
WATER TREATMENT

Chloronitramide anion is a decomposition product
of inorganic chloramines
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Kristopher McNeill2*, David G. Wahman3*

Inorganic chloramines are commonly used drinking water disinfectants intended to safeguard public
health and curb regulated disinfection by-product formation. However, inorganic chloramines themselves
produce by-products that are poorly characterized. We report chloronitramide anion (Cl–N–NO2

−)
as a previously unidentified end product of inorganic chloramine decomposition. Analysis of
chloraminated US drinking waters found Cl–N–NO2

− in all samples tested (n = 40), with a median
concentration of 23 micrograms per liter and first and third quartiles of 1.3 and 92 micrograms per liter,
respectively. Cl–N–NO2

− warrants occurrence and toxicity studies in chloraminated water systems
that serve more than 113 million people in the US alone.

F
or >100 years, drinking water disinfec-
tion, primarily with chlorine, has been
used to inactivate pathogens to curb wa-
terborne disease and safeguard public
health (1). However despite its efficacy

as a disinfectant, chlorine reacts with natural
and anthropogenic organic matter, bromide,
and iodide to form disinfection by-products
(2, 3) that have been associated with bladder
and colon cancer (4, 5), low birth weight (6),
and miscarriage (7). Of the estimated 600 to
700 disinfection by-products identified over
the past 50 years (3), trihalomethanes and
haloacetic acids are the predominant com-
pounds formed on a mass basis during chlo-
rine disinfection, and they are regulated in the
US by the Environmental Protection Agency
(EPA) (8). Since promulgation of the 1998 EPA
Stage 1 Disinfectants and Disinfection Byprod-
ucts Rule (9), many public water systems have
switched to alternative disinfectants, includ-
ing inorganic chloramines (10). Recent surveys
of US drinking water systems estimate that
>113 million people are supplied chlorami-
nated drinking water (11). Although inorganic
chloramines form fewer regulated disinfection
by-products, they may enhance the formation
of other disinfection by-products, including
those containing nitrogen, which may be more
toxicologically relevant (12).

When using inorganic chloramines in drink-
ing water, monochloramine (NH2Cl) is the pre-
dominant species and reacts with drinking
water constituents (e.g., natural organic matter,
NOM) or decomposes through dichloramine
(NHCl2) to end products that include nitrogen
gas, nitrite (NO2

–), andnitrate (NO3
–) (13, 14). An

inorganic chloramine kinetic model (15, 16) has
long been used to simulate NH2Cl and NHCl2
concentrations, but further kinetic model refine-
ments are required to delineate disinfection
by-product formation pathways and to develop
generalizable control strategies. Specifically, ac-
counting for inorganic chloramine decompo-
sition intermediates and minor end-products
remains incomplete (17). One unknown inor-
ganic chloramine decomposition end product
was first detected >40 years ago as an ultra-
violet (UV) absorbance interference while
kinetically monitoring NH2Cl and NHCl2 (18).
This so-called unidentified product (UP) was
subsequently observed from NHCl2 decompo-
sition using liquid chromatography (19), and
was then shown to also form during NH2Cl de-
composition (19, 20).
Previous efforts to characterize the UP have

used two inorganic chloramine decomposition
methods for UP formation (20), which are fast
(over hours) pH cycling startingwithNHCl2 or
slow (over days toweeks)NH2Cl decomposition.
In the formermethod, the pHof an initially pure
NH2Cl solution is lowered to pH 3 to 4, creating
apureNHCl2 solution. Then, theNHCl2 solution
is subjected to repeated pH cycling between
high and low pH. At high pH (i.e., pH 9 to 10),
some NHCl2 converts to NH2Cl, whereas most
NHCl2 decomposes through base-catalyzed hy-
drolysis, resulting in UP formation. At low pH
(i.e., pH 3 to 4), any remaining NH2Cl converts
back to NHCl2. For the slow NH2Cl decomposi-
tion method, a pure NH2Cl solution is adjusted
to a drinking water–relevant pH (i.e., pH 7 to
9). Then, the NH2Cl slowly converts to NHCl2
which decomposes through based-catalyzed
hydrolysis, resulting in UP formation. Using

