2

−, and (f) NO3
− after a 24 h reaction time in

waters dosed with ca. 200, 400, and 800 μeq Cl2·L−1 NHCl2 buffered at pH 9 with 40 mM TOTBO3 under ambient DO (∼500 μM-O, dark-shaded
bars) and low DO (≤40 μM-O, light-shaded bars) without TOTDMA addition (dark gray and light gray) and with 10 μM-N TOTDMA addition
(dark magenta and light magenta). Error bars on the measured values represent the 95% confidence interval on either side of the mean measured
concentrations (n = 3); error bars on model-simulated values represent one standard error in the model parameter estimates.
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■ RESULTS AND DISCUSSION
Impact of Buffer on Nitrogenous End-Product

Speciation. S3.1 in the Supporting Information and Tables
S2 and S3 demonstrate that 20−40 mM borate buffer
concentration did not impact final concentrations of N-
containing end-products in Scheme 1. To match the pH 9
buffer used in our previous work,5 40 mM TOTBO3 was used
for all experiments in this study.
DO Microelectrode Concentrations Corrected for

NH2Cl and NHCl2 Interferences. S3.2 in the Supporting
Information and Figure S2 show NHCl2 and NH2Cl
concentrations produced positive interferences on the DO
microelectrode signal that were directly proportional to NHCl2
and NH2Cl concentrations. S3.3 and Figure S3 show initial
DO decreased by about 75 μM-O at each pH level to 484−518
μM-O (Figure S3, corrected DO) compared to measured DO
concentrations from our previous work (Figure S3, measured
DO).5 These corrections about doubled the rate constants for
three reactions downstream of DO (S3.4 and Table S4) but
did not impair the NH2Cl, NHCl2, and NDMA concentration
simulations made using Aquasim32 (Table S5) or the
interpretations made regarding the UF+RNS model.5 This
revised UF+RNS model was used to simulate the species in the
N and O mass balances and is referred to herein as the UF
+RNS model (rev. 1).
Peroxynitrite Scavenging Shutdown NDMA Forma-

tion at pH 9 under Low DO. Figure 1a shows NDMA
concentrations at pH 9 for ambient DO from our previous
study5 and that from low DO collected in this work.
The measured NDMA concentrations tracked closely with

the UF+RNS model (rev. 1) simulations. Following Scheme 1,
peroxynitrite formation is directly dependent on the DO
concentration; therefore, lower DO was consistent with
decreased NDMA. For ambient DO (initial DO ∼ 500 μM-
O), NDMA reached a near-constant level of about 7 μM-N
after about 1 h. Compared to low DO (initial DO ∼ 40 μM-
O), NDMA concentrations plateaued at about 2 μM-N after
about 0.5 h. Decreased NDMA final concentrations under low
DO were similar to that reported by Schreiber and Mitch17 and
Yang et al.33 and are consistent with a DO limitation.
Figure 1b shows NDMA final concentrations at pH 9 for

ambient and low DO as a function of uric acid dose up to 160
μM, which was the greatest uric acid dose shown previously
not to impact chloramine decomposition.5 For ambient DO,
NDMA final concentrations decreased from about 7 to 4 μM-
N whereas, under low DO, NDMA final concentrations
decreased from about 2 μM-N to below the limit of
quantification of 0.100 μM-N at uric acid doses of about 80
μM and greater. This supports peroxynitrite as a critical
intermediate in the NDMA formation pathway in chloramine
systems and indicates that uric acid scavenging could be
outcompeted by NDMA formation reactions under ambient
DO, as observed in our previous work.5 This result further
supports all NDMA formation occurring through the RNS
pathway, as shown in Scheme 1.
Nitrogenous End-Products of NHCl2 Decomposition.

