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Advanced oxidation processes (AOPs) are one of the highly effective alternatives for treatment of algal toxins
in drinking water. Water that contains algal toxins commonly has organic matter of algal origin and elevated
nitrate. Organic matter undergoes transformations during advanced oxidation processes and may change in a
way that increases disinfection byproduct (DBP) formation when water is chlorinated post-AOP. Nitrate forms
reactive nitrogen species under certain UV wavelengths that can also interact with organic matter and change
its properties in a way that increases post-AOP DBP formation. Two types of advanced oxidation processes
(UV/H,0, and UV/Cl,) were compared in their ability to change the formation potential of regulated DBPs
[four trihalomethanes (THMs) and nine haloacetic acids (HAAs)] and an unregulated nitrogenous DBP (N-DBP)
N-nitrosodimethylamine (NDMA) due to the interaction of the process with algal organic matter (AOM) and
nitrate in the water. The two AOPs showed no significant differences in post-treatment DBP formation under
any of the tested conditions. Higher levels of treatment with both processes led to slightly higher formation
potential of some THMs. AOM made a poor precursor for additional THMs and three HAAs (six not
consistently detected), but had a higher NDMA yield than background organic matter (0.59 ng mg*-C vs.
Received 11th September 2024, 0.18 ng mg™*-C, p = 0.038). Nitrate suppressed chlorinated THMs and favored increased concentrations of
Accepted 13th December 2024 brominated THMs and HAAs, resulting in higher percent incorporation of background bromide into DBPs.
Moreover, nitrate addition (20 mg-N L™ of added nitrate compared to the background level of 0.47 mg-N L)
led to 11 times higher NDMA formation. Formation of N-DBPs during post-AOP chlorination in the presence
rsc.li/es-water of AOM and nitrate warrants additional investigation.

DOI: 10.1039/d4ew00749b

Water impact

With increasing frequency of algal blooms, more water treatment plants are looking for solutions to algal toxins that the blooms may produce, and often
UV/H,0, and UV/CI, advanced oxidation processes (AOP) are considered. Source water would be expected to have high nitrate and algal organic matter in
such scenarios, and it is important to understand how these treatment processes and water quality parameters would work in tandem to affect the
formation of disinfection byproducts (DBPs), both regulated and unregulated. Our study reports some fascinating new insights. We found that elevated
bromide in the source water used for the experiments combined with nitrate photochemical reactions favor formation of brominated DBPs over
chlorinated DBPs. This important effect of nitrate photochemistry has not been reported before for regulated DBPs, although it has been noted for some
other compounds, as discussed in accompanying text. However, it is important information for drinking water treatment plants that may consider this
treatment train, because brominated DBPs often lead to permit exceedances. Apart from the practical implications, this finding prompts further
investigation into the interaction between nitrate photochemistry and brominated DBP formation. Furthermore, we confirmed that the presence of nitrate
and algal organic matter dramatically affects formation of NDMA and found that AOP pretreatment does not destroy NDMA precursors. Additionally, this
study demonstrated for the first time that there is no difference in the choice of UV/H,O, or UV/CI, with respect to regulated DBP formation in the
presence of nitrate and algal organic matter, and that source water quality is a more important consideration than the type of AOP.

1. Introduction

Toxic algal blooms are becoming more common globally and
. o 13
E-mail: okeen@charlotte.edu: Tel: +1 704 687 5048 present a major threat to drinking water safety. ~ They are

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/ typically associated with a high nutrient content in source water.
10.1039/d4ew00749b In particular, nitrogen in the form of nitrate has been shown to
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be the most essential nutrient for toxic algae, with phosphorus
being less impactful. In fact, studies show that nitrate is not
only a predictor of algal blooms, but also of toxin production
during the bloom.*® A typical drinking water treatment train
consisting of coagulation, flocculation, sedimentation and
filtration has been shown to remove algal cells effectively, while
leaving behind extracellular toxins”® and nitrate. Intracellular
algal organic matter (AOM) can be considerable in water that
contains algae, especially at the later stages of treatment
processes, due to the disruption and lysis of the algal cells in
treatment processes such as pre-oxidation and filtration.®™*
AOM released in this process can be a considerable precursor to
the formation of both carbonaceous disinfection byproducts (C-
DBPs) and nitrogenous disinfection byproducts (N-DBPs) due to
high content of protein-like structures.>™"”

