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Abstract

Inorganic and organic halamines, characterized by a minimum of one nitrogen-halogen
(N—X) bond, have received increased attention in water treatment due to their formation during
disinfection, limited understanding of their reactivity, and potential taste and odour impacts on
drinking water. Understanding the formation mechanisms of N-halamines and their role in toxic
disinfection by-product (DBP) formation is crucial for devising DBP control strategies. This
review highlights recent studies (2021-2025) that investigated formation mechanisms and
reactivity of inorganic and organic halamines, including inorganic chloramines, N-halamines, N-

halamides, and N-halamino acids.
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1. Introduction

Water disinfection is a critical step in drinking water treatment aimed at inactivating pathogens
and inhibiting regrowth in disinfected water. Chlorine (HOCI) and inorganic chloramines (NH2Cl,
NHCI2, NCI3) are the most applied chemical disinfectants due to their disinfection efficacy and
ability to maintain a residual throughout distribution systems. However, chemical disinfectants can
react with organic matter and other components in source waters to unintentionally form
disinfection by-products (DBPs). Consumption of chlorinated water have been associated with
adverse health effects, including bladder cancer and adverse birth outcomes,[1] prompting

investigation into DBP precursors and formation mechanisms[1-3].

The role that halamines have on DBP formation is of interest partly because they can act as
nitrogen sources for nitrogenous DBPs (N-DBPs), which are significantly more toxic than their
carbon-only counterparts[3]. For example, inorganic chloramines are a nitrogen source for
haloacetonitriles, and N-haloacetamides,[4,5] and their reactions have led to N-
nitrosodimethylamine (NDMA) formation, a probable carcinogen[6,7]. Organic halamines are
formed via reactions between chlorine-based disinfectants with nitrogen-containing precursors
including amino acids and amides. Therefore, “organic halamines” is a collective term for N-
halamines, N-halamides, N-halamino acids, and N-halaldimines[2]. Early findings on organic

chloramines were reviewed by How ef al.[2] and Kimura and Ortega-Hernandez[3]. As such, this



review focuses on recent advances of inorganic and organic halamine formation and reactivity

mechanisms, emphasizing their roles as key intermediates in DBP formation, and speciation.

Table 1. Glossary of abbreviations and associated specialized terminology referenced herein.

Abbreviation Description

DBPs disinfection by-products
N-DBPs nitrogenous disinfection by-products
HOCI hypochlorous acid
NH2Cl monochloramine
NHCl2 dichloramine

NClIs trichloramine

NDMA N-nitrosodimethylamine
HNO nitroxyl

NO- nitroxyl anion

ONOOH peroxynitrous acid
ONOOr peroxynitrite anion

‘Up’ ‘unidentified product’
CI-N-NO2~ chloronitramide ion
CINO nitrosyl chloride

Uv ultraviolet

HCl hydrochloric acid

OCI hypochlorite

EAS electrophilic aromatic substitution
FAAs free amino acids

CLO dichlorine monoxide

2. Inorganic chloramines

Chloramine chemistry was unified by Jafvert and Valentine, outlining 14 reactions that

accurately model the formation and degradation of chloramines[8]. However, mechanisms



governing dichloramine (NHCI2) decomposition remained unresolved for more than three decades
[8, 9]. Recent work by the Fairey group (Figure 1a) demonstrated that NHCI2 hydrolysis produces
nitroxyl anion (HNO/NO-), which subsequently reacts with dissolved oxygen to generate
peroxynitrous acid/peroxynitrite anion (ONOOH/ONOO")—a key intermediate in NDMA
formation[7]. The authors reported the formation of an “unidentified product” (UP) whose yield
depended on dissolved oxygen[10]. A follow-up study revealed that NO2" reacts with NH2Cl or
NHCI., followed by hydrolysis to form chloronitramide anion (CI-N-NO2")—the UP, resolving
the long-standing mystery[9]. CI-N-NOz~ was detected in 40 chloraminated U.S. drinking water
samples at concentrations (1.3-92 pg/L; median 23 pg/L) comparable to regulated DBPs,

highlighting its widespread occurrence and relevance[9].