the formed UP, subsequent photolysis and sul-
fite destruction experiments found that the UP
likely contains one or two atoms of chlorine and
nitrogen (20). Concerningly, the inorganic chlor-
amine decomposition and UP destruction ex-
periments demonstrated that UP formation
was 4 to 5% of the total inorganic chloramine
concentration decomposed (21). This finding
suggests that the UPmay form at microgram
per liter levels in chloraminated drinkingwaters,
like regulated trihalomethanes and haloacetic
acids (22). Subsequent UP characterization ef-
forts showed that the UP did not partition into
organic solvents and was strongly retained by
anion exchange resins but could not be eluted,
indicating that it had a large selectivity coeffi-
cient and/or may have reacted with the tertiary
andquaternary ammoniumexchange groups on
the resins (23). Prior toxicity studies are there-
fore unlikely to have included the UP because
of their reliance on resins and organic solvents
to formulate enriched disinfection by-product
mixtures for bioassays [e.g., (24)].
Despite being able to reproducibly form the

UP for >30 years, prior characterization efforts
(20, 21, 23, 25) were stymied by analytical limi-
tations and an incomplete understanding of
inorganic chloramine decomposition chemis-
try and UP formation, which we have worked
to address (14, 17). Specifically, we reported that
the product of NHCl2 hydrolysis was nitroxyl
(HNO) which reacts with dissolved oxygen to
form peroxynitrite (ONOOH) (14). Adding HNO
and ONOOH chemistries to the inorganic chlor-
amine kinetic model (15, 16) demonstrated their
roles as key intermediates in the formation of
N-nitrosodimethylamine (14), an unregulated
disinfection by-product of human health con-
cern associated with inorganic chloramine use
(26). We later showed that UP formation was
dependent on dissolved oxygen (17) and was
likely formed by inorganic chloramine species
reacting with ONOOH decomposition products
(e.g., NO2

•, N2O4, or NO2
+) which would other-

wise form NO3
– (27). Identifying the UP could

(i) spur occurrence and toxicity studies to assess
its public health risk in drinking water and
(ii) facilitate completion of the inorganic chlor-
amine kinetic model (14), which is needed to
assess the formation and control of disinfection
by-products to improve drinking water quality
in systems using inorganic chloramines.

UP formation

Following previous work (20, 23), the UP was
formed by two known methods: slow NH2Cl
decomposition and fast pH cycling starting with
NHCl2 (see the supplementary materials). For
the first method, the UP was formed in the
absence and presence of a reconstituted (28)
riverine NOM. The UP was absent on the ion
chromatography (IC) conductivity chromato-
gram, presumably due to its low concentration
(fig. S1A), but it was present on IC absorbance
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chromatograms at 243 nm (IC-UV243; see the
supplementary materials and fig. S1B), eluting
at ~49 min.
UP formation from fast pH cycling starting

with NHCl2 was proportional to the initial NHCl2
concentration and increased with the number
of pH cycles. UP peak area by IC-UV243 increased
fivefold as the initial NHCl2 concentration in-
creased from 0.5 to 2 mM (Fig. 1A). For the
initial 2 mM NHCl2 concentration, the UP for-
mation was ~11 counts after one pH cycle and
15 counts after three pH cycles, consistent with
prior work (23) showing incomplete NHCl2
decomposition after one pH cycle. Decreasing
the pH with HNO3 resulted in similar UP for-

mation compared with H2SO4 and indicated
excess NO3

− (e.g., 440 mg/liter as N) did not
affect UP formation. Increasing the pH with
NH4OH instead of NaOH, however, decreased
the UP formation about threefold.
UP formation from slow decomposition of

1.5 mM NH2Cl at pH 7.5 was monitored over
21 days for an initial chlorine to ammonia-
nitrogen molar ratio (Cl2:N) of 0.1 and 0.5 mol
Cl2•(mol N)−1, like prior work (20). The Cl2:N
ratio represents the amount of free chlorine
and free ammonia used to form inorganic chlor-
amines. To assess the plausibility of drinking
water UP formation where NOM is typically
present, an initial Cl2:N of 0.5 mol Cl2•(mol N)−1

was monitored with NOM added at 50 mg/liter
dissolved organic carbon (DOC) as carbon. Al-
though this DOC level is about an order of
magnitude greater than that of most drinking
waters, the initial NH2Cl to DOC mass ratio
(Cl2:DOC) was ~2, which is typical of US drink-
ing water systems (29). Without NOM, and as
expected based on known inorganic chloramine
chemistry (16), NH2Cl decomposition was sim-
ilar for an initial Cl2:N of 0.1 and 0.5 mol Cl2•
(molN)−1 (Fig. 1B). For an initial Cl2:N of 0.5mol
Cl2•(mol N)−1 with added NOM (0.5 + NOM),
NH2Cl decomposition was greater and faster
(Fig. 1B, inset), indicating that NOM accelerated
NH2Cl decomposition, like in natural waters [e.g.,
(30)]. NO3