Figure 2 shows final concentrations of six nitrogenous end-
products as a function of initial NHCl2 concentrations at pH 9
under ambient and low DO ± DMA and their companion UF
+RNS model (rev. 1) simulated final concentrations. S3.5 and
Figure S4 show measured and simulated NDMA final

concentrations with added TOTDMA only. Tables S6 and
S7 show concentration data used to produce Figures 2 and S4.
Measured TOTNH3, NH2Cl, and N2 final concentrations

increased with initial NHCl2 concentration and were the major
N-containing end-products in accordance with the UF
model.9,11,34 At the 800 μeq Cl2·L−1 NHCl2 dose, measured
TOTNH3 and N2 final concentrations were between 252 and
371 μM-N, and NH2Cl final concentrations were about half at
137−168 μM-N (Figure 2). Measured N2O, NO2

−, and NO3
−

final concentrations also increased with the initial NHCl2
concentration but were comparatively minor with maximum
final concentrations of 30, 10, and 14 μM-N, respectively.
Similarly, Figure S4 shows that measured NDMA final
concentrations increased with initial NHCl2 concentration
with a maximum NDMA formation of about 7 μM-N.
Figure 2a shows that measured TOTNH3 final concen-

trations were greater under low DO compared to ambient DO.
At the 800 μeq Cl2·L−1 NHCl2 dose, measured TOTNH3 was
greater under low DO by about 20% or 60 μM-N (no
TOTDMA) and 25% or 80 μM-N (with TOTDMA). Similar
trends existed for all three NHCl2 doses, suggesting that
TOTNH3 reacted with peroxynitrite or its decomposition
products. HO• and NO2

• have been demonstrated to form
during peroxynitrite decomposition,35−37 and a reaction
between NH3 and HO• was reported in the advanced
oxidation literature25−27 to yield NH2

• which can directly
react with (i) NH2Cl to form NHCl• and NH3, (ii) NHCl2 to
form NCl2• and NH3, (iii) HO• to form NH2OH, (iv) DO to
form NH2O2

•, and (v) NH2
• to form N2H4. Many of these

species are intermediates and, in turn, may react with various
species present in chloramine systems. CO2 proper can alter
peroxynitrite decomposition and form species which could be
relevant in DBP formation. At near neutral pH, dissolved
inorganic carbon (DIC) accelerated ONOO− decomposition
in a concentration-dependent manner, and pH-jump experi-
ments indicated a direct reaction with CO2 proper and not
carbonate species.38 However, DIC was 2 mM in the low and
ambient DO experiments (see Supporting Information, S2.3),
rendering any adventitious DIC negligible (e.g., dissolution of
CO2 from the ambient atmosphere or CO2 evolution from the
samples in the glovebox). The ONOO− reaction with CO2
proper is fast and forms a short-lived intermediate (ONO−
OCO2

−) that undergoes homolytic cleavage of the peroxide
bond to produce carbonate radical (CO3

•−) and nitrogen
dioxide (NO2

•) in ca. 30% yield39 and heterolytic cleavage to
yield NO2

+.38 CO3
•−, NO2

•, and NO2
+ can oxidize, nitrate, and

hydroxylate other species and therefore are candidates for
future investigations of cross reactions with the chloramine
system. While the UF+RNS model (rev. 1), simulated
TOTNH3 concentrations were ±20% of their measured values,
the model generally oversimulated ambient DO and under-
simulated low DO conditions.
Figure 2b shows that measured NH2Cl final concentrations

were less for low DO compared to ambient DO ± DMA by
about 20% or 30 μM-N for the 800 μeq Cl2·L−1 NHCl2 dose.
Under low DO, less NH2Cl (Figure 2b) was consistent with
more TOTNH3 (Figure 2a), suggesting that less HOCl was
released under low DO or HOCl was consumed in another
reaction. However, the 60−80 μM-N additional TOTNH3
measured under low DO was over double the measured
decrease in NH2Cl (30 μM-N). The UF+RNS model (rev. 1)
accurately simulated NH2Cl concentrations for ambient DO
but oversimulated NH2Cl for low DO by as much as 20%.
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Therefore, low DO may have slowed the TOTNH3 consuming
reactions and/or cross reactions that occurred between RNS
and NHCl2 and/or NH2Cl.
Figure 2c shows that measured N2 final concentrations were

similar between ambient and low DO without TOTDMA for
all three NHCl2 doses; this was unexpected as Scheme 1B was
restricted under low DO. With added TOTDMA, however,
measured N2 final concentrations for ambient DO were less
than low DO by 23, 34, and 75 μM-N or 20−32% for NHCl2
doses of 200, 400, and 800 μeq Cl2·L−1. This result follows
Scheme 1, in which more N2 forms when Scheme 1B is
restricted. The UF + RNS model (rev. 1) generally
oversimulated measured N2 formation by up to 30%, with
greater N2 simulated for low DO. This result is consistent with
excess HNO reacting with NH2Cl or NHCl2 to form N2 by U8
or U9 instead of reacting with DO to form peroxynitrite and/
or HNO to additional N2O. However, this trend was only
observed for measured N2 concentrations with 10 μM-N
TOTDMA.
Figure 2d shows that final measured N2O concentrations

