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Disinfection by-products (DBPs) are formed during the chlorination of drinking water and present a risk to
human health, with brominated DBPs identified as more toxic than their chlorinated analogues. The most
widely regulated DBPs are trihalomethanes (THMs), but increasingly focus is on haloacetic acids (HAAs),
including consideration of all nine brominated and chlorinated HAAs for regulation (HAA9). Recently,
aliphatic carbonyl compounds have been recognised as important DBP precursors and to favour bromine
incorporation. This research specifically focuses on smaller aliphatic carbonyl precursors, enabling
identification of the molecular-level features that are most significant for increasing the risk of forming the
more toxic brominated DBPs and for reducing compliance with potential HAA9 regulations. This showed
that B-keto acids present a particular problem due to their high propensity for bromination and Br-HAA
formation. However, in the context of HAA9 standards, the neutral ester compounds were equally
significant due to formation of the mixed chlorinated and brominated bromochloroacetic acid, which is
within the currently unregulated HAAs. The enhanced understanding of Br-DBP formation from such
hydrophilic organic precursors is important as such compounds are poorly removed by standard
Received 17th December 2025, coagulation water treatment and are formed during oxidative treatment processes. Consequently, source
Accepted 28th April 2026 waters containing these compounds and bromide are at significant risk of forming unacceptable levels of
DOI: 10.1039/d5ew01262g HAA9, a problem which becomes increasingly urgent as pressure on resources forces reliance on poorer
quality drinking water sources containing higher levels of bromide. Further, the work shows that current

rsc.li/es-water monitoring approaches are inadequate when we need to consider HAAS.

Water impact

This study explored the interaction between chlorine, bromide and aliphatic carbonyl compounds during the disinfection of drinking water. Understanding the
molecular level influences on brominated haloacetic acid (HAA) formation from chlorination of such hydrophilic organic compounds is vital for identifying
waters at risk of non-compliance with proposed HAA9 regulation, and for directing treatment processes to minimise potential DBP-derived toxicity.

1 Introduction yet in place. However, it is anticipated that future regulations

o ) ) will be extended to include HAA9, with this being actively
Disinfection by-products (DBPs) such as trihalomethanes . o cq004i0 the UK and the US.>

(THMs) and haloacetic acids (HAAs) are formed during the
disinfection of drinking water with chlorine, with the more
toxic brominated analogues forming when bromide is
present." Although THMs and up to five HAAs (HAA5) are
widely regulated in countries such as EU, US and Scotland,*™
the larger brominated HAAs are currently excluded and limits
for all nine chlorinated and brominated HAAs (HAA9) are not

In light of this potential regulatory change, it is prudent
to re-examine the role of precursor characteristics on the
formation of HAA9 and particularly how inclusion of the
currently unregulated HAA4 changes thinking on precursor
management. This remains challenging as dissolved organic
matter (DOM) as a precursor for DBPs is a complex and
poorly characterised heterogeneous mix of compounds from
both natural and anthropogenic sources. It is known to
include both aromatic and aliphatic compounds with a range

; ° of molecular weights and hydrophilicities.” Existing research
E-mail: polly.grundy@cranfield.ac.uk . . . X
b UK Water Industry Research Ltd. (UKWIR), 1st Floor, 3 More London Riverside, Into DBP precursors has identified that in real world water
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hydrophobic, aromatic fraction of organic matter, whereas
HAAs form equally from both the hydrophobic and the more
hydrophilic, aliphatic fraction.® This tendency has enabled
treatment enhancements to deliver increasing levels of
compliance with THM regulations as the hydrophobic
fraction is more readily identified, e.g. by UV absorbance,
and is also more readily removed during standard
coagulation processes.” However, as new legislation directs
towards also controlling the HAAs, including the brominated
unregulated HAA4, it is posited that in the future equal
prominence will need to be given to the hydrophilic fraction
of organic matter as a precursor for DBPs. For some lowland
surface water sources this will present a particular challenge
as these often have higher levels of hydrophilic organic
matter and bromide and have historically received less
treatment optimisation for dissolved organic carbon (DOC)
removal due to their lower formation of the regulated
THMs. > Additionally, the presence of ions including metal
cations and halide anions are known to promote HAA
formation and increase bromination of DBPs, with this of
lesser import for THMs.">"® As such, hydrophilic compounds
represent a potentially important and currently overlooked
source of DBP derived toxicity and may constrain compliance
with proposed HAA9 regulation.

Aliphatic carbonyls are hydrophilic organic compounds
which are likely to be present in raw waters and can also be

Table 1 Potential sources of aliphatic carbonyls in treated water
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created during treatment (Table 1). Although they may be
removed by biological activity," the likelihood remains that
some will be present in treated water at the point of
chlorination, and they are thought to account for some of the
observed higher formation of HAAs from hydrophilic organic
matter.’> For example, small organic acids have been
investigated in drinking water treatment plants and found to
be higher during winter and after ozonation/chlorination.®
However, levels of aliphatic carbonyls in source waters,
including the important HAA precursor group of
B-dicarbonyls, are currently uncertain with such small, polar
organic compounds difficult to analyse and their occurrence
in DOC poorly characterised. Consequently, they demand
further attention.

In addition to understanding more about the organic
matter involved, levels of bromide will be a key factor due to
the enhanced toxicity of the brominated DBPs and the move
towards including brominated HAAs in an HAA9 standard.
Bromide levels of 0-1 mg L™ have been reported in fresh
waters,’® and the problem will be compounded as the
challenges of population increase and climate change force
reliance on poorer quality source waters.?” Further, bromide
is recalcitrant to removal by most water treatment processes,
so high bromide is not readily corrected.*®

When investigating this DBP risk from hydrophilic organic
matter, model compound studies have been utilised to

