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ABSTRACT: With diminishing pristine water, wastewater-aﬀected
waters that contain complex anthropogenic compounds are becoming
important sources of drinking water and the compounds will inevitably
react with disinfectants to form disinfection byproducts (DBPs).
Secondary amines such as diphenylamine (DPA) analogues are
considered as potential precursors of N-nitrosamines. In this study, an
in situ 14N/15N-labeling and screening workﬂow was used to systematically investigate the formation of nitrogenous DBPs (N-DBPs) and
putative reaction pathways. Twenty-four pairs of N-DBPs were generated
and identiﬁed from chloramination of DPA through two main pathways,
in which chloramines reacted with the amino and phenyl functional
groups to form N-nitrosodiphenylamine and monochlorinated 5,10dihydro-phenazine (Cl-DiH-Phe), respectively. Cl-DiH-Phe could further produce phenazine and the coupling products with
another DPA molecule. Selective N-DBP formation was pH and dose-dependent, and the same reactions were observed for
additional two aromatic DPA analogues. Eﬀects of alkyl substituents on the formation pathways were investigated using a series of
dialkyl and N-alkyl aromatic analogues. Only the amino pathway to form nitrosamines was noticed for dialkyl amines, nevertheless,
both the main reactions occurred for N-alkyl aromatic amines. These ﬁndings suggested that the reaction with chloramines through a
phenyl pathway was likely to be crucial for novel nitrogenous heterocyclic byproducts.
and nitrosamines.11,12 Among these N-DBPs, nitrosamines
have been paid increasing attention due to their potential
carcinogenicity. About 600 times cancer potency was found for
N-nitrosodimethylamine (NDMA) compared with individual
regulated THMs from oral exposure.13,14 The nucleophilic
reaction between monochloramine and secondary amine
precursors was considered as the formation pathway of Nnitrosamines. Speciﬁcally, dimethylamine substituted with the
chlorine of monochloramine resulted in the formation of 1,1dimethylhydrazine and the intermediate was further oxidized
by monochloramine to generate NDMA.15 However, subsequent research studies demonstrated that NDMA was more
likely to be caused by dichloramine through a distinctive
chlorinated hydrazine intermediate.16,17 For instance, dichloramine was nucleophilically attacked by dimethylamine with the
formation of the N-chlorinated 1,1-dimethylhydrazine intermediate, and incorporation of dissolved oxygen into a N−Cl