increased from about 5−9 μM-N at the 200 μeq Cl2·L−1

NHCl2 dose to 25−30 μM-N at the 800 μeq Cl2·L−1 NHCl2
dose. Measured N2O formation was greater for low DO
compared to ambient DO by about 2−4 μM-N (7−12%
increase at the 800 μeq Cl2·L−1 NHCl2 dose). This result is
consistent with Scheme 1, in which the amount of HNO
siphoned away from N2O formation is directly proportional to
the product of the DO concentration and the second-order
rate constants for R4 and R5. Notably, the model-simulated
N2O final concentrations were less than 2 μM-N and
insensitive to initial NHCl2 and DO concentrations, indicating
a potential deficiency in the UF+RNS model (rev. 1). One
candidate for revision is the R5 second-order rate constant in
Scheme 1B. While the R4 rate constant has been measured as
2.7 × 109 M−1·s−1,12 reports for R5 range from 0.3−1.8 × 104
M−1·s−1,40 with the upper end value used in our prior work5

and the UF+RNS model (rev. 1). A second candidate is the
addition of the cross reaction between NH3 and HO• to form
NH2OH which can react with either HOCl or NH2Cl to form
HNO14 that reacts with itself and its conjugate base (NO−) to
form N2O.13 However, N- and O mass balances are first
needed to assess if there are missing stable end-products in
Scheme 1.
Figure 2e shows that measured NO2

− final concentrations
increased from about 7 to 10 μM-N for ambient DO as initial
NHCl2 concentrations increased from 200 to 800 μeq Cl2·L−1.
With added TOTDMA, NO2

− final concentrations were about
3 μM-N for ambient DO. The difference of about 4−7 μM-N
in NO2

− final concentrations under ambient DO upon 10 μM-
N TOTDMA addition was approximately equal to the
measured final NDMA (Figure S4). It is possible that
NDMA formation interrupted the NO2

− formation pathway
during peroxynitrite decomposition as opposed to a direct
reaction with peroxynitrite proper, as currently implemented
empirically in the UF+RNS model (rev. 1). Under low DO,
NO2

− was below the level of detection, which supports the
assertion that NO2

− did not form in Scheme 1A but rather in
Scheme 1B as a product of peroxynitrite decomposition. NO2

−

was adequately simulated by the UF+RNS model (rev. 1) for
the four experimental conditions and three NHCl2 doses.
Figure 2f shows that final measured NO3

− concentrations
increased from about 5 to 14 μM-N for ambient DO as initial
NHCl2 concentrations increased from 200 to 800 μeq Cl2·L−1.

With added TOTDMA, NO3
− final concentrations were about

3 to 5 μM-N for ambient DO, indicating that 10 μM-N
TOTDMA addition interrupted the NO3

− formation pathway
during peroxynitrite decomposition. Coupled with the findings
in Figure 2e, NDMA formation may have stemmed from
peroxynitrite proper or its decomposition products common to
the NO2

− and/or NO3
− formation pathways. Under low DO,

the NO3
− final concentrations were 2 to 4 μM-N. NO3

− was
oversimulated under all conditions, by about 19 to 30 μM-N
under ambient DO and about 4 μM-N under low DO. It is
likely that species from the chloramine system (e.g., NHCl2,
NH2Cl, and HOCl) interrupted the NO3

− formation pathway
within the peroxynitrite decomposition reaction scheme.16

CO2 can alter the amounts of NO2
− and NO3

− formed.
Sharpless and Linden41 found that 1 mM DIC decreased NO2

−

yields from ONOO− decomposition during UV photolysis of
NO3

− at pH 8. Figure S5 shows UF+RNS model (rev. 1)
simulations of NO2

− and NO3
− yields vs DIC for ambient and

low DO. NO3
− increased while NO2

− decreased with
increasing DIC, the slopes of which were larger at 0−3 mM
DIC compared to 3−30 mM DIC. The total NO2