Type Source of carbonyls Examples Ref.
Natural - Natural processes creating and utilising Organic acids synthesised in plants e.g. maleic acid in 17-19
allochthonous carbonyls from both plants and animals legumes, acetoacetates in fruit - citric acid ‘Krebs’ cycle
Metabolites in urine include ketones and acetoacetates - fatty
acid metabolism
Breakdown of particulates including from soil Wildfires form carbonyls which are deposited in water or 20-24
run off or atmospheric dry deposition washed in from soil It has been observed that dry deposition
contains more hydrophilic organic matter. Diacids including
malonic acid detected in precipitation up to 77 pg L™
Natural - Breakdown of humic and fulvic acids by light. Photolysis of humic shown to give dicarbonyls and low 25-28
autochthonous  Could be during reservoir storage or water molecular weight organic acids e.g. malonic acid
transport by canal demonstrated in raw waters from reservoirs and surface
sources. Increasing organic acids, and decreasing UV
absorbance, observed with light exposure. Temperature and
seasonal impact expected
Microbial degradation of organic matter to SMPs include products from natural biodegradation processes 29, 30
smaller soluble microbial products (SMPs) which are known to generate smaller, less aromatic organic
matter and DBP precursors
Anthropogenic - Contaminants in water from human activity i.e.  Industrial discharges including foodstuffs (coffee, fruit, bread 14, 31-34
allochthonous human induced OM (HiOM). Could be point contain acetoacetates), acetylacetone used in paint,
source or run-off B-dicarbonyls used for synthetic chemistry, chelating agents
Wastewater effluent known to include carbonyls and carboxyls
e.g. direct and indirect water reuse projects
Anthropogenic - Breakdown of larger organic matter in water Oxidative treatments (e.g. ozonation, advanced oxidation) 35-39
autochthonous  source during treatment break down larger organic matter to smaller, oxidised
aliphatic compounds. Carbonyls, including malonic acid, are
known by-products of ozonation
Cleaning or maintenance procedures can Use of ozone to reduce microfiltration fouling; use of peracetic 14, 40, 41
temporarily increase DBP precursors acid to reduce mussels
Pre-treatments to increase efficiency of main UVC pre-irradiation, pre-ozonation, pre-chlorination (or 42-45

removal technology

multiple ‘booster’ chlorinations) are all oxidative and can

increase smaller, aliphatic compounds e.g. by-products of
pre-ozonation include p-keto acids
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demonstrate that aliphatic carbonyls, and specifically
B-dicarbonyls (1,3-dicarbonyls), are particularly prolific
sources of HAAs.* Furthermore, some aliphatic compounds
have been shown to more readily incorporate bromide into
the final DBPs than aromatic compounds.’® However,
although the importance of the p-dicarbonyl group has been
established, understanding of the molecular level influences
on the DBP formation potential of this key group is missing.
Previous laboratory studies of individual model compounds
under chlorination conditions have tended to overlook
aliphatic compounds, with far more focus on humic and
fulvic acids and their breakdown products, or the
degradation of micropollutants. Further, the attention has
historically been on the formation of the regulated THMs,
often omitting some or all of the HAAs; also model
compound laboratory studies rarely include bromide.”*>"
Similarly, while kinetic or molecular structural models have
been used to investigate the formation of Br-DBPs during
chloramination,”®”® there has been little research
investigating such models for chlorination of aliphatic
compounds or including both chlorine and bromide in
competition during the formation of HAAs. Such models
would need to establish the transformation pathways and
intermediates for Br-HAA formation and their rate constants,
and it is intended that this research provides a framework for
deciding which compounds are of heightened interest for
such studies.

Therefore, in this study model compounds were identified
which allowed the influence of the molecular functional
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groups surrounding the p-dicarbonyl to be investigated,
demonstrating where these increased bromine incorporation
into HAAs. The compounds were selected based on existing
knowledge of the key influences on DBP formation, which
include that p-dicarbonyls have a high propensity for
electrophilic substitution at the a-carbon and will follow this
pathway over that of nucleophilic reactions under the
conditions of drinking water chlorination.**** Bromination
of dissociated aromatic phenolates has been identified as
significantly faster than for the equivalent non-dissociated
phenols, and so both acidic and neutral B-dicarbonyls were
included to assess the impact of dissociation on bromine
incorporation. Similarly, longer chain aliphatic dicarbonyls
have been shown to form more THMs than shorter chain
compounds,® warranting further investigation of these
compounds as a risk for both THM and HAA formation. In
addition, pre-halogenated compounds were included to
provide information on the differing behaviour of
halogenated intermediates and "*C labelled diethyl malonate
used to prove the hypothesis that the a-carbon is retained in
HAAs formed (Table 2).

This study is unique in focusing on the aliphatic carbonyl
precursors for DBPs and including both bromide and excess
chlorine, as would be seen in real water disinfection. By
performing these experiments at two concentrations, the
molecular with the highest proclivity to
incorporate bromide are demonstrated. The key role of the
ratio between bromide and compound was further explored
through stepwise changes in concentrations for three

structures

Table 2 Proposed significant features of aliphatic dicarbonyls for DBP formation

Molecular feature Example Proposed significant features for DBP formation
No B-ketone OH O No double enol activation of a carbon (between the carbonyls) so limited halogenation
L by electrophilic substitution, and consequent low DBP formation predicted
H,C OH Comparison to other compounds enables confirmation of significance of -ketone

3-Hydroxybutanoic acid

S

Acetylacetone

S,

Malonic acid

o O
e I o

Dimethyl malonate

HSCJOUOQOKO/CHS

Methyl 3,5-dioxohexanoate

o) ok
ar
0" cH,

Ethyl 4-bromooacetoacetate

B-Ketone only

B-Keto-acid

B-Keto-ester

Carbon chain >3

Pre-halogenation

This journal is © The Royal Society of Chemistry 2026

Promotion of halogenation at a-carbon by double keto-enol equilibrium so DBP
formation expected, but without acid or ester, THM expected to be dominant

No capacity for decarboxylation without acid group, so terminal halogenation unlikely
Reduced promotion of bromination over chlorination by dissociated enolate

Dissociated acid expected to promote bromination over chlorination by faster kinetics
Ability to decarboxylate at acid predicted to promote DXAA formation
Comparison to equivalent esters demonstrates significance of pk,

Limited ability to dissociate (neutral) so kinetic preference for bromination reduced
Size of ester predicted to have steric influence, reducing bromination
Stability of ester to hydrolysis predicted influence on HAA formation

Longer chain stabilises intermediates, promoting cleavage, so potential for multiple
halogenated carbons and DBP formation

Terminal carbon potential to tri-halogenate, promoting THMs

Comparison to shorter chains establishes significance for HAA formation
Significance of acid/ester expected to reflect that of shorter chains

Halogen directs and promotes further electrophilic substitution

Promotes cleavage via stabilising anionic intermediates, including tri-halogenated
leaving group to form THMs

Comparison between bromine and chlorine analogues

Environ. Sci.. Water Res. Technol.
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aliphatic compounds, selected based on the presence of
molecular features that were significant for both THM and
HAA formation. The data was then analysed through the
comparative lens of the regulated HAAs and the unregulated
HAA4 to ascertain how the adopting of or transferring to
proposed HAA9 regulation changes the way we need to think
about DBP monitoring and management. Additionally, this
approach allows propositions for the most relevant
compound types for Br-HAA formation and will inform future
targeted research when developing kinetic models and
demonstrating molecular formation pathways, providing
additional insight into how the presence of hydrophilic
organic matter can increase the toxicity of chlorinated
drinking water.