− increased from~0.3 to 0.5mg/liter
as N over 21 days for an initial Cl2:N of 0.1 and
0.5 mol Cl2•(mol N)−1 (Fig. 1C) and from ~0.3 to
1.4 mg/liter as N for the 0.5 + NOM condition.
These results were consistent with previous
work showing that NOM reacts with NH2Cl
to formmore NO3

− and free ammonia but less
nitrogen gas (31). UP formation increased over
21 days to ~4 counts and was similar at an
initial Cl2:N of 0.1 and 0.5 mol Cl2•(mol N)−1

(Fig. 1D), like previous results (20), indicat-
ing that excess free ammonia did not affect UP
formation during slow NH2Cl decomposition.
Figure S2 shows a direct linear relationship be-
tweenUP peak area andNH2Cl decomposed for
the initial Cl2:N of 0.1 and 0.5 mol Cl2•(mol N)−1

with anR2 of 0.96 (n = 12). TheUP peak area for
the Cl2:N = 0.5 + NOM treatment was greater
than or within the best-fit line 95% confidence
interval, suggesting the reactive nitrogen spe-
cies involved in UP formation (17) were not
quenched by NOM at an initial Cl2:DOC ratio
relevant to drinking water (32).

UP unequivocal ionic formula

IC–negativemode electrospray ionization–ultra-
high-resolution mass spectrometry (IC–ESI–
UHRMS; see the supplementary materials) was
used to separate the UP from chloride, sulfate,
and phosphate anions to determine its accu-
rate mass-to-charge ratio (m/z) and isotopic
distribution. The UP eluted between sulfate
and phosphate at an elution time of 10.2 min
(Fig. 2A). For sample a in Fig. 1A, the most
abundant ion measured at an elution time of
10.2 min (Fig. 2B) had anm/z of 94.9655 (Fig.
2C), which closely matches the theoreticalm/z
formonoisotopic ClN2O2

− (33) (see the supple-
mentary materials). Excellent agreements were
observed between the measured and theoret-
icalm/z values for 37Cl (Fig. 2C), 18O (Fig. 2C),
15N (Fig. 2D), and 17O (Fig. 2D) isotopes, with
mass deviations (Dm) of 1.053 ppm or less. Fur-
thermore, their respective relative abundances
were in excellent agreement (Fig. 2E), partic-
ularly given the low abundances (<1%) of the
15N, 18O, and 17O isotopes. Similar plots are
shown for the other four UP samples marked
with lowercase letters in Fig. 1, A and D, which
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Fig. 1. UP formation from inorganic chloramine decomposition. (A) UP and NO3
− formation from

fast pH cycling starting with initial NHCl2 concentrations (C0) of 0.5, 1, or 2 mM and one or three
pH cycles between pH 3.7 to 4.0 and 9.5. H2SO4 or HNO3 was used to decrease pH and NaOH or NH4OH
was used to increase pH, as indicated by the check mark below each bar. For the sample formulated
with HNO3, NO3

− was 440 mg/liter N and is not shown due to scaling. (B) Slow decomposition of
1.5 mM NH2Cl over 21 days at pH 7.5 and an initial Cl2:N [mol Cl2•(mol N)−1] of 0.1, 0.5, and 0.5 + NOM,
in which the NOM concentration was 50 mg/liter as C dissolved organic carbon and the inset magnifies
the NH2Cl data <20 mg/liter Cl2. (C and D) Corresponding formation of NO3

− (C) and UP (D).
Lowercase letters in (A) and (D) indicate the samples used to determine the UP unequivocal ionic
formula (Fig. 2 and figs. S3 to S7).
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included the 2 mM NHCl2 sample formulated
withH2SO4 andNH4OH (fig. S3) and the three
samples formulated by slow NH2Cl decompo-
sition at an initial Cl2:N of 0.1 mol Cl2•(mol N)−1