Complementary work by the Chuang group (Figure 1b) has expanded the understanding of
reactions involved in breakpoint chlorination, revealing their pivotal role in NDMA formation and
micropollutant degradation[6, 11]. They investigated the reaction between NCIz and NHCl> and
identified N, N-tetrachloro hydrazine as a transient intermediate that can hydrolyze to form nitrosyl
chloride (CINO)—a potent nitrosating agent implicated in NDMA formation[6]—and/or decompose
to 1,1-dichlorodiazine and hydroxyl radicals (*OH), particularly at acidic pH[11]. Together, these
discoveries demonstrate that chloramine chemistry extends far beyond simple inorganic equilibria;
rather it involves a complex system of nitrosating, oxidative, and radical pathways that control
DBP formation. Future work could clarify how bromide and bromamines participate in these

halamine reaction systems, potentially revealing additional transformation pathways.
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Figure 1. Chloramine chemistry characterized by the a) Fairey group and b) the Chuang group [6-

7,9-11].

3. N-halamines

N-halamines are formed via the halogenation of primary or secondary amines,[2] and from
the reaction of inorganic chloramines with dissolved organic nitrogen/carbon[2, 12]. Algal organic
matter is also an important N-halamine precursor during chlorination[13]. Recently, N-halamines
have been identified as key intermediates in the formation of high-molecular-weight DBPs,[14,
16] and haloacetonitriles[15, 16], as well as during chlorination of pollutant precursors such as
sulfonamides,[17] and benzotriazole[18,19]. Chlorine/sunlight treatment of benzotriazole
produces higher yields of N-chlorobenzotriazole compared to chlorination alone[18]. Recently,
our group revealed that N-chlorobenzotriazole acts as a persistent free-chlorine reservoir that
drives unexpectedly high and pH-dependent DBP formation across diverse water matrices[19].

Photolysis of N-halamines generates reactive radicals that promote micropollutant

degradation and DBP formation[20-26]. A unifying mechanism has emerged: UV cleavage of



N—Cl or N-Br bonds generate *OH, *Cl, *Br and nitrogen-containing radicals, that undergo
hydrogen/alky]l shifts, B-scission, intramolecular rearrangements, and halogenation reactions. For
example, UV activation of chlorinated atenolol generates nitrogen-containing radicals that
undergo 1,2-hydrogen shifts, B-scission, intramolecular addition[20]. UV activation of N-
chlorosarcosine generates *OH, *Cl, and nitrogen-containing radicals that accelerate
micropollutant (metoprolol) degradation and trihalomethane and haloketone formation [21]. The
Zhou group showed that UV-activation of both organic N-chloramines and N-bromamines
enhanced haloacetonitrile and halonitromethane formation, with N-bromamines photolyzing
more rapidly and producing higher *OH levels [22-24]. In bromide-containing waters, N-
bromamines enhances brominated haloacetonitrile formation, whereas NH2Cl suppresses these
pathways by inhibiting N-bromamine formation[24]. Additional studies showed that
UV/chlorination in bromide-containing waters enhances halonitromethane yields and bromine
incorporation[25], and that aliphatic N-chloramines contribute to halonitromethane formation
through *OH and *Cl mediated pathways[26]. Collectively, these findings identify N-halamine
photolysis as a radical-generation mechanism that links micropollutant transformation with shifts
in DBP formation and speciation. However, major knowledge gaps remain, including limited
quantification of radical yields across different N-halamine structures and poor understanding of
the stability of N-halamine intermediates.

4. N-chloramides

N-chloramides form in disinfected waters from the 1) chloramination of aldehydes[4,5], 2)
chlorination/chloramination of amides[27, 28], and 3) chlorination of haloacetonitriles[29]. The
Marinas group confirmed the “aldehyde pathway” is a significant pathway for haloacetonitrile and

N-haloacetamide formation in drinking water via carbinolamine dehydration, and oxidation by



NH2Cl (Figure 2a-b)[4]. In a recent computational study, Xue et al.[5] proposed that the
carbinolamine intermediate undergoes HCI elimination to form an iminol that leads to N-
haloacetamides (Figure 2c¢). Moreover, aldehydes substituted with electron-donating or
withdrawing groups or can enhance haloacetonitrile or N-haloacetamide formation, respectively.

However, aldehydes substituted with conjugated groups are favorable for both[5].