2 Materials and method
2.1 Model compounds

The following aliphatic carbonyl model compounds, divided
into groups by molecular feature, were selected for this
research: no p-ketone (3-hydroxybutanoic acid, methyl acetate,
3-aminobutanoic acid, acetone); B-ketone only (acetylacetone,
2,6-dimethyl-3,5-heptanedione); ~ 3-carbon  B-keto  acids
(malonamic acid, malonic acid); 3-carbon B-keto ester (methyl
malonate, diethyl malonate; diethyl malonate-2-'>C, dimethyl
malonate); >3-carbon p-keto acid (3-oxobutanoic acid,
3-oxohexanedioic acid, 3-oxopentanedioic acid); >3-carbon
B-keto ester (fert-butyl acetoacetate, ethyl acetoacetate,
methyl acetoacetate, methyl 3,5-dioxohexanoate, dimethyl
3-oxopentanedioate);  singly  halogenated  B-dicarbonyls
(methyl 2-bromoacetate, diethyl bromomalonate, ethyl
malonate chloride, ethyl 4-bromooacetoacetate, ethyl
4-chloroacetoacetate) and triply halogenated carbonyls
(ethyl-4,4,4-trichloroacetoacetate, hexachloroacetone), with
further detail in Table S1.

2.2 Reagents and chemicals

Ammonium chloride (reagent grade), N,N-diethyl-1,4-
phenylenediamine (DPD, Hach Lange™ free chlorine reagent
powder pillows), formic acid (LCMS grade), methanol (HPLC
and LCMS grade), methyl tert-butyl ether (MTBE, extra pure),
potassium bromide (extra pure), potassium phosphate
monobasic (extra pure), sodium hydroxide (1 M, NIST
standard), sodium hypochlorite (technical ~14%), sodium
phosphate dibasic (reagent grade), sodium sulphate
(anhydrous, extra pure), sulfuric acid (concentrated, reagent
grade) and model compounds (other than the exceptions
detailed below) were purchased from Fisher Scientific
(Pittsburgh, USA).

2,3-Dibromopropionic acid (2,3-DBPA), standard solutions
of 4-bromofluorobenzene (4-BFB, 2000 ug ml™" in methanol)
and trihalomethanes (THM4, 2000 ug ml™" in methanol) and
model compounds 3-oxobutanoic acid (as lithium salt),
3-aminobutanoic acid, ethyl 4,4,4-trichloroacetoacetate, ethyl
4-bromoacetoacetate and 3-oxopentanedioic acid were
purchased from Merck (Darmstadt, Germany). Diethyl
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malonate-2-*C and 3-oxohexanedioic acid were purchased
from LGC Standards (London, UK). Methyl
3,5-dioxohexanoate was purchased from Key Organics
(Camelford, UK). Malonamic acid was purchased from Apollo
Scientific (Cheshire, UK). Haloacetic acids (HAA9, 1000 pg
ml™ in MTBE) standard solution was purchased from Restek
(Buckinghamshire, UK).

THM4 comprises chloroform (trichloromethane, TCM),
bromodichloromethane (BDCM), dibromochloromethane
(DBCM) and bromoform (tribromomethane, TBM).

HAA9 comprises monochloroacetic acid (MCAA),
monobromoacetic acid (MBAA), dichloroacetic acid (DCAA),
dibromoacetic acid (DBAA) and trichloroacetic acid (TCAA),
which are within HAA5, and also bromochloroacetic acid
(BCAA), bromodichloroacetic acid (BDCAA),
dibromochloroacetic acid (DBCAA) and tribromoacetic acid
(TBAA), which are the currently unregulated HAA4.

Ultrapure (UP) water with resistivity 18.2 MQ cm was
provided by an Elga Purelab Ultra Genetic system.

2.3 Chlorination conditions

Sample solutions in ultrapure water were prepared in
triplicate at concentrations of 1.5 pM and 15 uM, with
chlorine added at a 10:1 molar ratio of chlorine to organic
compound and bromide at 5 uM (400 pg L") to represent
high bromide waters. Two concentrations were chosen to
demonstrate the influence of the ratio of bromide to
compound on the bromine incorporation into the DBPs
formed, whilst still allowing for excess chlorine to be present
as would be encountered during disinfection procedures. The
solutions were buffered at pH 7 with 5 mM phosphate,
ensuring consistent conditions to enable key molecular
features to be isolated, within the normal pH range of water
treatment of pH 6 to pH 8. The chlorination solution was
prepared from ~14% sodium hypochlorite and standardised
before use to establish the exact concentration.
Standardisation was performed using a Hach Pocket
Colorimeter II and N,N-diethyl-1,4-phenylenediamine (DPD)
following a method adapted from Standard Method 4500-Cl
G for drinking water.>® Experiments were maintained at 20
°C in the dark for 24 hours prior to quenching with 100 mg
L™ ammonium chloride (for HAAs) or 100 mg L™ sodium
sulphite (for THMs), in line with US EPA procedures.
Glassware was soaked in ~1 mM chlorine solution for at
least 24 hours prior to chlorination experiments to reduce
any risk of organic matter contamination.

2.4 Targeted compounds for changing concentrations

Three model compounds (malonic acid, 3-oxobutanoic acid
and 3-oxopentanedioic acid) were selected for further
investigation of the influence of changing the ratio of
bromide to compound. These represent compounds with 3, 4
and 5 carbons, and a high propensity to form either HAAs
(malonic acid), THMs (3-oxobutanoic acid) or both
(3-oxopentanedioic ~ acid). These compounds  also

This journal is © The Royal Society of Chemistry 2026
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demonstrated a high tendency to incorporate bromide during
the initial experiments, thus giving increased information on
high Br-DBP formation as well as differing mechanisms for
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formation of THM and HAAs. Each of these targeted
compounds was prepared at eight different concentrations,
between 1 and 8 puM, with bromide maintained at 5 puM.