1. INTRODUCTION
Because of a concomitant increase in reliance of drinking water
accompanied by the growing population and the diminishing
availability of pristine water sources, wastewater-aﬀected waters
are becoming increasingly important drinking water sources.1,2
The United Nations World Water Development Report
mentioned that more than 80% of wastewater (municipality,
agriculture, and industry) around the world return to the
environment without treatment, which commonly increased
concentrations of various anthropogenic organic matter (e.g.,
pesticides, pharmaceuticals, and industrial chemicals) in
surface waters.3,4 These complex anthropogenic organic
compounds in wastewater-aﬀected waters will inevitably react
with disinfectants to form a variety of disinfection byproducts
(DBPs).
Several DBPs have been routinely monitored in countries for
exposure-related health concerns,5 but the regulated analogues
are not likely to fully account for the increased bladder cancer
risk in epidemiological studies.6,7 Unidentiﬁed DBP components are likely to be toxicologically relevant ingredients.8,9 As
common disinfectants, chloramines were found to reduce the
formation of regulated DBPs such as trihalomethanes
(THMs)10 but to promote the generation of nitrogenous
disinfection byproducts (N-DBPs) including haloacetonitrile
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bond of hydrazine led to NDMA formation.16 Currently,
NDMA is the predominant component of known nitrosamines,
and has frequently been detected in drinking water with
maximum concentrations of 630 and 189 ng/L in the U.S. and
China, respectively.18,19 Nevertheless, it only contributed to
5% of the median molar amount of the total nitrosamines in
drinking water samples.20 Formation of NDMA was strongly
associated with eﬄuent organic matter in wastewater eﬄuents,
which included a diverse array of anthropogenic compounds
with secondary amine molecular structures that may act as
nitrosamine precursors.21
Diphenylamine (DPA) is a model molecule of diaromatic
second amines. Related analogues such as 4,4′-bis(1,1dimethylbenzyl) diphenylamine (diAMS), and N-phenyl-2naphthylamine (NPNA) were widely applied in various
commercial products including plastics, rubbers, and lubricants.22 The production volumes of DPA analogues were 83−
219 (U.S.) and 34−225 (Europe) kilotons/year, which are
shown in detail in Table S2.23,24 Because of the extensive
usage, DPA and its analogues have been detected in various
dust, sludge, surface waters, and wastewater matrices.22,25−27
For instance, the total concentrations of 17 DPA derivatives
from diﬀerent wastewater treatment plants in Canada were in
the range of 58.3−721 ng/L.26 DPA, isooctyl-diphenylamine,
and diisooctyl-diphenylamine were predominant with median
concentrations of 7.4, 15.5, and 35.9 ng/L in inﬂuent samples,
respectively.26 Industrial emissions and wastewater eﬄuents
were considered as the main sources of DPA derivatives in the
surface water,22 and municipal wastewater eﬄuents were
strongly associated with the formation of nitrosamines.21 DPA
has been reported as a possible precursor of NDPhA and novel
N-containing byproducts (i.e., phenazine and N-chlorophenazine),27 nevertheless, knowledge on formation of additional
DBPs by DPA analogues in disinfection systems is still limited.
In this study, DPA and its analogues were selected to
systematically investigate the formation of N-DBPs during
chloramination. Considering chloramine as the essential
nitrogen source of N-DBPs in the disinfection processes,16,28
a robust in situ simultaneous 14N/15N-chloramine labeling
method was established with aims: (1) to broadly identify
unknown N-DBPs and putative reaction pathways in
chloramination of the speciﬁc DPA secondary amine precursor,
(2) to investigate eﬀects of reaction conditions (e.g., pH
values, chloramine doses, and presence of Suwannee River
fulvic acid) on the formation of N-DBPs, (3) to identify NDBPs of DPA in chloramination of raw water, and (4) to assess
eﬀects of the aromatic and alkyl substitutions on behaviors of
N-DBP formation.
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bottles on ice, transported back to the laboratory immediately,
kept in the refrigerator at 4 °C and used within a week.
2.2. Chloramination Experiments and Sample Pretreatment. Chloramination treatments were conducted in a
series of 42 mL glass ﬂasks. All experiments were carried out in
40 mL of phosphate buﬀer (10 mM, pH = 7) unless otherwise
speciﬁed. Reaction vessels were sealed and stored at 22 ± 1 °C
in darkness for 12 h. To facilitate identiﬁcation of the unknown
N-DBPs, the concentration of DPA analogues was set at 5 μM,
except for diAMS at 1 μM due to water solubility of 2.54 μM.
In all experiments, equimolar 14N and 15N chloramines were
used to react with the secondary amine precursors, which were
freshly prepared before use by mixing 14NH4Cl, 15NH4Cl, and
sodium hypochlorite solutions with a molar ratio of 1:1:1.6 at
pH = 8.29 The chloramines were added into the reaction
solutions with the molar ratio of chloramine/precursor at 100/
1. Because ascorbic acid could reduce the N−Cl bond to form
the N−H bond but hardly reacted with the C−Cl bond on the
aromatic ring30,31 (Appendix S5, SI), an ascorbic acid
quenching experiment was conducted by adding 2 mM
ascorbic acid to reaction solutions to distinguish the N−Cl
bond and C−Cl bond in chlorinated N-DBP structures.
Disinfection-control samples were prepared under the same
conditions as for experimental samples but without addition of
precursor compounds.
To assess impacts of disinfection conditions on the
formation of N-DBPs, chloramination reactions were conducted at molar ratios of chloramine/precursor (5/1, 10/1,
50/1, 100/1, and 500/1), at pH values (4, 5, 6, 7, 8, 9, and 10),
and at speciﬁed time intervals (0−12 h). Samples with
diﬀerent pH values were obtained by adjusting the phosphate
buﬀer (10 mM, pH = 7) with sodium hydroxide (1 M) and
hydrochloric acid (1 M) solutions. Besides, eﬀects of dissolved
organic matter (DOM) on the formation of N-DBPs were also
investigated by adding 3 mg/L Suwannee River fulvic acid
(SRFA, 2S101F, International Humic Substances Society) as
C, based on the concentrations of 2.3−3.9 mg/L DOM as C in
typical source waters.32
After chloramination treatments, the aqueous samples were
not quenched except for the ascorbic acid quenching
experiment. To obtain suﬃcient responses in the analysis of
N-DBP products, the aqueous samples were immediately
concentrated and desalted with solid-phase extraction (SPE,
Oasis HLB, 500 mg, Waters Inc.) cartridges, with detailed
procedures given in the SI Appendix S2. A SPE-control
experiment was performed by directly injecting a chloraminetreated DPA aqueous sample into the instrument, all products
of DPA were detected implying that the SPE process of
unquenched samples did not aﬀect the product formation
pathways.
One liter of initial raw waters (pH = 8) and adjusted raw
waters (pH = 6) were additionally treated by chloramines (0.5
mM) to conﬁrm the occurrence of possible N-DBP products.
The raw water samples were ﬁltered with 0.7 μm glass
microﬁber ﬁlters (Whatman Inc., Pittsburgh, PA) before use.
The raw water samples with and without chloramine treatment
were pretreated by the same SPE and solvent reconstitution
procedures.
2.3. Instrumental Analysis and the N-DBP Screening
Workﬂow. All sample extracts were analyzed by ultrahigh
performance liquid chromatography-Orbitrap Fusion mass
spectrometry for chemical feature detection (MS1 spectra)
and molecular structure characterization (MS2 spectra), and