Zhang et al.[27] investigated the chlorination of seven aliphatic and cyclic amides and
found that they react primarily through hypochlorite (OCIl")-mediated pathways to form mono- and
di-substituted N-chloramides. These intermediates subsequently react with phenolic compounds
via electrophilic aromatic substitution (EAS) or electron transfer, generating chlorinated phenols
while partially regenerating the parent amide[27]. Similarly, Lim ef al.[28] studied six nitrogen
heterocycle amides and showed that structural differences strongly influence subsequent reactions
after initial N-chloramide formation. For example, the N-chloramide intermediate of 2-piperidone
remained stable for days under excess chlorine, whereas saturated heterocyclic imides hydrolyzed
to ring-opened acids. In uracil derivatives, chlorine addition across double bonds produced 5-
chlorouracil, which fragmentated to trichloroacetaldehyde; however, N-substitution in uridine and
1,3-dimethyluracil suppressed fragmentation, leading to stable chlorinated or ring-opened

products[28].
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Figure 2. Aldehyde transformation pathway to nitrile and N-chloroacetamide[4-5]

5. N-halamino acids

Amino acids are major DBP precursors in disinfected waters and important contributors to
dissolved organic nitrogen[30]. They occur as free amino acids (FAAs) in ng-ug/L levels or as
either short -or long chain peptides in mg/L levels in surface waters[31-33]. Although present at
lower concentrations, FAAs have been observed to form more N-DBPs and are less effectively
removed through conventional drinking water treatment methods due to their size and behaviour

[33-35].

N-halamino acids from FAAs. N-halamino acid formation from FAAs is driven by electrophilic
substitution by HOCI at amino-group nitrogen atoms, influenced by molecular structure and
halogen identity. Aliphatic FAAs follow straightforward N-chlorination and deamination

pathways (Figure 3a-b), while aromatic FAAs undergo additional oxidative transformations



(Figure 3c)[2-3,31,37-40]. A recent review highlighted N-chlorination as an essential first step
when aliphatic FAAs are exposed to chlorinating agents, producing N-halamino acids that act as
intermediates in the formation of N-DBPs including dichloroacetonitrile, trichloroacetontrile,
trichloronitromethane, and dichloroacetamide [2-3,30]. More detailed mechanistic studies have
observed that N-halamino acid formation from glycine, a-alanine, and branched chain amino acids
begins with rapid electrophilic substitution by HOCI at the terminal amino group, followed by pH-
dependent pathways. Under alkaline conditions, N-chloramino acids undergo base-catalyzed
deprotonation at the a-carbon generating carbanion intermediates that rapidly eliminate chloride
and decompose, producing nitriles and aldehydes (Figure 3a). At neutral or slightly acidic pH,
CL.O/HOCl act as dominant chlorinating agents, promoting sequential N-chlorination to yield N, N-
dichlorinated amino acids, which can rearrange or dehydrohalogenate—forming N-chloraldimines
(Figure 3b)[2,36-39]. Recent studies have shown that N-chloraldimines are key reactive
intermediates that can undergo further N-halogenation and dehydrochlorination to generate
haloacetonitriles, and halonitromethanes, corroborating and extending the framework proposed by
How et al.(Figure 2d)[2,40-41]. This aligns with findings that UV254-induced homolytic cleavage
of N-Cl bonds in N-chlorinated a-amino acids generates nitrogen-centered radicals (e.g., *®NHCI)
that undergo C-C or C-N bond cleavage followed by chlorination or oxidation to form
dichloroacetonitrile and trichloronitromethane, with low pH enhancing these processes due to

increased HOC reactivity[42,43].
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Figure 3. Summary of general mechanisms for N-chloramino acid and N-chloraldimine

formation from both FAAs and peptide-bound amino acids[2-3,31,37-40,40-41,44-47].

Formation mechanisms from FAAs with aliphatic side chains at basic (a) and neutral/slightly

acidic (b) pH as well as aromatic (¢) side chains are shown. DBP and N-chloraldimine

formation mechanisms from peptide-bound amino acids (d) are shown as well

Phe=phenylalanine, Tyr=tyrosine, Trp=tryptophan.