>3 Carbon
B-keto acid

>3 Carbon
B-keto ester

Single

halogenation

Triple

halogenation

H

il

|

Fig. 1 DBP formation potential from chlorination of aliphatic carbonyls for a) THMs at 15 pM compound b) HAAs at 15 uM compound c) THMs at
1.5 pM compound d) HAAs at 1.5 pM compound, all at 5 pM bromide where error bars represent standard deviation and * indicates the

unregulated HAA4.

This journal is © The Royal Society of Chemistry 2026
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Additionally, eight solutions maintaining model compound
concentration at 2 uM and varying levels of bromide from 0
to 10 uM were prepared. All experiments were repeated in
triplicate, a 10:1 chlorination ratio was maintained, and
other chlorination conditions were as previously detailed.

2.5 DBP analysis

Analysis for nine HAAs was performed using the liquid
chromatography tandem mass spectrometry (LC-MS/MS)
procedure developed and validated by Grundy et al.®” In brief,
samples were adjusted to pH 2 and analysed by direct
injection using reverse phase chromatography and negative
electrospray ionisation tandem mass spectrometry. For the
analysis of ">C-HAAs the mass transitions were adapted as
required and semi-quantitative results obtained from
comparison of '*C-HAA responses with the equivalent
unlabelled HAA responses. Analysis for four THMs used a
procedure based on EPA 551.1 which entailed liquid-liquid
extraction into MTBE and analysis by gas chromatography
electron capture detection (GC-ECD). Further details are
provided in section S1.

2.6 Interpretation

Instrument responses were quantified against a calibration
curve using an internal standard (2,3-DBPA for HAAs and
4-BFB for THMs) to give results as ug L™'. These were used to
calculate the following metrics for results comparison:

Formation potential - FP - pM DBP per mM model
compound or pg DBP per mg carbon.

Bromine substitution factor — BSF - moles of bromine per
mole of halogen present in DBPs formed (0-1).

van der Waals volume - V(vdW) - steric factor calculated
to represent the size of the group(s) adjacent to the
B-dicarbonyl moiety, using the calculations described by Zhao
et al. (2003)°® as detailed in Table S1.

3 Results and discussion
3.1 DBPFP from aliphatic carbonyls

The substantial influence of molecular structure on type and
levels of DBPs formed from aliphatic carbonyl precursor
compounds is demonstrated and the pre-eminence of the
B-dicarbonyl group is confirmed (Fig. 1). For example, where
no P-ketone was present, minimal DBP formation occurred
(median 0.14, range 0-3 DBPFP uM mM ' from
3-hydroxybutanoic acid, methyl acetate, 3-aminobutanoic acid
and acetone), but for all compounds with f-ketone,
significant DBP formation occurred (median 926, range
221-2118 pM mM'). The importance of electrophilic
substitution at the o-carbon of B-ketones had previously
been established,* but this trial extended learning by
determining how the molecular environment of this key
group affected yield and crucially bromine incorporation
into DBPs formed. Where only a B-ketone functional group
was present the formation was predominantly THMs

Environ. Sci.. Water Res. Technol.
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(average 404 uM mM ™' THMFP and only 44 uM mM ™' HAAFP
from acetylacetone and 2,6-dimethyl-3,5-heptanedione).
However, when molecular functionality adjoined the -ketone
then HAA formation dominated, with average 501, 654 and
1182 pM mM ' of HAAFP from the 3 carbon B-keto acid, 3
carbon B-keto ester and >3 carbon B-keto ester groups
respectively, and an average of <1, <1 and 40 uM mM™*
THMFP respectively. Notably, the >3 carbon B-keto acid
group (3-oxobutanoic acid, 3-oxohenanedioic acid and
3-oxopentanedioic acid) had mixed formation of both groups
of DBPs, mostly as THMs (average 686 uM mM ') but also, in
the case of 3-oxopentanedioic acid, HAAs (1079 pM mM ™"
HAAFP for this compound, average 62 uM mM " for the other
compounds). Where the precursor was already singly
halogenated, HAAs remained the major outcome
(average 983 uM mM ' HAAFP and 29 uM mM '
THMFP from methyl bromoacetate, diethyl
bromomalonate, ethyl malonate chloride, ethyl
4-bromoacetoacetate and ethyl-4-chloroacetoacetate).
However, when the precursor was triply halogenated,
both THMs and tri-halogenated HAAs were formed (average
THMFP 767 uM mM " and HAAFP 970 uM mM ' from ethyl-
4,4,4-trichloroacetoacetate and hexachloroacetone).
Consequently, although hydrophilic aliphatic carbonyls can
form both THMs and HAAs, THMFP is a poor proxy for
HAAFP from these compounds. This finding is reflected in
the poor correlation between THMs and HAAs in waters with
low UV absorbance® and the ineffectiveness of using THM
levels to model HAA4 in real waters.*

This pattern in HAAFP and THMFP was broadly retained
when the compound concentration was adjusted to 1.5 pM
and molar ratio bromide to compound moved from 1:3 to
10:3 (Fig. 1c and d). The exceptions were 3-oxobutanoic acid
and diethyl malonate which had a +160% THMFP and —58%
HAAFP change respectively, and ethyl-4,4,4-trichloroacetoacetate
which had a +50% THMFP and -64% HAAFP change
respectively. This is posited to be due to the faster kinetics of
bromination which promotes bromine incorporation on the
terminal carbon for 3-oxobutanoic acid, increasing Br-THMFP.
This highlights how kinetic factors may drive bromination over
chlorination and consequently increase toxicity of chlorinated
waters, with further research required to develop suitable kinetic
models for aliphatic dicarbonyl compounds.®® Also, the steric
restrictions of larger bromine on multiple halogenation
at a sterically hindered o-carbon in diethyl malonate,
reducing HAAFP, with both steric and kinetic factors
affecting ethyl-4,4,4-trichloroacetoacetate (van der Waals
volumes of the groups adjacent to the -dicarbonyl
calculated as 101 A’ for diethyl malonate and 121 A’
for ethyl-4,4,4-trichloroacetoacetate, but only 39 A% for
3-oxobutanoic acid, Table S1).