2. MATERIALS AND METHODS
2.1. Chemicals and Real Water Sampling. All standards
and reagents, including diaromatic, dialkyl, and N-alkyl
aromatic secondary amine analogues, in the chloramination
treatment experiments were obtained commercially, and
detailed information on the CAS number, chemical name,
abbreviated name, formula, structure, and supplier is
summarized in Table S4 and Appendix S1 of the Supporting
Information (SI). Raw water samples were collected from the
Bingcha River (n = 5, N32°30′14.51″, E120°28′54.76″) in
May 2019, which is an important drinking water source for the
surrounding town. Sampling sites were located downstream of
an industrial area. The samples were preserved in brown glass
12950
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detailed instrumental parameters are summarized in the SI
Appendix S3.
The in situ 14N/15N isotopic-pair labeling method facilitated
deconvoluting the mass spectrum data and screening of NDBP candidates.33 14N/15N-DBPs generated from the isotopically labeled chloramination reactions were noticed in peak
pairs, which could be easily distinguished from a mass of other
ion signals (Figure S1). Full-scan MS1 spectra of aqueous
samples after chloramination were converted to the mzXML
format, which were introduced into the XCMS processing
package for feature detection. Mass diﬀerences between every
two detected ions were calculated using Excel (Oﬃce 2013,
Microsoft). Peak pairs that meet the following three criteria
were picked out as 14N/15N-DBP candidates: (i) the mass
diﬀerence of a peak pair (Δm/z) was in the range of 0.99704 ±
error threshold (0.5 parts-per-million, ppm); (ii) intensity ratio
was in the range of 1.0 ± 0.3; and (iii) deviation of the
retention time (RT) was within the range of 10 s. The mass
diﬀerence of 15N/14N-DBPs and the error were calculated by
eqs 1 and 2.
Δm /z = MIM15 N − DBPs − MIM14 N − DBPs

(1)

error (ppm) = (Δm /z − 0.99704)/MIM14 N − DBPs

(2)

MIM15N‑DBPs and MIM14N‑DBPs refer to the monoisotopic mass
of 15N-DBPs and 14N-DBPs, respectively. The constant
0.99704 is the theoretical mass diﬀerence of 15N and 14N.
Elemental compositions of 14N/15N-DBP candidates were
manually assigned within a mass error of 5 ppm using Xcalibur
version 2.2 (Thermo Fisher Scientiﬁc). Molecular structures of
14
N/15N-DBP candidates were elucidated using MS2 spectra.
Illustration of the N-DBP screening workﬂow is shown in
Figure S2A.
All identiﬁed N-DBPs were presented with a conﬁdence
level (CL) based on criteria proposed in the literature,34 in
which the CL = 1, 2, 3, and 4 represented the conﬁrmed
structure by standards, the probable structure by diagnostic
evidence or library spectra, possible structures with positional
isomers, and the unknown structure with the unequivocal
molecular formula, respectively. Detailed information on the
quality assurance and quality control (QA/QC) is presented in
the SI Appendix S4 and Figure S3−S5.

3. RESULTS AND DISCUSSION
3.1. Identiﬁcation of N-DBPs in DPA Chloramination.
The in situ 14N/15N isotopic-pair labeling was used to identify
N-DBPs in chloramination of DPA, a model molecule of the
secondary amine precursors. In total, 31 14N/15N isotopic peak
pairs were observed by the N-DBPs screening workﬂow after
12 h of reaction with a chloramine/DPA molar ratio of 100/1
at pH = 7 (Table S5), among which 24 pairs were discerned to
be N-DBP products. 37Cl-containing peak pairs of chlorinated
products were removed so that only the 35Cl-monoisotopic
ions were kept to avoid duplication. The MS2 analysis was
further performed for each product, fragment ions of which are
summarized in Table S6. These N-DBPs were formed by
various reactions (e.g., oxidation, hydroxylation, chlorine
electrophilic substitution, and nitrogen nucleophilic reactions)
and were thus classiﬁed into four groups on the basis of their
molecular structures (Figure 1).
3.1.1. Group I (NDPhA Analogues). NDPhA was a Nnitrosamine DBP from the nucleophilic and oxidation
reactions of DPA and chloramines. It was conﬁrmed with

Figure 1. Putative reaction pathways of the identiﬁed N-DBPs with a
chloramine/DPA molar ratio of 100/1 at pH 7 after 12 h treatment.
Two main pathways were the generation of group I (NDPhA
analogues, light blue) and group II (5,10-dihydro-phenazine (DiHPhe) analogues, purple) compounds, in which Cl-DiH-Phe was an
intermediate to form group III (Phe analogues, lilac) and group IV
(DiDPA analogues, orange) compounds. In molecular structures,
nitrogen atoms marked in red and black showed the nitrogen sources
from chloramines and DPA, respectively. CL in square brackets
represented the conﬁdence levels of molecular structures.