(fig. S4), 0.5 mol Cl2•(mol N)−1 (fig. S5), and
0.5 mol Cl2•(mol N)−1 with added NOM (fig.
S6). These results demonstrate that the same
UP formed from fast pH cycling starting with
NHCl2 and slow NH2Cl decomposition. ClN2O2

−

fragmentation was attempted at a normalized
collision energy of 120%, but was not successful,
a logical result given the low UP m/z (<100) re-
lative to the 50m/z fragment cutoff. TheUPwas
also observed by direct infusion ESI–UHRMS
(fig. S7), bypassing the IC separation, which
confirmed that it was not formed as a reaction
product on the anion exchange resin as was
previously speculated (23). This evidence sup-

ports the assertion that the unequivocal UP
ionic formula is ClN2O2

−.

Cl–N–NO2
− synthesis and formation pathway

The UP was synthesized (Fig. 3A, pathway f, and
see the supplementarymaterials and figs. S8 and
S9) based on a plausible formation pathwaywith
the nitronium cation (NO2

+) as the key interme-
diate (17). A hypothesized structure of Cl–N–NO2

−

Fig. 2. UP accurate mass and
ion peaks in MS spectra indi-
cating that the unequivocal
molecular formula is ClN2O2

−.
(A) Total ion count from IC-ESI-
UHRMS chromatograms. Solid
black line indicates fast pH
cycling starting with NHCl2
(Fig. 1A, sample a); dashed
maroon line indicates slow NH2Cl
decomposition (Fig. 1D, sample
e); and dash-dot blue line indi-
cates Cl–N–NO2

− synthesis.
(B) UP selected ion chromato-
grams of peak at m/z = 94.9654
from fast pH cycling starting with
NHCl2 (Fig. 1A, sample a), slow
NH2Cl decomposition (Fig. 1D,
sample e), and Cl–N–NO2

− syn-
thesis had matching elution times
of 10.2 min. (C and D) Theoretical
isotopic pattern (33) (cyan bars)
and measured ions (black spikes)
from fast pH cycling starting
with NHCl2 (Fig. 1A, sample a) of
35ClN2O2

− (Dm = 1.053 ppm),
37ClN2O2

− (Dm = 0.000 ppm),
and 35ClN2

18O16O− (Dm = 1.031 ppm)
(C) and 35Cl15N14NO2

− (Dm =
1.042 ppm) and 35ClN2

17O16O−

(Dm = 0.000 ppm) (D). (E) Mea-
sured and theoretical m/z and
relative abundances of ion
peaks in MS spectra from fast pH
cycling starting with NHCl2
(Fig. 1A, sample a).

2 4 6 8 10 12 14
Elution Time (minutes)

0

1

2

3

A
bu

nd
an

ce

108

Fast pH Cycling Starting with NHCl2
Slow NH2Cl Decomposition
Chloronitramide Anion Synthesis

UP: ClN2O2¯ in ESI¯

2 4 6 8 10 12 14
Elution Time (minutes)

0

2

4

6

A
bu

nd
an

ce

109

Fast pH Cycling Starting with NHCl2
Slow NH2Cl Decomposition
Chloronitramide Anion Synthesis

Cl¯ NO3¯

PO4
3−

UP

94.5 95 95.5 96 96.5 97 97.5
m/z

0

20

40

60

80

100

R
el

at
iv

e 
A

bu
nd

an
ce

 (
%

)

94.9655
35ClN2O2¯

96.9624
37ClN2O2¯

see Panel D

96.95 96.96 96.97 96.98

1

2

96.9695
35ClN2

18O16O¯

96.9624
37ClN2O2¯

95.9 95.95 96 96.05
m/z

0

0.2

0.4

0.6

0.8

1

R
el

at
iv

e 
A

bu
nd

an
ce

 (
%

)

A

B

DC

E

95.9625
35Cl15N14NO2¯

95.9696
35ClN2

17O16O¯

Ion 
m/z Relative Abundance (%) 

Measured Theoretical Measured Theoretical 
35ClN2O2 94.9655 94.9654  100 100 
37ClN2O2 96.9624 96.9624   31   33 