− plus NO3
−

was near constant with DIC, and at 2 mM (e.g., the DIC of the
ambient and low DO samples), NO3

− was about 85% of the
total while NO2

− was 15%. DIC alters the peroxynitrite
decomposition pathway, which could impact DBP formation as
the species involved in NO3

− formation differ from those of
NO2

−.16

Figure S4 shows measured NDMA final concentrations
increased from about 5 to 7 μM-N for ambient DO as initial
NHCl2 concentrations increased from 200 to 800 μeq Cl2·L−1.
For low DO, measured NDMA final concentrations were
about 2 μM-N at all three initial NHCl2 concentrations,
consistent with a DO limitation. While the UF+RNS model
(rev. 1) simulations were accurate, future work is needed to
revise the empirical rate expressions (Table S4) into
mechanistic implementations following identification of the
nitrosating agent(s).

DO Consumed during NHCl2 Decomposition. Table S8
shows initial measured DO, final measured DO, and calculated
DO consumed based on the initial minus final DO plus one-
half the final NO2

− per Scheme 1B for ambient DO and
ambient DO + DMA. For 200, 400, and 800 μeq Cl2·L−1 initial
NHCl2, the DO consumed was 42, 66, and 101 μM-O for
ambient DO and 26, 42, and 59 μM-O for ambient DO +
DMA, respectively. Following Scheme 1B,D, the addition of 10
μM-N TOTDMA interrupted NO2

− formation, with differ-
ences in NO2

− of 8.2, 11.9, and 14.4 μM-O for the 200, 400,
and 800 μeq Cl2·L−1 initial NHCl2 doses (Table S6, with
NO2

− concentrations in μM-N multiplied by two to convert to
μM-O). The reaction between NHCl2 and DMA (Scheme 1C)
does not consume DO, which may explain the additional DO
consumption without TOTDMA where greater amounts of
HNO form and react with DO (Scheme 1B). N and O mass
balances were assessed next to determine the completeness of
the end-products shown in Scheme 1.

N and O Mass Balances for NHCl2 Decomposition at
pH 9. Figure 3 shows the N and O mass balances for three
initial NHCl2 concentrations and four experimental treatments.
Table S9 shows the nitrogen recovery ratio (NRR) for the

three replicates and four treatments at initial NHCl2
concentrations of 200, 400, and 800 μeq Cl2·L−1, and Table
S10 shows the corresponding two-way analysis of variance
(ANOVA) that was used to compare the NRR among the
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different treatments. Significant differences (p < 0.0001) were
observed among treatment groups with the aggregated NRR as
follows for treatment (NRR ± 95% CIs): ambient DO + DMA
(0.84 ± 0.05) < ambient DO (0.90 ± 0.06) ≅ low DO (0.93 ±
0.07) < low DO + DMA (1.00 ± 0.08). While complete N
recovery was achieved within error for low DO, N-containing

species other than TOTNH3, NH2Cl, N2, N2O, NO2
−, NO3

−,
and NDMA (Scheme 1) comprise the remainder of the N
mass balances for ambient DO. At the 800 μeq Cl2·L−1 initial
NHCl2 concentration, Figure 3a shows missing N totaled 132
± 51 and 164 ± 66 μM-N in ambient DO and ambient DO +
DMA, respectively, compared to 100 ± 74 and 37 ± 92 μM-N
in low DO and low DO + DMA, respectively. Figure 3b shows
that oxygen recovery ranged from 88−97% for ambient DO
and ambient DO + DMA. At the 800 μeq Cl2·L−1 initial
NHCl2 concentration, the missing μM-O totaled 66 and 43
μM-O in ambient DO and ambient DO + DMA, respectively.
Therefore, under ambient DO, missing N was about 1.2−5.4
times greater than missing O after accounting for measurement
errors. The amount of N and O that could be accounted for in
the unidentified product is assessed next.