As expected, a notable change across the groups is
observed in relation to the increase in proportion of Br-DBPs
formed as the ratio of bromide to carbon
Consequently, the proportion of THMs which are brominated
was an average of 24% at 15 pM compound while at 1.5 pM

increases.
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it was 94% (excluding pre-halogenated compounds). For
HAAs, the equivalent proportions are 14% and 58%. This is
significant for proposed HAA9 regulation, as the
unregulated brominated HAA4 increase as a proportion of
HAAs formed, from 13% to 37%, implying at higher ratio of
organic matter to bromide, measurement of HAA5 will
underestimate the levels of HAA9 and THM bromination
will not translate to HAAs.

Within the HAAs formed, there was almost exclusive
formation of di-halogenated HAAs (DXAAs), with this
extending across the groups studied other than those already
triply halogenated. DXAAs constitute 100%, 100%, 76%, 98%,
61% of HAAs from 3 carbon B-keto acids, 3 carbon f-keto
esters, >3 carbon B-keto acids, 3 carbon p-keto esters and
singly halogenated compounds respectively, but only 19% of
the triply halogenated precursors. This is in line with
existing research where hydrophobic precursors align with
higher tri-halogenated HAAs (TXAAs) and hydrophilic
precursors align more with DXAAs.®> The findings support
a proposed discriminatory mechanism for DXAAs such as a
6-membered hydrogen bonded intermediate formed during
decarboxylation (proposed in our previous work® and
detailed in Fig. S14). Confirmation is provided in lower
formation from malonamic acid (201 uM mM™) compared
to malonic acid (814 uM mM™'), which is proposed to
reflect the weaker hydrogen bonding of the amino group,
as well as the slower reaction from the non-dissociated
imine of malonamic acid when compared to the
dissociated enolate of malonic acid. These factors relate to
the relative electronegativity of oxygen and nitrogen (3.44
and 3.04 on the Pauling scale) whereby the more
electronegative oxygen stabilises negative charge of the
enolate and with two lone pairs of electrons forms
hydrogen bonds more effectively. It is further proposed that
such a concerted mechanism could be influenced by the
pH at chlorination, with both acidic and basic conditions
potentially promoting DXAA formation (Fig. S14).

Further insight into the influence of formation pathways
on variability in overall HAAFP comes from comparisons
between compounds within a group. To illustrate, malonic
acid and its esters methyl and dimethyl malonate have
demonstrably different formation patterns (DBPFP 816, 209
and 929 uM mM ' respectively, as DXAAs). The results
support the hypothesis that HAA outcome depends on the
balance between the competing pathways for electrophilic
substitution, decarboxylation and ester  hydrolysis.
Electrophilic substitution will be faster in the acid but slower
than decarboxylation in the single ester, and of no
consequence where decarboxylation is not possible in the
double ester, represented visually in Fig. S9. In a further
example, t-butyl acetoacetate is observed to form THMs
(THMFP 19 and 67 uM mM " at 15 and 1.5 uM compound
respectively) whereas THMs were not detected from the
equivalent methyl and ethyl esters. This is proposed to be
due to the influence of the ester group on ester hydrolysis,
with ¢butyl more readily hydrolysed due to the stability
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conferred on the carbocation intermediate. The product of
this hydrolysis, 3-oxobutanoic acid, was known to form
extensive THMs (THMFP 286 and 745 uM mM " at 15 and 1.5
uM compound respectively) and so this is proposed as a
minor pathway only with HAAFP only slightly reduced in the
t-butyl ester (Fig. S11). Consequently, these model
compounds act as probe compounds for elucidating DBP
formation patterns as well as demonstrating that small
differences in molecular structure can significantly alter the
DBP outcome. Note that these small differences have
implications for models which predict formation of HAAs
from the carbon content of the water and demonstrate
potential underlying reasons for why universal models
remain elusive, with commonly used indicators such as
organic carbon and UV absorbance unlikely to reliably
predict formation from aliphatic p-dicarbonyl HAA
precursors.”> Improvements to increase accuracy of
predictions would involve inclusion of HAA speciation and
bromide, but ultimately this work suggests that measurement
of HAA9 is required to reliably understand the risk from
HAAs, with THMs and HAA5 failing to adequately represent
the risk to consumers in waters containing bromide (section
S3.3). Advancements in the analytical methods available to
test HAA9 makes such analysis more accessible.””

3.2 Molecular-level influences on speciation

The acidity of groups adjacent to the p-dicarbonyls, and
therefore extent of dissociation of the enol, is identified as the
key molecular feature which differentiates between a tendency
for full bromination or retention of a degree of chlorination.
Comparison of the total result set from the experiments at 15
UM to those at 1.5 uM (1:3 and 10:3 ratio bromide to model
compound respectively) reveals, as expected, that relative
brominated THM and HAA formation expands with higher
ratio of bromide to compound, to the detriment of chlorinated
THMs and HAAs. Consequently, the average BSF increases
from 0.17 to 0.52 for THMs and from 0.15 to 0.44 for HAAs
(Fig. 2a and b). The formation behaviour is linked to the
molecular functionalities, with acidic compounds (represented
by circles) favouring bromination where the ratio of bromide to
compound increases, but esters (represented by triangles) less
so. This proposed effect is demonstrated by comparing the pK,
of the compounds against the BSF of the DBPs formed, with a
correlation of R* = 0.65 and R* = 0.82 observed at 15 uM and
1.5 uM model compound respectively (section S3.2.6 Fig. S15a,
for non-pre-halogenated compounds). The acidity of the
compounds as represented by pK, is proposed to influence
bromination as enolates increase the speed of the halogenation
by electrophilic substitution when compared to enols, an effect

observed when comparing phenol and phenolate
compounds.®>®* This kinetic advantage promotes formation of
the kinetic product which is brominated, over the

thermodynamic product which is chlorinated. pK, values
represent the stability of the conjugate base in the acid-base
equilibrium of the compound and so are linked to the
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reducibility and will include the ability of the compound
to stabilise the negative charge through resonance and
inductive effects, which also promote enolate formation
and are proposed to stabilise anionic leaving groups
during  cleavage. = This  study therefore  provides
confirmation of the potential for association between pK,
and bromination of the DBPs formed when bromide and
chlorine are present concurrently.®®

Environ. Sci.. Water Res. Technol.