the CL = 1 by comparing its chromatographic retention and
fragmentation ions with those of the authentic standard
12951
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atoms (from chloramines) were in the enantiomeric position in
15
N-Phe (Figure S9). This fragment characteristic was further
used to conﬁrm the source and position of nitrogen atoms in
other N-DBP candidates. Three hydroxylated and chlorinated
products of Phe (HO-Phe, Cl-Phe, and DiHO-Phe) were also
noticed through further hydroxylation and chlorine electrophilic substitution of Phe, which showed the diagnostic neutral
losses of OH and Cl in MS2 spectra (CL = 3, Table S6),
respectively. HO-Phe and Cl-Phe exhibited a stable fragment
ion (i.e., [C12H814N2]+) that also required a high collision
energy to generate more fragments, indicating the identical
skeleton structure compared with Phe. No fragment ion of ClHO-Phe was observed due to insuﬃcient abundance, so the
conﬁdence level of the structure was set to 4. Phe has been
recently identiﬁed as a novel DBP, which exhibited an
antiproliferative eﬀect at 1.9 μM in cytotoxicity tests of
HepG2 cells and signiﬁcant genotoxicity at 61.5 μM for T24
cells.27,40 1-Hydroxyphenazine was reported to be an electron
acceptor, which interfered with ATP generation and cellular
respiration.41
3.1.4. Group IV (DiDPA Analogues). In addition to the
intramolecular loss of HCl to form Phe, Cl-DiH-Phe could
undergo intermolecular cross-coupling reactions with DPA to
generate coupling productsm(Figure 1, e.g. DiDPA, CL = 2b).
The reaction pathway could be veriﬁed by the pair of
complementary fragment ions in MS2 spectra of 15N-DiDPA
([C12H914N15N]+ and [C12H1114N]+), where [C12H914N15N]+
was from Cl-DiH-Phe and [C12H1114N]+ was the additional
DPA molecule (Table S6). Two monochlorinated and one
monohydrogenated DiDPA (Cl-DiDPA and HO-DiDPA)
were also identiﬁed by the N-DBP screening workﬂow,
which showed the diagnostic neutral losses of Cl and HO in
the MS2 spectra, respectively (Table S6). To conﬁrm the Clposition in the two Cl-DiDPA isomers, ascorbic acid
quenching experiments were further performed. It was
interesting to ﬁnd that the peak of Cl-DiDPA at RT = 9.7
min disappeared, but the other one at RT = 8.6 min did not,
suggesting that the types of Cl bonds were N−Cl and C−Cl
bond in Cl-DiDPA at RT = 9.7 min and RT = 8.6 min,
respectively. The carbanion in a resonance structure of ClDiDPA with N−Cl could further react with the intramolecular
N−Cl bond to form a cyclized product (Cyc-DiDPA, Figure
S7C). The product owned a stable skeleton structure because a
high collision energy for MS2 fragmentation was required
(Figure 1 and Table S6). Besides, two monochlorinated and
one dichlorinated Cyc-DiDPA (Cl-Cyc-DiDPA and DiCl-CycDiDPA) were also identiﬁed, of which the Cl-Cyc-DiDPA
isomer at RT = 7.5 min and DiCl-Cyc-DiDPA were veriﬁed to
have at least one N−Cl bond. Chloramines promoted the
generation of nitrogenous disinfection byproducts and
formation of the noncoupling N-DBPs (e.g., haloacetonitriles,
and haloacetamides) in chloramination of resorcinol was
reported.42 However, to our knowledge, the coupling DiDPA
analogues with nitrogen from chloramines as the reaction
center have not been paid attention.
3.2. Selective Formation of N-DBPs at Diﬀerent
Chloramination Reaction Conditions. 3.2.1. Eﬀect of
Reaction Time. For DPA to suﬃciently react to generate
abundant N-DBPs, the disinfection time was set at 12 h with a
molar ratio of chloramine/DPA (100/1) at pH 7. As shown in
Figure 2A, a pseudo-ﬁrst order kinetic of DPA elimination (R2
= 0.947, p < 0.05) was observed, and 96% of DPA was
consumed after 12 h of reaction. Formation of the four groups