Bromination of FAAs produce both more and different types of DBPs than chlorination via

bromine attack to the backbone primary amine, followed by downstream C-C bond cleavage



between the o- and P-carbons[30]. However, chlorination of iodotyrosine promotes
iodoacetonitrile formation via aromatic substitution and oxidative side-chain transformation where
chlorine replaces the iodine in the amino acid molecule[44]—a process involving ipso substitution
and halogen exchange, which has been reported for brominated aromatics in chlorinated
waters[45]. Thus, the chlorination of FAAs has been well elucidated and while some recent studies
appear to investigate other forms of halogenation, reports of bromination and iodination

mechanisms are lacking.

Recently, DBP formation from aromatic FAAs has also been reported. Chlorination of
phenylalanine, tyrosine, and tryptophan, after initial backbone-amine chlorination, proceeds via
EAS, introducing chlorine atom(s) to the aromatic ring (Figure 3¢)[46-47]. Subsequent side chain
transformations—highly dependent on FAA structure—may include hydroxylation, oxidative
side-chain degradation, and ring-cleavage, leading to the formation of chlorinated benzoquinones

such as 2,6-dichloro-1,4-benzoquinone (Figure 3c)[46].

N-halamino acids from peptides. Recent studies have reported that peptides also undergo N-
chlorination through similar electrophilic pathways to FAAs (Figure 3), but their larger size,
modified termini, and functional side chains lead to more diverse and persistent N-halamino
intermediates[48-49]. Shi and Mitch[49] showed that short lysine- and arginine-containing
peptides undergo N-chlorination at both a- and e-amino groups, forming stable N-halo-peptide
intermediates that can transform into cyclic chlorinated products and aldehydes depending on
peptide structure and chlorine dose(Figure 3d). Zhou et al.[48] similarly found that dipeptides
undergo N-chlorination followed by C—C bond cleavage, contributing to dichloroacetonitrile
formation. It was recently reported that aromatic and functionalized peptides, or peptide analogues

such as tyrosyl dipeptides, can undergo EAS on their side chains, generating halogenated aromatic



by-products including iodinated aromatic rings; as well, computational studies suggest that amino
groups may also undergo N-halogenation [50-51]. Under oxidative conditions—particularly post
UV chlorination—these peptides show enhanced reactivity compared to FAAs, resulting in
elevated levels of aromatic DBPs including 2,6-dichloro-4-nitrophenol and 2,6-dichloro-1,4-
benzoquinone (Figure 3¢)[52,53]. Although the mechanisms of N-chlorination and decomposition
of FAAs are well characterized, the analogous pathways in peptides remain less clear; it appears
to not yet be well understood when N-chlorination remains on the peptide backbone versus when
it leads to peptide bond cleavage and subsequent release of FAAs. Bromination and iodination

mechanisms are also not well understood.

5. Conclusion

Recent advances have greatly expanded our understanding of N-halamine chemistry,
revealing that both inorganic and organic halamines act as critical intermediates in the formation
of toxic N-DBPs. Mechanistic studies have clarified long-standing uncertainties in chloramine
decomposition and NDMA formation, including the discovery of the CI-N-NO:" arising from
NHCI: hydrolysis, and the identification of potent oxidants such as CINO and *OH generated
during breakpoint chlorination. Parallel research on UV cleavage of N-CI and N-Br bonds in N-
chlorinated a-amino acids and halamines, particularly bromamines, has shown that photolysis
promotes micropollutant degradation but also elevates DBP formation through radical-centered
pathways involving *OH, *Cl, *Br, and nitrogen-containing radicals. Additional work has
uncovered iodine-specific halogen-exchange pathways during iodotyrosine chlorination and
established N-halaldimines—formed through sequential chlorination and dehydrohalogenation—
as important intermediates from free amino acids and peptide precursors. Collectively, these

studies highlight that reactive nitrogen species and radical-centered intermediates are generated



not only from UV activation but also from water disinfection reactions which are central to N-
DBP formation[54]. Their characterization however, is constrained by the need of specialized
analytical methods capable of detecting short-lived nitrogen species and radicals. Recent work
has mostly focused on inorganic and organic chloramines—and, to a lesser extent, bromamines,
iodamines and mixed halide systems—as key contributors to DBP formation, yet the influence of
bromide/iodide and bromamine/iodamine chemistry remains poorly understood and warrants
further investigation. Together, these findings underscore the need for a holistic and mechanistic

approach to anticipate and mitigate toxic DBP formation in disinfected waters.
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