The variation in BSF is observed to a lesser extent for the
pre-brominated model compounds, suggesting that steric
influences may be significant in limiting multiple bromination
at the o carbon. Interestingly, the tendency for retaining a
degree of chlorination in HAAs was not observed in research by
Chowdhury,*® which reported that where a high level of 2%
seawater intrusion was modelled, bromoform increased to
~90% of THMs and TBAA to ~60% and DBAA ~20% of HAAs.

This journal is © The Royal Society of Chemistry 2026
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The high BSF of DBPs formed from this groundwater source
(=~0.88) infers that precursor organic matter was more acidic,
thus favouring full bromination.

While a clear shift from chlorinated to brominated THMs
with increasing ratio of bromide to compound is observed
(Fig. 2¢ and d and excepting the tri-chlorinated compounds),
this picture is less distinct when considering the regulated
and unregulated HAAs (Fig. 2e and f). Here, the increasing
ratio of bromide to compound reduces the formation
potential of the regulated HAA5 for all compounds
except malonic acid, including those compounds already
tri-chlorinated. However, there is not such a direct link
to increased formation potential of the unregulated HAA4,
despite all compounds within this group being brominated.
For the ester precursor compounds and those singly
chlorinated, increasing the ratio of bromide to compound
does increase unregulated HAA4FP, but acid compounds lie
closer to or below the parity line, as do the brominated and
tri-chlorinated compounds. This reflects the presence of fully
brominated and chlorinated HAAs in the HAA5 group, but
mixed brominated and chlorinated HAAs in the unregulated
HAA4. Consequently, although the acidic B-dicarbonyl
compounds favour bromination, it is the non-dissociated
esters which have increased significance for formation of the
unregulated HAA4 by forming unregulated BCAA at the
expense of the regulated DBAA. To illustrate, at 1.5 uM
compound and 5 pM bromide, the ester groups of
compounds formed an average of 826 uM mM ' (range
195-1950) HAAs of which 41% was as the unregulated HAA4
but the acidic groups of compounds formed 432 uM mM™*
(range 53-889) of HAAs of which only 24% was as the
unregulated HAAs. Real-world HAA9 data from UK water
sources determined that 38% of unregulated HAA4 formed
was as BCAA, suggesting precursors for this species may be
significant for identifying where formation of HAAS5 differs
from HAA9 even where high bromide is present.®”

This enhanced bromine incorporation of f-keto acids is
posited to be due to a combination of both kinetic and steric
factors. The faster reactions of the dissociated acids are
proposed to favour electrophilic substitution with the more
reactive bromine, thus giving more fully brominated DBPs.
This is consistent with findings from phenolic compounds,
where bromination is markedly faster than chlorination for
the dissociated phenolate anion than the non-dissociated
phenol,*® although further work is required to demonstrate
this effect in B-dicarbonyl compounds and in particular how
competition between the formation of the kinetically
favoured brominated product and the thermodynamically
favoured chlorinated product is influenced by molecular
structure and chlorination conditions. In addition to kinetic
effects, the steric effect of the bromine (atomic radius 1.85 A
compared to chlorine 1.76 A) at the ester site results in
hydrolysis because of the sterically hindered
tetrahedral intermediate as well as the hindrance of the ester
group itself on bromination at the o carbon.®” The proposal
that steric effects influence the bromine incorporation of

slower
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DBPs formed from aliphatic carbonyls was explored by
calculating the van der Waals volume of the groups either
side of the key B-dicarbonyl group and comparing to the
BSF of the DBPs formed (Table S1 and section S3.2.6 Fig.
S15b, for non-pre-halogenated compounds). The size of the
groups influences the extent of chlorination over
bromination in DBPs formed whilst not appearing to
influence overall DBP yield, likely due to the pre-eminence
of the tendency of B-dicarbonyls for halogenation. This
coarse correlation (R* = 0.66 at 15 uM and R® = 0.44 at 1.5
puM  model compound) is proposed to occur because
bromination is hindered by larger groups adjacent to the
a-carbon and so chlorination increases, with a
commensurate decrease in BSF. Further work is required to
demonstrate these proposals, but this understanding would
provide insight into why HAA5 and HAA9 formation is not
well corelated for some aliphatic dicarbonyls.

The impact of the ester group is significant when
considering potential precursor organic matter in drinking
water, particularly when identifying effective treatments for
high bromide and hydrophilic organic matter sources such
as lowland waters.'® Firstly, there is the potential that the
more acidic groups may be more readily removed by charged
based treatment options, such as coagulation or ion
exchange.”® Secondly, the sources of such precursor
compounds may be different. For example, plants such as
legumes tend to form acids whereas metabolic biological
processes form esters; similarly anthropogenic sources form
acids during oxidative treatments whereas esters are more
likely found in industrial discharges (Table 1). Notably, due
to the high formation of the unregulated HAA4 from both
acid and ester compounds, the extent of dissociation does
not distinguish the precursors which form HAA5 from those
which form HAA9.

Interestingly, unlike shorter chain acids where THMs were
not formed, the longer chain B-keto-acids (3-oxobutanoic
acid, 3-oxohexanoic acid and 3-oxopentanedioic acid) formed
THMs at an average of 734 uM mM ', while retaining the
high BSFs observed with shorter chain equivalents (average
BSF 0.76 at 1.5 uM compound). HAAFP was variable at 79, 16
and 862 uM mM ™" respectively. The shift to THM formation
is congruent with the relative stability of the carbanion
formed by decarboxylation, which enables further
halogenation and THM formation. Without this
decarboxylation step, the equivalent esters follow an alternate
pathway to DXAA formation via electrophilic substitution,
cleavage and hydrolysis (illustrated in section S3.2). Therefore,
longer chain aliphatic carbonyls, such as may represent less
degraded organic matter, can provide a route for the formation
of THMs from hydrophilic, low UV absorbance waters. Further,
it is proposed that such compounds can explain why in some
waters there is limited predictive ability of hydrophilicity of
organic matter for DBP formation.®