(Figure S2D). By hydroxylation and chlorine electrophilic
substitution of NDPhA on the benzene ring, monohydroxylated and monochlorinated NDPhA (HO-NDPhA and ClNDPhA) were formed, respectively. HO-NDPhA and ClNDPhA were proved to have hydroxyl and chlorine groups by
the neutral losses of OH and Cl in MS2 spectra of the
corresponding 14N/15N-ions, respectively (Figure S6), and
both had a diagnostic loss of NO that was observed in the MS2
spectrum of NDPhA (Figure S2D). Trace amounts of free
chlorine could be generated by hydrolysis of chloramines,35
and it was more likely to be responsible for chlorine
electrophilic substitution and hydroxylation of the benzene
ring to form the Cl- and HO-NDPhA products, respectively.
For instance, various chlorinated and hydroxylated aromatic
compounds were formed from the reaction between free
chlorine and aromatic heterocycles, such as azaﬂuorene and
benzoquinoline.36 NDPhA was found in drinking water with
the median concentration of 2.2 ng/L,19 but the occurrence of
HO-NDPhA and Cl-NDPhA has not been reported.
3.1.2. Group II (DiH-Phe Analogues). Unlike the formation
pathway of NDPhA to form the N−N bond, monochlorinated
5,10-dihydro-phenazine (Cl-DiH-Phe) was produced obtaining the C−N bond, and its structure was inferred by the
neutral loss of HCl and stable fragment ions (i.e.,
[C12H914N2]+ and [C12H914N15N]+ in MS2 spectra of its
14
N/15N-ions, Table S6). The possible formation pathway of
Cl-DiH-Phe was that a carbanion resonance structure of DPA
successively reacted with dichloramine to form a transient
intermediate 5,10-dihydro-phenazine (DiH-Phe) and then
DiH-Phe was further chlorinated to form Cl-DiH-Phe (Figure
S7A). The chromatographic peak of 14N/15N-Cl-DiH-Phe
disappeared after ascorbic acid quenching treatment (Figure
S8), which demonstrated the existence of the N−Cl bond.
Thus, the structure of Cl-DiH-Phe was credible with the CL =
2b. By further hydroxylation and chlorine electrophilic
substitution reactions, Cl-DiH-Phe could form dichlorinated,
monochlorinated−monohydroxylated, and dichlorinated−dihydroxylated 5,10-dihydro-phenazines (DiCl-DiH-Phe, ClHO-DiH-Phe, and DiCl-DiHO-DiH-Phe, Figure 1). The
same phenomenon on elimination of the three products also
occurred after quenching with ascorbic acid, indicating that at
least one N−Cl bond existed in the structures. Occurrence of
the N−Cl bond was reported in various DBPs, such as Nchlorinated dipeptides and N-chlorinated neonicotinoid
metabolites, which could be generated in the chlorine
disinfection process of natural/anthropogenic organic compounds containing amino groups.31,37 These DBPs with the
N−Cl bond retained their oxidation reactivity to react with
thiols to form sulfenyl chloride and disulﬁde products,38 and
could interact with biomolecules to create various hazardous
eﬀects. For instance, N-chlorinated amino acids were able to
cause covalent cross-links between the DNA and protein, and
the phenomenon was commonly considered as a genetic
damage and carcinogenic eﬀect.39
3.1.3. Group III (Phe Analogues). By the intramolecular
resonance-assisted elimination reaction of losing the N−Cl
bond (Figure S7B), Cl-DiH-Phe could further produce a stable
conjugated molecule phenazine (Phe), and the chemical
structure was veriﬁed with a conﬁdence level of CL = 1 by
the authentic standard. Particularly in the MS2 spectrum of
15
N-Phe, a pair of fragment ions ([C 11 H 8 14 N] + and
[C11H815N]+) was found to have similar intensity, which
indicated that 14N (originally from the DPA molecule) and 15N
12952
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and in particular, more than 40% of DPA did not react at pHs
≥ 8. It suggested that DPA was more susceptible to reaction
with chloramines under acidic environments.
Dichloramine probably played an important role in the
formation of N-DBPs.16,43 Compositions of chloramine species
(i.e., NH2Cl and NHCl2) were determined in the solutions of
diﬀerent pH values (4−10), and measurable dichloramine
accounted for 23, 9.1, 1.8, and 0.3% of the total chloramines at
pHs = 4, 5, 6, and 7, respectively (Figure S10). NDPhAs were
products with the N−N bond that could be formed by the
amino group of DPA nucleophilically attacked by dichloramine, but the other three groups of N-DBPs were C−N bond
products that were proposed to be from the reaction of a
carbanion resonance structure of the benzene ring with
dichloramine (Figure S7A). As shown in Figure 2B, formation
of Phes, DiH-Phes, and DiDPAs (maximum yields of 20, 56,
and 6%, respectively) was favorable at acidic conditions, which
was consistent with the reaction pathway between the benzene
ring of DPA and dichloramine.
Nevertheless, formation of NDPhAs was found at elevated
pH values and signiﬁcant molecular yields ≥7% were observed
under neutral and basic conditions (Figure 2B). Contents of
reactants and oxygen species (e.g., dissolved oxygen) were vital
factors for NDMA formation in the known reaction
mechanism.16 According to the abundant NDPhA formation
yield (17%) at pH = 8, the dissolved oxygen should be
suﬃcient and was unlikely to be the limiting condition. On the
contrary, acidic conditions were beneﬁcial to the carbanion
reaction between the benzene rings of DPA and dichloramine,
and thereby depressed NDPhA formation by competitive DPA
consumption. Incremental formation yields of NDPhA from
DPA chloramination was also reported at neutral and basic
conditions, while the DPA residual levels remained stable.27
The mass inbalance between NDPhA generation and DPA
removal suggested formation of additional byproducts, which
resulted in the identiﬁcation of phenazine and N-chlorophenazine.27
Therefore, pH values might aﬀect the two main reaction
pathways in diﬀerent ways. The benzene ring of DPA was
preferentially attacked by the carbanion reaction to form Phes,
DiH-Phes, and DiDPAs due to adequate dichloramine
contents at acidic systems. With the presence of trace
dichloramine at alkaline conditions, the nucleophilic reaction
of the unprotonated amino group was more likely to occur
with insigniﬁcant competitive reactions to produce NDPhAs.
3.2.3. Eﬀect of Chloramine Doses. To further examine the
roles of chloramine doses on the formation of N-DBPs,
reactions were performed at chloramine/DPA molar ratios of
5, 10, 50, 100, and 500. As molar ratios of chloramine/DPA
increased from 5 to 500, DPA residual ratios decreased (Figure
2C). It is obvious that relatively high levels of chloramines
(50−100-fold) contributed to the formation of NDPhAs but
too high doses of chloramines (500-fold) hindered the
formation. The reduction of NDPhAs was likely to be caused
by competitive reactions (e.g., the formation of DiH-Phes) at a
high dose of chloramines. Depression of NDMA formation by
enhancing side reactions was observed at the reaction between
dimethylamine and overdosed chloramines at approximately 1
mM in a previous study.17
Unlike NDPhAs, DiH-Phe analogues highly depended on
concentrations of chloramines, as their maximum molar yield
was observed at chloramine/DPA of 500-fold (Figure 2C). In
general, as an intermediate of Phes and DiDPA formation, the