35Cl15N14NO2 95.9625 95.9624         0.69          0.74 
35ClN2

18O16O 96.9695 96.9696         0.40          0.42 
35ClN2

17O16O 95.9696 95.9696           0.072            0.077 

0

SO4
2−

RESEARCH | RESEARCH ARTICLE

Fairey et al., Science 386, 882–887 (2024) 22 November 2024 3 of 6

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of A

rkansas - Fayetteville on N
ovem

ber 21, 2024



was initially proposed based on the experimen-
tal context in which the UP was formed using
multiple lines of evidence (34). Under drinking
water conditions in which excess ammonia is
present, pathway a (Fig. 3A) is the intrinsic
NH2Cl decomposition pathway, occurring in
parallel with NH2Cl demand reactions fromwa-
ter constituents such asNOM(35). In pathway a,
NH2Cl decomposes to NHCl2, followed by NHCl2

hydrolysis to HNO (14). Some HNO reacts with
dissolved oxygen to formONOOH (36), which is
unstable and decomposes through various re-
active nitrogen species to NO2

– and NO3
– (27).

NO2
+ (Fig. 3A, pathway b) was hypothesized as

the nitrating agent, formed by ONOOH decom-
position (37). We posit a NO2

+ reaction with
NH2Cl (Fig. 3A, pathway c) or NHCl2 followed
by hydrolysis (Fig. 3A, pathway d), forming chlo-

ronitramide (Cl–NH–NO2), which dissociates
to Cl–N–NO2

− (Fig. 3A, pathway e).

Cl–N–NO2
− structural confirmation, molar

absorptivity, and photolysis pathway

To generate sufficient Cl–N–NO2
− for spectro-

scopic characterization, three Cl–N–NO2
− for-

mation methods (including mono– and dual–
15N-labeled Cl–N–NO2

− versions) were developed

Fig. 3. Proposed Cl–N–NO2
− formation and

synthesis pathways, 15N NMR spectrum
of dual-labeled Cl–N–NO2

−, and FTIR spectrum
of unlabeled Cl–N–NO2

−. (A) Pathway
a (black) shows NH2Cl decomposition to NHCl2
in the presence of excess ammonia (35) followed
by NHCl2 hydrolysis to HNO (14) and reaction
with O2 to ONOOH (36). Pathway b (orange)
shows ONOOH decomposition (27) to NO2

+, the
proposed key intermediate and nitrating agent.
NO2

+ reacts with NH2Cl and NHCl2 in pathways
c (purple) and d (gray), respectively, to form
Cl–HN–NO2

−, which dissociates to Cl–N–NO2
− in

pathway e (blue). Pathway f (green) shows
Cl–N–NO2

− synthesis (see figs. S8 and S9 for details)
from chloramine-T (62) and NO2

+ to an intermediate
N-chloro-N-nitro-p-toluenesulfonamide (INT-1) that
undergoes hydrolysis (H2O), deprotonation (– 2H+),
and tosic acid loss (– ArSO3

−) to Cl–N–NO2
− in

pathway e (blue). Pathway g (brown) shows NH2Cl
reaction with H+ and NO2

− to NO2Cl, followed by
decomposition to NO2

+, feeding into pathway c
and/or d. (B) 15N NMR spectrum of dual-15N-labeled
Cl–N–NO2

− whole-water sample produced using
Cl–N–NO2

− formation method 3C (see the supple-
mentary materials) containing species including
NH4

+/NH3, NO3
−, NO2

−, and chloride. With
the spectrum referenced to liquid ammonia
(d = 0 ppm) using the NO3

– peak in the sample
(d = 376.5 ppm) (38), the resonances at d =
367.9 ppm and 256.1 ppm are assigned to the
nitro and the amide nitrogen atoms, respectively.
(C) FTIR spectrum of unlabeled Cl–N–NO2

−

measured in a KBr pellet after lyophilization of
a Cl–N–NO2

− isolate produced by formation
method 3A (see the supplementary materials)
showing bands consistent with NO2 stretching
modes (1465 and 1195 cm−1) and the N–N
stretching mode (1086 cm−1), with NO3

−

present as a background contaminant. NaNO3
spectrum is shown to control for NO3

−. AU,
absorbance unit; chloramine-T, sodium
N-chloro-p-toluenesulfonamide.
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(see the supplementary materials) with subse-
quent Cl–N–NO2

− isolation by IC (see the sup-
plementary materials) and confirmation by
hydrophilic interaction liquid chromatography
UHRMS (see the supplementary materials and
figs. S10 to S16). Cl–N–NO2