The study therefore demonstrates that p-dicarbonyl
compounds are significant for both currently regulated THMs
and HAAs and the brominated HAA4 proposed for regulation,
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demonstrating that hydrophilic organic matter cannot be
overlooked as DBP precursors when bromide is present.
However, as minor changes in molecular structure influence
which groups of DBPs are formed, and the speciation
within them, differentiation between THM and HAA5 and
HAA9 precursors will be difficult using existing monitoring
techniques. This difficulty has been observed in the poor
ability of models to predict DBP formation from dissolved
organic carbon (DOC) in waters containing organic matter
of low aromaticity and UV absorbance.” Similarly, in real
waters, poor correlation has been observed between DBPFP
and specific UV absorbance at 254 nm (SUVA,s,, the
wavelength which is used to indicate aromaticity) in the low
molecular weight fraction of water and, further, the
bromination of DBPs varies with SUVA,s, and is higher in
waters of low SUVA,s,.””’" Therefore the findings in this
work support that future models for HAA9 would be
improved by ensuring that aromatic and aliphatic (UV
absorbing or not) organic matter is modelled differently and
the precursors for the DXAAs and TXAAs are treated as
separate groups. Such models must include the levels of
bromide at the point of chlorination given the strong
tendency for bromine incorporation of some aliphatic
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compounds (e.g. an average BSF of 0.79 for B-keto acids)
and the demonstrated link between ratio of bromide to
precursor and risk to consumer (section $3.3).”> Ultimately,
however, this work indicates there may be limited existing
measures which reliably predict HAA9 formation other than
HAA?9 itself.

3.3 Changing ratio to bromide

The importance of the ratio between bromide and
compound, and by extension chlorine, is highlighted by the
findings from the additional experiments on the p-keto acids
malonic acid, 3-oxobutanoic acid and 3-oxopentanedioic acid
at changing concentrations of compound and bromide
(Fig. 3 with detail Fig. S1).

For HAAs, where bromide remains fixed and compound
concentration increases (Fig. 3a—c), a clear increase in HAAs
is expected and observed, where HAAs are formed.
Interestingly, at the lowest concentration of compound,
where the ratio of bromide to chlorine is at its highest, it is
the regulated DBAA which is dominant, with this shifting to
unregulated BCAA then regulated DCAA as the compound
concentration increases. To illustrate, for malonic acid, at 1
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Fig. 3 Formation of DBPs from malonic acid (a and d), 3-oxobutanoic acid (b and e) and 3-oxopentanedioic acid (c and f) at fixed bromide and
variable compound (a-c) and fixed compound variable bromide (d-f), where error bars represent standard deviation.

Environ. Sci.. Water Res. Technol.

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ew01262g

Open Access Article. Published on 08 May 2026. Downloaded on 5/9/2026 12:26:27 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Water Research & Technology

uM the major HAA formed is DBAA at 76% of the total HAAs,
at 3 pM the main HAA is BCAA at 45% and by 6 pM it is
DCAA at 43% of total HAAs (Fig. S1). Similarly, at fixed
compound and increasing bromide, formation shifts from
entirely CI-HAAs to unregulated Br-HAAs then regulated Br-
HAAs, with both regulated and unregulated Br-HAAs present
at the highest bromide concentration (malonic acid 80% and
3-oxopentanedioic acid 52% DBAA at 10 puM bromide).
Consequently, it is predicted that unregulated Br-HAAs will
remain a significant fraction of HAAs formed at high, as well
as low, ratio of bromide to compound with this behaviour
very compound specific, hence regulatory control
encompassing all brominated HAAs i.e. HAA9 is advisable.

For THMs the formation patterns are clear, with an
increasing ratio of bromide to compound moving THM
formation (where formed) from chloroform to bromoform via
the singly and doubly brominated BDCM and DBCM. To
illustrate, for 3-oxopentanedioic acid molar THM formation
moved from maximum 100% chloroform with no bromide to
41% BDCM at 3.75 pM bromide, 48% DBCM at 6.25 pM
bromide and 63% bromoform at 10 pM bromide, with a
similar pattern observed for 3-oxobutanoic acid. Interestingly,
for 3-oxobutanoic acid, bromide also increases the molar
formation of THMs (from 0.33 uM with no bromide to 1.89
uM at 10 puM bromide), but this is not observed for
3-oxopentanedioic acid (1.62 uM with no bromide to 1.69 uM
at 10 uM bromide). Such differentiation is proposed due to
the enhanced electrophilic substitution capability of bromine
resulting in halogenation at the terminal carbon for
3-oxobutanoic acid (section S3.2). This has significance for
procedures such as blending of source waters, as an increase
of bromide even without increasing organic matter can lead
to a significant increase in THMs.”?

The findings reported here have ramifications for water
companies aspiring to meet both existing and proposed HAA9
regulation. Notably, with the risk of non-compliance with these
mass-based targets is exacerbated by the larger mass of
bromine than chlorine and the finding that both molar
formation and bromine incorporation increase with bromide
in some compounds. For instance, both 3-oxobutanoic acid
and malonic acid show an approximate 4-fold increase in
molar DBP formation potential as bromide levels increase from
none to 10 uM (800 pg L™), despite compound concentrations
remaining the same (2 puM or 208 pg L™ and 204 pg L™
respectively). This is in contrast to previous research on
hydrophobic organic matter precursors (humic acid), where the
molar formation remained similar at increasing bromide”* and
consequently, divergence between formation behaviour of
aliphatic dicarbonyls and the more widely studied aromatic
humic compounds is demonstrated. Given the higher
molecular weight of bromine, this FP increase has an even
bigger impact on the mass concentrations, with the DBPs
increasing from 70 to 375 ug L™ for malonic acid and from 56
to 443 pg L™ from 3-oxobutanoic.

However, when the changes in molar FP and bromine
incorporation are interpreted to differentiate between HAA5

This journal is © The Royal Society of Chemistry 2026
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and HAA9 precursors, it is noted that it is the ratio of
bromide to compound which most influences the formation
of the unregulated HAAs. Importantly, the maximum
divergence is not observed at maximum bromide, but rather
where the unregulated BCAA is optimised. To illustrate, for
malonic acid the maximum HAA4 formation of 129 pg L™
is at 3.75 puM bromide, with this dropping to 61 pg L' at
10 uM bromide. Consequently, water sources which may
contain more hydrophilic organic matter should be
prioritised for monitoring prior to regulatory change as
neither THM nor HAA5 is a suitable proxy for HAA9 and
will not reliably represent the risk from formation of the
unregulated HAA4 (SI 3.3).