Figure 2. Formation of the four groups of N-DBPs at diﬀerent
chloramination reaction conditions. (A) reaction time of 0−12 h; (B)
pH values at 4−10; and (C) chloramine doses with chloramine/DPA
molar ratios of 5−500. Default experimental parameters of the
reaction time = 12 h, pH = 7, and molar ratio of chloramine/DPA =
100/1 were used, unless otherwise speciﬁed.

of N-DBPs continuously increased in concentrations as DPA
concentration decreased. It was assumed that equimolar NDBPs without standards would have the same instrumental
responses as molecules with similar structures to perform
semiquantitative analysis of N-DBPs (i.e., NDPhAs quantiﬁed
by NDPhA, Phes, and DiDPAs quantiﬁed by Phe, and DiHPhes quantiﬁed by DPA). The assumption helped to show the
relevant abundance of products without standards, but it
should be noted that the calculated product concentrations
based on semiquantitative analysis might deviate from the
actual contents in the solutions. By dividing the molar amounts
of N-DBPs at 12 h by the initial molar amount of DPA, the
molar yields of NDPhAs, Phes, DiH-Phes, and DiDPAs were
measured as 11, 20, 55, and 3%, respectively. The results
counted for nearly 92% of the DPA consumption at 12 h,
which demonstrated that the identiﬁed compounds were
dominant byproducts formed during the chloramination of
DPA.
3.2.2. Eﬀect of pH. The pH value is generally a key factor to
aﬀect formation of N-nitrosamines in chloramination treatment with regard to the impacts on chloramine speciation,
precursor contents in solution, and competitive reactions.43,44
Thus, a series of DPA chloramination experiments were
conducted at pHs 4, 5, 6, 7, 8, 9, and 10 for 12 h. Figure 2B
showed that DPA residual ratios increased with the rise of pH,
12953
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Figure 3. Chromatographic retention and MS2 spectra of 14N/15N-Cl-DiH-Phe in chloramination of raw water (A, B) and 5 μM DPA solution (C,
D) with 0.5 mM chloramines for 12 h.

Figure 4. Formation of N-DBPs during chloramination of various dialkyl, N-alkyl aromatic, and diaromatic secondary amines. (A) Structures of
secondary amine precursors. (B) Distinguishable behaviors on the formation of N-nitrosamines (group I, light blue triangles), DiH-Phe analogues
(group II, purple squares), Phe analogues (group III, green rhombuses), and coupling products (group IV, brown circles). The longitudinal axis
represents a reduced degree of unsaturation and an increased amount of oxygen and chlorine in the N-DBP structures. (C) Representative
structures of groups I−IV N-DBPs. (D) Illustration on putative amino and phenyl reaction pathways to form N−N and C−N bond products
associated with the precursor structures. The dialkyl amines included diethylamine (DEtA), dipropylamine (DPrA), dibutylamine (DBuA),
pyrrolidine (Pyr), morpholine (Mor), and dicyclohexylamine (DChA). The N-alkyl aromatic amines included N-methylaniline (NMeA), Nethylaniline (NEtA), N-propylaniline (NPrA), N-butylaniline (NBuA), and N-cyclohexylaniline (NChA). The diaromatic amines were N-phenyl-2naphthylamine (NPNA), 4,4′-bis(1,1-dimethylbenzyl) diphenylamine (diAMS), and diphenylamine (DPA).