− concentrations were
greatest for Cl–N–NO2

− formation method 3
[Fig. 3A, pathway g (intended) and Fig. 3A path-
ways a andb (adventitious) and fig. S17A],which
was therefore used for structural confirmation
by 15N nuclear magnetic resonance (15N NMR;
see the supplementary materials) and Fourier
transform infrared (FTIR; see the supplemen-
tary materials) spectroscopy and to determine
the Cl–N–NO2

− molar absorptivity (e) for refer-
ence material standardization (see the supple-
mentarymaterials). The 15N NMR spectrum of
Cl–N–NO2

− (Fig. 3B) shows two doublets with
a 15N–15N one-bond coupling constant of 1J =
19 Hz. With the spectrum referenced to liquid
ammonia (d = 0 ppm) using the NO3

– peak in
the sample (d = 376.5 ppm) (38), the downfield
resonance of d = 367.9 ppm is assigned to the
nitro N atom and the upfield resonance at d =
256.1 ppm to the amide N atom. The spectrum
has notable similarities to that reported for the
dinitramide ion,N(NO2)2

−, specifically the nitro
15N resonance at d = 367.5 ppm and the 15N–
15N 1J= 19.3Hz (39). The amide 15N resonance of
N(NO2)2

− (d = 321.4 ppm) is downfield of the
amide resonance of Cl–N–NO2

−, reflecting the
stronger electron-withdrawing effect of the nitro
compared with the chloro substituent. The FTIR
spectrum of Cl–N–NO2

− (Fig. 3C) shows strong
absorption bands at 1465, 1195, and 1080 cm−1.
Compared with previous studies on N(NO2)2

−

(39, 40), these bands are tentatively assigned to
theNO2 asymmetric stretch, theNO2 symmetric
stretch, and the N–N stretch, respectively. The
Cl–N–NO2

− isolate e spectrum was determined
between 190 to 290 nmby photolysis at 254 nm
(Fig. 4A and supplementary materials), result-
ing in an e at 243 (e243) of 5310 ± 170 M−1•cm−1

(95% confidence interval), which is within 6% of
the e243 of 5000M

−1•cm−1 estimated for the UP
by others (20). Subsequently, we posited a pro-
posed photolysis pathway that included chloride,
NO2

−, and nitrous oxide (N2O) as end products
(Fig. 4B and supplementary materials) that was
validatedwith additional photolysis experiments
at 254 nm (see the supplementary materials),
where the expected 2:1 molar ratio was observed
for formed NO2

− to formed N2O (average 1.9 ±
0.2molar ratio; Fig. 4C, supplementarymaterials,
and table S1). The formation of chloride, NO2

−,
and N2O as Cl–N–NO2

− photolysis products (Fig.
4 and figs. S18 and S19) provides additional evi-
dence for the Cl–N–NO2

– structural assignment.
There are two important resonance structures
for this anion (fig. S20), onewith anN=Odouble
bond [chloro(nitro)azanide] and one with an
N=Ndoublebond [chloroimino(dioxido)azanium].
Futurework is needed to determinewhich struc-
ture is a better description of the compound.

Environmental relevance of Cl–N–NO2
−

in chloraminated drinking waters
Given Cl–N–NO2

− presence in archived sam-
ples (see the supplementary materials and
table S2), additional sampling was completed
in chloraminated drinking water systems (see
the supplementary materials and table S3).
Cl–N–NO2

− was not quantifiable (0.17 mg/liter
limit of detection and 0.58 mg/liter limit of
quantitation) in negative controls in three sys-

tems from cantons in Switzerland that did not
use chlorine-based disinfectants. By contrast,
Cl–N–NO2

− was detected in all samples (n = 40)
from 10 chloraminated US drinking water sys-
tems (23 mg/liter median, 120 mg/liter maximum,
and 1.3 and 92 mg/liter first and third quartiles,
respectively). The coefficient of variation among
the samples from a given residence (n = 4)
was 2 to 24% with a median of 5%. The re-
sults indicated that Cl–N–NO2

− may persist in
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Fig. 4. Cl–N–NO2
− molar absorptivity spectra, proposed Cl–N–NO2

− pathway from photolysis at
254 nm and summary of Cl–N–NO2

− photolysis experiments at 254 nm focused on N2O formation.
(A) Determined Cl–N–NO2