Advanced oxidation processes (AOPs) are among the most
effective options for treating drinking water contaminated with
algal toxins."® A typical full-scale AOP for drinking water
treatment involves ultraviolet (UV) irradiation of water
containing hydrogen peroxide (H,0,). Lately, replacing H,0,
with aqueous chlorine (Cl,) has been gaining popularity due to
its ease of implementation and operation. Additionally, some
algal toxins are highly reactive with Cl, giving UV/Cl, an
advantage."® However, the formation of disinfection byproducts
(DBPs) must be considered in subsequent chlorine disinfection
of AOP-treated water. Studies also show that dissolved organic
matter (DOM) in general and AOM in particular can transform
during AOP which can result in a higher formation potential of
regulated and unregulated DBPs when water is chlorinated after
AOP treatment.”>*' This is of particular concern in the UV/Cl,
process because of the higher doses of chlorine involved and
the potential contribution from the reaction between DOM and
Cl'" and other reactive chlorine species (RCS). The concern of
additional DBP formation potential with UV/Cl, compared to
UV/H,0, has emerged with increased popularity of UV/Cl,, in
particular for algal toxin treatment,'®**** but very few studies
have been done to compare the two processes side-by-side.**

When it comes to the application of AOPs for treatment of
algal toxins, other relevant water quality considerations, namely
nitrate and AOM, need to be considered for their impact on DBP
formation potential. Certain sources of UV used in UV-based
AOPs, specifically those emitting wavelengths <240 nm, e.g,
medium pressure mercury vapor lamps, can photochemically
activate nitrate, resulting in formation of HO', NO, and NO’
radicals, as well as other minor nitrogen radical species.****
These radicals can potentially participate in reactions with
organic matter and form nitrosamines by providing a reactive
nitroso group. The importance of photochemical reactions of
nitrate for DBP formation was previously demonstrated with
chloropicrin formation in water chlorinated post-UV in nitrate-
containing water*” and for other N-DBPs, e.g., halonitromethanes
and haloacetonitriles.*® Studies indicate that the presence of
AOM in water can lead to increased formation of trihalomethanes
(THMs) and haloacetic acids (HAAs).>*** Formation of nitrogen-
containing DBPs, such as haloacetonitriles, has been
documented as well in the presence of AOM.*" Intracellular AOM
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was also shown to be a strong precursor to nitrosamine
formation during chloramination of drinking water in another
study.*>

The objective of this study was to determine how UV/H,0,
and UV/Cl, treatments affect the yield of THMs, HAAs and
N-nitrosodimethylamine (NDMA) when the water containing
AOM and nitrate is disinfected with chlorine after AOP. A
review of six years of data by the USEPA found that NDMA
was the most prevalent nitrosamine in drinking water
samples, with all other nitrosamines either nondetectable or
present at much lower levels.>®> Thus, NDMA was selected to
represent nitrosamines for this study. Generally, NDMA
forms in reactions between chloramines and organic matter,
rather than in chlorination reactions. However, the reaction
between nitrite and secondary amines is another major
formation pathway, as well as a reaction between free
chlorine and dimethylamine.***> Thus, it was anticipated
that nitrate photochemistry (with nitrite, nitrite radicals and
nitroso radicals as major products®®) and reactions involving
background DOM and especially amine-rich AOM would
provide potential pathways for NDMA formation.

While previous work studied formation of these DBPs from
AOM (e.g,, Li and Rao;'” Li and Gao;*® Wert and Rosario-Ortiz*”
and others), this study focused on AOM transformed by two of
the most commonly used AOPs, UV/H,0, and UV/Cl,, with UV/
Cl, adding RCS to the process chemistry. Additionally, using
source water high in bromide (0.105 mg L™" due to presence of
coal-burning power plants in the watershed) and comparing the
results with and without additional nitrate allowed evaluating
the combined effect of the water matrix and AOP pre-treatment
on changes in bromide incorporation (assimilation of Br~ into
organic brominated DBPs*®), which has toxicity and regulatory
compliance implications.