increase of Cl-DiH-Phes would be beneﬁcial to the production
of Phes and DiDPAs. However, DiDPAs were barely generated
at chloramine/DPA of 500-fold, and it was likely to result from
the rapid consumption of DPA, inhibiting the intermolecular

coupling reaction between Cl-DiH-Phes and DPA under the
excessive chloramine dose.
In addition, higher molar yields of hydroxylated products in
the four groups of N-DBPs were observed with molar ratios of
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experiments of varied secondary amine precursors were
performed to investigate the impact on N-DBP formation
(Figure 4A). Distinguishable behaviors on the formation of the
N−N bond (e.g., NDPhA) and C−N bond (e.g., Phe) DBPs
were additionally noticed, through which chloramines attacked
the amino group and benzene ring of secondary amine
precursors with diﬀerent molecular structures. Similar to DPA,
the other two frequently detected diaromatic derivatives (i.e.,
NPNA and diAMS) could react with chloramines to form all of
the N-nitrosamine, phenazine, and dihydrogen phenazine
analogues (Figure 4B), which indicated that the two main
reaction pathways were ubiquitous in chloramination of DPA
derivatives. No coupling product of diAMS was identiﬁed,
which was likely to be attributed to the steric hindrance of the
huge 1,1-dimethylbenzyl moiety in diAMS.
Nevertheless, almost all of the dialkyl amines (diethylamine,
dipropylamine, dibutylamine, pyrrolidine, and morpholine)
were found to undergo only the nucleophilic reaction with
dichloramine to form N-nitrosamines (Figure 4B). The Nnitrosamine products of the six dialkyl amine precursors were
conﬁrmed with the CL = 1 by comparing its chromatographic
retention and fragmentation ions with those of the authentic
standards. Thus, the amino group of dialkyl amines was the
most important reaction site to form N−N bond products, and
it was diﬃcult for alkyl moieties to react with the nitrogen of
chloramines to generate C−N bond products.
Despite having an alkyl substituent, N-alkyl aromatic
precursors (N-methylaniline, N-ethylaniline, N-propylaniline,
N-butylaniline, and N-cyclohexylaniline) still showed strong
reactivity with chloramines. In addition to N-nitrosamines,
various cyclized and uncyclized quinonediimine products were
identiﬁed during chloramination of the ﬁve N-alkyl aromatic
amines (Figure 4B,C). For example, monochlorinated cyclized
quinonediimine products (CL = 3) of N-alkyl aromatic amines
had longer retention times with the growth of the alkyl chain,
and had the same highest abundance of fragment ions
[C8H714N2Cl]+ and [C8H714N15NCl]+ as the cyclized molecular skeleton in the MS2 spectra of 14N and 15N peaks,
respectively (Figure S14). The result showed that the alkyl
substituent of N-alkyl aromatic amines did not hinder
chloramines from attacking the benzene ring to form C−N
bond products.
Moreover, molar yields of nitrosamines from the three
classes of secondary amines were calculated to investigate the
eﬀect of alkyl and phenyl groups on nitrosamine formation.
The analytes without commercial standards were assumed to
have the same instrumental responses as equimolar nitrosamines of similar structures. Obviously, the nitrosamine molar
yields of N-alkyl aromatic (0.4−2.5%) and diaromatic amines
(1.6−7.5%) were higher than those of dialkyl amines (0.1−
0.8%, Figure S15), implying that the phenyl substituents in
secondary amines were likely to promote the nitrosamine
formation in chloramination. Due to the p−π conjugation
eﬀect of amino and phenyl groups, phenyl substituents can
decrease the protonation of amines (increasing pKb values),
which was beneﬁcial to the reaction between unprotonated
amines and dichloramine to form nitrosamines by the
nucleophilic reaction mechanism.16 Therefore, as shown in
Table S4, the higher pKb values of N-alkyl aromatic and
diaromatic amines (8.4−13.2) compared with those of dialkyl
amines (2.7−5.3) could also demonstrate that the phenyl
substituents of secondary amines were highly likely to facilitate
nitrosamine formation during chloramination.