Unidentified Product Estimates and Importance in N
and O Mass Balances. Table 1 shows estimated unidentified
product formation from 800 μeq of Cl2·L−1 NHCl2
decomposition at pH 9 in 40 mM TOTBO3 under ambient
and low DO calculated using the absorbance method
previously described.
Based on the absorbance at 245 nm (A245) and measured

NH3, NH2Cl, NO2
−, and NO3

− concentrations, unidentified
product formation was estimated (assuming 1 Cl atom in the
unidentified product) to be 30.6 and 9.9 μM-Cl under ambient
and low DO, respectively. Despite the relatively large ε of
ONOO− at 245 nm (1150−1750 M−1·cm−1),44 peroxynitrite
species (pKa = 6.8)45 did not interfere with unidentified
product quantification because the UF+RNS model (rev. 1)
indicated that they were fully decomposed after about 1 h (see
Figure S1), whereas the absorbance spectra were collected after
24 h. Assuming 1 or 2 mol of N, O, and Cl in the unidentified
product, as speculated by others,21 its formation ranges were
15.3−61.2 and 5.0−19.8 μM-N or −O under ambient and low
DO, respectively. These final unidentified product concen-
trations were like the other minor N-containing species
concentrations in Figure 2 (e.g., N2O, NO2

−, and NO3
−)

and Figure S4 (e.g., NDMA), illustrating the need to
determine the structure of the unidentified product and
quantify it kinetically prior to further revision of the UF+RNS
model (rev. 1).
The DO consumption could not be accurately measured

under low DO due to the magnitude of NHCl2 interference on
the DO microelectrode (Figure S2) relative to the initial DO
(≤40 μM-O). However, for the 800 μeq Cl2·L−1 NHCl2 dose,
the unidentified product estimate (5.0−19.8 μM-O) and
measured final NO2

− (not detected, Table S6) and NO3
− (4.3

μM-N, Table S6 multiplied by two to convert to 8.6 μM-O per
Scheme 1) concentrations indicate that the initial DO must
have been at least 13.6−28.4 μM-O. In comparison, DO
consumed for the corresponding ambient DO was 101 μM-O
(Table S8), which is about 3.6−7.4 times greater. This range is
in line with the approximate three-fold difference in the
unidentified product concentration between ambient and low
DO (Table 1) and consistent with a DO limitation under low
DO.

■ IMPLICATIONS
As all NDMA formation at pH 9 occurred through the RNS
pathway (Figure 1b), N and O mass balances during NHCl2
decomposition were completed to assess the contribution of
this pathway to N and O-containing end-products. TOTNH3,
NH2Cl, and N2 were major N-containing end-products while

Figure 3. NHCl2 complete decomposition mass balances on (a)
nitrogen (N) and (b) oxygen (O) for waters buffered at pH 9 with 40
mM TOTBO3 ± 10 μM-N TOTDMA addition and dosed with 200,
400, or 800 μeq Cl2·L−1 NHCl2 under ambient DO (∼500 μM-O)
and low DO (≤40 μM-O). N mass balances in panel (a) show the
initial total N (Initial N) from the sum of initial measured NHCl2 and
calculated TOTNH3; final total N (Final N) from the sum of final
measured TOTNH3, NH2Cl, N2, N2O, NO2

−, NO3
−, and NDMA;

and the percent N recovered (% N recovered) from dividing the final
by initial total N (see Tables S6 and S7). Error bars in panel (a)
represent 95% confidence intervals calculated using error propagation
from triplicate experiments. O mass balances in panel (b) show the
initial total O (initial O) from the initial measured chloramine
species-corrected DO microelectrode measurement; final total O
(final O) from the sum of the final measured chloramine species-
corrected DO microelectrode measurement plus the O required from
DO (i.e., not from water) based on Scheme 1 for the final measured
NO2

− (1 μM-O/1 μM-N), NO3
− (2 μM-O/1 μM-N), and NDMA

(0.5 μM-O/1 μM-N); and the percent O recovered (% O recovered)
from dividing the final by initial total O (see Table S8). Error bars are
not shown in panel (b) because DO concentrations were measured
once (n = 1). No oxygen data were shown for low DO because the
initial DO was less than 40 μM-O which could not be reliably
quantified because of the chloramine species interferences (see Figure
S2). Numbers above bars represent the average N and O
concentrations unaccounted for in the final totals, with errors not
shown numerically for clarity.
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N2O, NO2
−, NO3