3.4 Future work

The findings presented here demonstrate the potential
importance of hydrophilic B-dicarbonyl compounds on the
formation of both the regulated and unregulated Br-HAAs
and indicate the need for new monitoring parameters and
wider adoption of standards for HAA9.°® These compounds
have received less attention in terms of the key influences on
their DBP formation, in part because of their lower formation
of THMs but also due to the challenges in their
measurement. Consequently, future work should focus on
developing appropriate analytical methods for these polar
compounds with a specific focus on B-dicarbonyls, as well as
improving the existing models for predicting HAA9
formation. Improved analytical methods which quantify
small chain p-keto acids and p-keto esters will allow
identification of precursor sources and inform on precursor
prevalence, as well as enabling more detailed kinetics studies
for HAA9 formation from hydrophilic organic matter. To
illustrate, by measuring aliphatic carbonyl precursor
degradation under chlorination conditions and identifying
the intermediates formed, transformation pathways and rate
constants can be established for modelling DBP formation
behaviour from this under-studied compound group. The
ability to isolate by B-keto acid or ester compounds would
also be highly informative, but may be challenging. Predictive
models may be improved by separating out the factors which
influence DXAA and TXAA formation, by allowing for
different formation pathways from aliphatic and aromatic
(high UV absorbing) precursors, and crucially by including
bromide. Significantly, given the historical focus on THMs
and hydrophobic organic precursor types, an improved
dataset of HAA9 and water quality parameters and
chlorination conditions will be required to develop these
more effective models. Future research into the key precursor
organic matter types for formation of the more toxic
brominated HAAs is particularly pertinent given the predicted
increases in bromide concentrations in source waters.*®
Moreover, the data presented here represents a significant
resource for the development and testing of predictive
models for formation of HAAs from hydrophilic model
compounds, including their propensity for bromine
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incorporation, with both factors previously receiving reduced
attention. It is proposed that factors such as the
electronegativity of functional groups around the carbonyl,
the pK, and the steric restrictions on halogenation at the
o-carbon are all potentially significant factors to include in
such predictive models.”>’® This work has proposed
formation of a 6-membered intermediate which provides a
discriminatory pathway for the formation of DXAAs from
B-dicarbonyls, a route which will become increasingly
important as regulation of HAAs is increased. Such a
mechanism allows for promotion of HAA formation by
chelating cations such as metal ions and allows for the pH at
chlorination to influence DXAA formation. This would
explain real world observations on the effect of metals and
pH on HAA formation,””””® with the stabilised B-dicarbonyl
intermediate promoting DXAA formation and ester hydrolysis
(Fig. S14). Notably, metals have also been observed to
increase bromination in DBPs and so understanding this
mechanism may be particularly significant for formation of
the unregulated HAA4 or increasing the toxicity of the
chlorinated water."® Consequently, further work on the
impact of pH and metal ions on Br-HAA formation, especially
those present in treated water and distribution systems such
as Fe*" and Cu®’, would be beneficial and may provide an
explanation of the conditions and source types where DXAA
formation differs from that of TXAAs and THMs (as has been
observed in real waters®?).

It is also proposed that future work should investigate the
implications of current and proposed treatment technologies
on the formation and/or removal of aliphatic carbonyls as
precursors for HAA9. Notably, processes which preferentially
remove hydrophobic organics with minimal impact on
bromide (for example coagulation or granulated activated
carbon) should be carefully considered as these have the
potential to increase the risk to consumers in high bromide
water sources by increasing the ratio of bromide to hydrophilic
organic compounds such as those studied here.”* Similarly,
technologies with potential for formation of aliphatic carbonyls
during treatment, such as advanced oxidation processes or
ozonation, should measure the HAAFP of treated waters to
assess whether risk is increased. Alternative treatments which
could be investigated include those which have potential to
degrade small organic compounds, such as biologically active
carbon, or membrane technology including nanofiltration
which could remove even small organic compounds. In
particular, this work would suggest the high potential of anion
exchange treatments for high HAA9 forming water sources due
to the ability to remove both bromide and small, negatively-
charged organics such as B-keto acids.®

4 Conclusions

New insight into the formation of brominated DBPs from the
key compound class of aliphatic B-dicarbonyls is provided,
revealing that dissociated (-keto acids demonstrate a strong
propensity for full bromination in DBPs formed. This is
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attributed to the faster kinetics of bromination by electrophilic
substitution induced by the dissociated enolate. Contrastingly,
similar ester compounds, which are not dissociated at the pH
of water treatment, were shown to maintain a degree of
chlorination during DBP formation, even as ratio of bromide to
chlorine increased. Both groups had a consistently high
proportion of HAAs formed as DXAAs. This differing behaviour
has importance when thinking about the proposed regulation
of HAAs, as the B-keto acid class of compounds ultimately tend
to DBAA and the regulated HAA5 as ratios of bromide to
compound increase, but the equivalent esters do not. These
preferentially form the unregulated BCAA, therefore providing
a previously unidentified route by which regulated HAA
formation is differentiated from unregulated. Further, the
study identifies that aliphatic precursors for THMs and HAAs
are generally different. THM formation is promoted where
there is no functionality adjacent to a -ketone group or where
decarboxylation can promote halogenated terminal carbons,
with these molecular features precluding HAA formation,
meaning THMs do not provide an indicator of HAAs from
aliphatic carbonyls. However, although the findings expand
understanding of the formation routes for DBPs from aliphatic
dicarbonyl compounds, they also highlight the current paucity
of knowledge around the makeup of hydrophilic organic matter
in water, and particularly the levels at the point of chlorination.
It is proposed that future research should focus on developing
the techniques required to better understand the nature and
sources of hydrophilic organic matter and in particular the
prevalence and type of f-dicarbonyl compounds. Such
information must be paired with an understanding of the
concentrations of bromide in treated drinking water sources at
the point of chlorination, with both factors and the ratio
between them predicted to influence Br-HAA formation
potential. This becomes increasingly important as the
regulatory environment moves towards inclusion of
brominated HAAs, with the challenge compounded by the
likelihood of increasing bromide levels in source waters.
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