chloramine/DPA at 10−100. Chlorinated DBPs were found to
be highly dependent on disinfectant doses. For instance, with
the increase of chloramine doses (5−500 folds), molar yields
of Cl-Phe and DiCl-DiH-Phe increased from 0 to 0.5% and
1.5%, respectively (Figure S12).
3.2.4. Co-existence of DOM Components. Fulvic acid is
widely present in source waters as a major water-soluble
fraction of DOM. It could competitively react with active
compounds including chloramines,29 and thus interferes with
the N-DBP formation yields. The amount of 3.0 mg/L SRFA
as C was used in similar reaction experiments as described
above for investigating the eﬀects of DOM on formation of NDBPs in the chloramination reactions, because DOM
concentrations were reported to be 2.3−3.9 mg/L as C in
typical source waters.32 After 12 h of reaction, it was observed
that molar yields of NDPhAs increased from 7 to 17% (Table
S7). In addition, the molar yields of Phes, DiH-Phes, and
DiDPAs decreased to 10, 19, and 0.2%, respectively. These
results suggested that DOM was likely to hinder the formation
of DiH-Phes, which further resulted in the reduction of Phes
and DiDPA. The results could be related with the dependent
yield of DiH-Phes with the chloramine doses. As abundant
phenols and polyphenolics in DOM can eﬀectively consume
chloramines, less DiH-Phes were thus produced.
The phenomenon on changes of N-DBP formation yields
was further repeatedly conﬁrmed by spiking the DPA
concentration series (0.5, 0.05, 0.005, and 0.0005 μM) in the
DOM-containing solution. With decrease in the concentration
of DPA, the molar yields of NDPhAs gradually stabilized to
18%, and the molar yields of Phes and DiH-Phes gradually
decreased to 6 and 8% (Table S7), respectively. A similar
molar yield of NDPhA (20%) was observed in the
chloramination of the source water with 1.3 ng/L DPA in a
previous study.27 Therefore, NDPhAs were likely to be more
abundant compared with the other three N-DBPs in the
chloramine treatment of authentic drinking water.
3.3. Formation of N-DBPs in Chloramination of Raw
Water. Raw water samples were collected and used to
investigate the formation potential of N-DBPs from DPA in
chloramination of wastewater-aﬀected waters. DPA was
detected with a concentration of 0.014−0.026 nM and no
related N-DBP was found in the collected samples.
Chloramination was carried out at pH = 8 (initial raw waters)
and pH = 6 (adjusted raw waters) with 0.5 mM chloramines.
After 12 h of reaction, the precursor ion of NDPhA was
detected in chloramine-treated initial raw waters (pH = 8.0) in
the MS1 spectrum, and the quantiﬁed concentration was
0.0017 nM. After chloramination of the adjusted raw water at
pH = 6.0, Phe was identiﬁed with the concentration of 0.0013
nM. The presence of Cl-DiH-Phe was also noticed in the
chloramine-treated raw water samples because retention times
and MS2 spectra of the expected 14N/15N-Cl-DiH-Phe ions
were consistent with those of 14N/15N-Cl-DiH-Phe identiﬁed
in the chloramination experiments (Figure 3). The chloramination experiments on the eﬀect of pH to N-DBP formation
have found that NDPhAs were mainly formed at pH ≥ 7, but
Phes and DiH-Phes were dominating at pH ≤ 7. The pH
dependence of NDPhA, Phe, and Cl-DiH-Phe formation was
also observed in chloramination of raw waters. The results
suggested that Phe and Cl-DiH-Phe are likely to be DBPs in
drinking water treatment.
3.4. Formation of N-DBPs in Chloramination of
Varied Secondary Amine Precursors. Chloramination
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4. ENVIRONMENTAL IMPLICATIONS
In this study, formation of distinct N-DBP analogues and
putative reaction pathways in chloramination of DPA
analogues were systematically investigated by an in situ
14
N/15N-chloramine labeling method. Chloramine reacted
with both the amino group and benzene rings of DPA to
produce NDPhAs and other three groups of N-DBPs (i.e., Phe,
DiH-Phe, and DiDPA analogues), respectively. In general, the
amino reaction pathway only formed nitrosamines, and the
phenyl reaction pathway generated nitrogenous heterocyclic
byproducts and other N-DBPs. Previous studies investigated
the formation of nitrosamines in chloramination and found
that nitrosamines mainly come from the nucleophilic reaction
between dimethylamine and dichloramine through a chlorinated hydrazine intermediate.11,19,21,43 On account of abundant dialkyl secondary amine fragments, pH values, and other
conditions in the actual environmental matrices, formation of
nitrosamines could be dominant. However, there is a dearth of
knowledge regarding the formation of nitrogenous heterocyclic
byproducts in chloramination. The identiﬁed reaction between
phenyl and chloramines was likely to be a crucial formation
pathway of nitrogenous heterocyclic byproducts. Phenylamine
moieties are contained in various anthropogenic industrial
chemicals (e.g., dyes, pesticides, pharmaceuticals, and personal
care products), which are widely present in the environment.27
With increasing use of wastewater-aﬀected source waters, these
contaminants are likely to be transferred to drinking water
treatment plants. Therefore, more detailed research on
toxicological eﬀects, fates, and elimination techniques of
identiﬁed N-DBPs in drinking water treatment plants/
distribution systems would help understand and minimize
potential risks of exposure to human.
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