−, and (in the presence of TOTDMA)
NDMA, were minor N-containing end-products (Figures 2 and
S4). The resulting mass balances showed closures between 82
± 5% (ambient DO + DMA) and 97 ± 7% (low DO + DMA)
for N (Table S9) and 88−97% for O (Figure 3b). The
shutdown of NDMA formation under low DO by scavenging
peroxynitrite (Figure 1b) supports the assertion that all
NDMA formation occurred through the RNS pathway. N
and O mass balances completed during NHCl2 decomposition
under ambient and low DO showed that the unidentified
product was DO limited and formed from the RNS pathway.
The unidentified product is not in the UF+RNS model (rev.
1), but its structure first needs to be revealed to facilitate the
kinetic measurements necessary to incorporate it into the
model. For ambient and low DO at 800 μeq Cl2·L−1, assuming
an atom ratio of 2:2:1 for N/O/Cl, including the unidentified
product in the N mass balances increases closure to 93 ± 5%
(ambient DO) and 92 ± 8% (low DO). Therefore,
unidentified product inclusion with uncertainty may close
oxygen mass balances and increase nitrogen recoveries to 98%
(ambient DO) and 100% (low DO). Unidentified product
formation decreased about three-fold under low DO (Table 1),
like NDMA (Figure S4), consistent with a DO limitation,
implicating peroxynitrite and/or its decomposition products.
Given the UF+RNS model (rev. 1) oversimulated NO3

− by
about 20 and 5 μM-N (Figure 2f) under ambient and low DO,
respectively, the unidentified product may have formed by
species that would otherwise decompose to NO3

−, potentially
limiting the UF+RNS model (rev. 1) to assess DBP formation
until it is incorporated into the model. At pH 9, reactions 1−6
from Kirsch et al.16 were identified as major contributors to
NO3

− formation.

ONOOH HNO3 (1)

ONOOH NO HO2 +• • (2)

2NO N O2 2 4
•

(3)

N O H O HNO HNO2 4 2 3 2+ + (4)

ONOOH H O NO 2H O3 2 2+ ++ +
(5)

NO 2H O HNO H O2 2 3 3+ ++ +
(6)

The unidentified product may form by the N-containing
reactants in these reactions (i.e., ONOOH, NO2

•, N2O4, or
NO2

+) and chlorine-containing species from the chloramine
system like HOCl, NH2Cl, and NHCl2. Because the
unidentified product may comprise about 5−20% of the N
mass balance under ambient DO, it could form at μg·L−1 levels
in drinking water systems, like currently regulated DBPs.46

Revealing the structure of the unidentified product and
measuring it kinetically during NHCl2 decomposition is
needed prior to making further revisions to the UF+RNS
model (rev. 1) and is the subject of ongoing research.
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Table 1. Estimated Unidentified Product Formation from Complete Decomposition of 800 μeq Cl2·L−1 NHCl2 in 40 mM
TOTBO3

a

parameter ε245 treatment

M−1·cm−1 units ambient DO low DO

total measured absorbance at 245 nm (A245,Total) NA AU 0.228 0.112
NH3 0.1242 μM-N (AU) 252 (3.0 × 10−5) 312 (3.7 × 10−5)
NH2Cl by indophenol 44543 μM-Cl2 (AU) 165 (0.073) 140 (0.062)
NO2

− 91.942 μM-N (AU) 10.5 (9.6 × 10−4) <0.71 (<6.5 × 10−5)
NO3

− 33.342 μM-N (AU) 14.3 (4.8 × 10−4) 4.3 (1.4 × 10−4)
measured absorbance at 245 nm from known chemicals (A245,Sum) NA AU 0.0749 0.0625
measured absorbance at 245 nm attributed to the unidentified product (A245,UP) NA AU 0.153 0.0495
unidentified product (1 mol Cl) 500021 μM-Cl 30.6 9.9
unidentified product (2 mol N or O and 1 mol Cl) NA μM-N or O 61.2 19.8
unidentified product (1 mol N or O and 2 mol Cl) NA μM-N or O 15.3 5.0
missing N ± 95% CI, Figure 3a NA μM-N 132 ± 51 100 ± 74
missing O, Figure 3b NA μM-O 66 ND

aAt pH 9 under ambient DO (∼500 μM-O, DO) and low DO (≤40 μM-O) calculated with molar absorptivity values at 245 nm (ε245). AU�
absorbance units; NA�not applicable; and ND�not determined because the initial DO was ≤40 μM-O and could not be reliably measured due
to the chloramine species interferences (see Figure S1).
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