− molar absorptivity (e) and associated 95% confidence interval from Cl–N–NO2
−

photolysis at 254 nm experiments where chloride release was correlated with absorbance loss at 243 nm.
(B) Proposed Cl–N–NO2

− photolysis at 254 nm pathway where experimentally quantified reactants and
products are denoted in pink. Photolysis at 254 nm leads to initial, successive release of Cl–, NO2

–, and HNO,
with HNO subsequently reacting with a second HNO to form N2O. (C) Summary of the molar ratios of
NO2

– formed to N2O formed and NO2
– formed to Cl–N–NO2

− destroyed from duplicate N2O-focused Cl–N–NO2
−

photolysis at 254 nm experiments conducted at three initial Cl–N–NO2
− levels (table S1).

RESEARCH | RESEARCH ARTICLE

Fairey et al., Science 386, 882–887 (2024) 22 November 2024 5 of 6

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of A

rkansas - Fayetteville on N
ovem

ber 21, 2024



chloraminated drinking waters, and Cl–N–NO2
−

concentrations may be greater than many
currently regulated disinfection by-products
on a molar basis (average molecular weight =
95.45 g•mol−1) and on a mass basis. Given that
the Cl–N–NO2

− concentration is proportional
to inorganic chloramine decomposition (Fig. 1
and fig. S2), Cl–N–NO2

− concentrations would
presumably increase with ongoing efforts to
emphasize greater inorganic chloramine con-
centrations at the entry point and throughout
the distribution system (41).
Finally, an EPAweb application, Generalized

Read-Across (GenRA), was used to assess po-
tential Cl–N–NO2

− toxicity outcomes (see the
supplementary materials) from in vivo studies
(42, 43). The results indicated potential posi-
tive in vivo toxicity effects in 84 categories: 29
chronic toxicity, 13 prenatal development tox-
icity, 11 multigenerational reproductive toxicity,
9 subacute repeat dose toxicity, and 22 subchro-
nic toxicity. Coupled with Cl–N–NO2

− presence
in all chloraminated drinking waters tested at
concentrations up to 120 mg/liter (table S3), oc-
currence and toxicity studies are warranted
to assess its contribution to the potential pub-
lic health risk suggested by epidemiological
studies (44).

Conclusions

We have demonstrated here that Cl–N–NO2
− is

an inorganic chloramine decomposition prod-
uct. It does not yet have a Chemical Abstracts
Service (CAS) registry number (see the supple-
mentarymaterials), forms under relevant drink-
ing water chloramination conditions, and is
present at microgram per liter levels. The pro-
posed formation pathways (Fig. 3A) were con-
sistent with the product synthesis using NO2

+

as the nitrating agent, and this implicates the
reactive nitrogen species pathway in chlora-
mination (14). Because Cl–N–NO2

− has a 2:2:1
nitrogen: oxygen: chlorine atom ratio, our prior
work conclusions (17) can be extended to infer
that Cl–N–NO2

− inclusion in inorganic chloram-
ine decomposition mass balances may close the
oxygenmass balance and explain up to 98% of
the nitrogenmass balance. Treatment strategies
to curb Cl–N–NO2

− and other reactive nitrogen
species–mediated disinfection by-products [e.g.,
N-nitrosodimethylamine (14)]may include en-
hancing NH2Cl stability and quenching HNO
andONOOHand/or its decomposition products
(e.g., NO2

+; Fig. 3A) during NH2Cl decomposi-
tion. Because activated carbon was previously
shown to destroy the UP by chemical reaction
(23), point-of-entry and point-of-use home and
building treatment systems containing acti-
vated carbonmay chemically reduce Cl–N–NO2

−,
like its precursor, NH2Cl (45). A GenRA sim-
ulation indicated that Cl–N–NO2

− is a poten-
tial human health concern and is therefore
an immediate candidate for quantitation in
source waters, finished drinking waters, and

wastewater effluents; assessment of its carcino-
genicity and reproductive and developmental
toxicities is also needed [e.g., (44, 46, 47)]. In
addition to inorganic chloramine systems, oc-
currence studies should include other chlorine-
baseddisinfectant schemes (e.g., free chlorine and
chlorine dioxide) in which ammonia-nitrogen,
nitrogen-containingNOM,ornitrogen-containing
micropollutants are present [e.g., (48, 49)].
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