2. Materials and methods

The following methods from

Barancheshme.*

were adapted in part

2.1. Sample collection and water matrix

The water for use as a background matrix was collected from
a local drinking water treatment plant treating surface water
from the Catawba River. The treatment train at the plant
consisted of coagulation, sedimentation, filtration, and
chlorine disinfection, and the water sample was collected
prior to disinfection. The plant uses no powdered activated
carbon or pre-oxidation. Water volume sufficient for the
entire experiment was collected in December when no
background algal blooms were present. Water samples were
filtered through a 0.45 um mixed cellulose ester filter within
hours of collection. The filter was selected because it had very
low extractables, which was confirmed experimentally by
running ultrapure water (18.2 MQ cm resistivity) through the
filter and measuring total organic carbon (TOC) and total
nitrogen (TN) content before and after filtration (Table S1 in
ESIt). Despite having low extractables, the filters were
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Table 1 Characteristics of the water background and intracellular algal organic matter

Parameter (mg L") NO; -N NO,-N NH;-N TN TON TKN TOC Br-
Background 0.473 0.013 ND 0.600 0.114 0.114 0.633 0.105
Algal organic matter 0.328 0.024 0.13 14.00 13.52 13.65 33.63 NA

prewashed with ultrapure water. The filtered water sample
was stored at 4 °C for future use. Relevant water quality
parameters for the sample can be found in Table 1. Nitrate
(NOs-N), nitrite (NO,-N), ammonia (NH;-N) and TN were
measured using Hach Test-in-Tube kits (TNT835, 839, 830
and 10071, respectively) and Hach DR6000
spectrophotometer. TOC was measured with a Shimadzu
TOC-LCPN instrument using a high temperature combustion
method (Standard Method 5310-B). Total organic nitrogen
(TON) was calculated as TN minus nitrate, nitrite and
ammonia. Total Kjeldahl nitrogen (TKN) was calculated as
TON plus ammonia. Bromide (Br) was measured using a
Dionex ICS-3000 ion chromatography system with a Dionex
IonPAc AS22 4 x 250 mm capillary column and a Dionex IonPAc
AG22 4 x 50 mm guard column (Thermo Scientific, Waltham,
MA). The eluent consisted of 1.7 mM sodium bicarbonate and
1.8 mM carbonate in ultrapure water. Ultrapure water was also
used as a method blank. Standards were prepared from a
bromide standard solution (Sigma-Aldrich).

Nitrate (as NaNOjz;, Sigma Aldrich) or AOM (extraction
described in the next section) was added to this matrix as
needed.

2.2. AOM extraction

AOM was generated in the laboratory from non-toxin-
producing Microcystis sp. algae (Carolina Biological Supply,
Item No. 151840, Burlington, NC) using protocols available in
the literature.® Briefly, Microcystis sp. was cultivated at 22 °C
under a fluorescent lamp with light/dark cycle of 12 h/12 h
until reaching the stationary growth phase in 125 mL flasks
containing 100 mL of Gibco BG11 media optimized for
cyanobacteria (Thermo Fisher Scientific, Waltham, MA). New
cultures were set up by transferring 5 mL of a stock culture
into 100 mL of fresh medium under fluorescent light for ten
days to allow the alga to grow. Algal mass was centrifuged at
10000 rpm for 10 min and the cells separated during the
centrifugation were washed and re-suspended with 100 mL of
ultrapure water three times. Next, the cells were subjected to
three freeze/thaw cycles at =80 °C and 37 °C to lyse the cells.
Finally, the solution was filtered through prewashed 0.45 um
cellulose acetate membranes. The organic matter in the
filtrate was intracellular AOM which was stored in the dark at
-20 °C for long term storage and 4 °C for short term storage.

The intracellular organic matter was characterized by
measuring TOC, NO;-N, NO,-N, NH;-N and TN, and
calculating TON and TKN using the same methods as
described for background water characterization. Table 1 lists
the characteristics of AOM.
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2.3. AOP experiments

H,0, (30% w/w) and Cl, as a 10-15% solution of sodium
hypochlorite were purchased from Sigma-Aldrich (St. Louis,
MO). The concentration of H,0, was measured using the
triiodide method*® for which ammonium molybdate, potassium
iodide, and potassium hydrogen phthalate were obtained from
Sigma-Aldrich (St. Louis, MO). Cl, was measured using N,N-
diethyl-p-phenylenediamine (DPD) Hach powder pillows. Both
Cl, and H,0, methods are spectrophotometric, and absorbance
was measured using a Hach DR6000 UV/Vis spectrophotometer.

AOP experiments were conducted in a bench-scale quasi-
collimated beam apparatus equipped with a 1 kW medium
pressure mercury vapor lamp (Ace Glass, Vineland, NJ) emitting
a polychromatic UV spectrum in the 200-400 nm range. The UV
apparatus setup is similar to the schematic shown in Bolton
and Linden®' and was additionally equipped with a fan for
cooling and ventilation of ozone. AOP experiments were
performed at the ambient pH of the water matrix (6.8) using UV
doses of 500, 1000 and 2000 m] cm 2, which captures the typical
range of full-scale UV doses in AOPs used for drinking water
treatment. The time to achieve the highest UV dose was <17
min and is comparable to the typical residence time in a full-
scale AOP reactor which is on the order of a few minutes.
Because the timescale of chlorine reaction with organic matter
during the DBP formation experiment was 24 hours, any
additional contact time between chlorine and organic matter
during the AOP experiment would be negligible. Changes to the
water matrix and parameters such as pH, TOC, alkalinity, etc.
are generally negligible within the range of the UV doses
applied, and the experimental conditions can be regarded as
pseudo-steady-state. The irradiance was measured by a NIST-
calibrated International Light IL-1400 radiometer (Peabody,
MA), and the UV dose was calculated using the method by
Bolton and Linden.*' The spectrum of the medium pressure
lamp was measured by an Ocean Optics USB2000+ spectral
radiometer (Dunedin, FL). It must be noted that the dose was
calculated based on the background water matrix. Samples
with additional AOM or nitrate would require slightly longer
exposure time to achieve the same UV dose (approximately 19
min vs. 17 min). Thus, the exposure to the radicals generated
by H,0, or Cl, in samples with additional AOM or nitrate
was slightly lower (by <14%), but it was expected to have
minimal impact on the outcome of the experiments. This
was taken into consideration while interpreting the results
where appropriate.

Three water matrices were used in the experiments:
background, background + 20 mg-N L™ of NO;", and background
+ 3 mg-C/L of AOM. Based on the previous studies,””™** AOM in
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natural waters experiencing an algal bloom is between 2 and 9.5
mg L™ TOC with intracellular organic matter dominating the
mix. Nitrate in surface water affected by human activity is
typically in the range of 1-10 mg-N L™."> The oxidants were
added at either 5 or 10 mg L for H,0, and 2 or 4 mg L™ for Cl,
which is also within the range of concentration for Cl, and H,0,
used in full-scale processes (typically, 1-5 mg L™ and 3-20 mg
L™, respectively*®). Each sample was exposed to three UV doses
(500, 1000 and 2000 mJ cm™) to evaluate the effects of increased
AOP treatment on DBP yield in subsequent chlorination in each
of the three matrices. UV doses selected are also within the range
used for full scale AOP which are typically, 400-2000 mJ cm™ 2"
These experiments were performed in triplicate and analyzed for
THMSs, HAAs, and NDMA.

2.4. Post-AOP chlorination

All bottles and glassware were precleaned using standard
procedures for DBP analysis. Samples were prepared under
uniform formation conditions (UFC)*® to analyze DBPs.
Based on the UFC standard operating procedure, each
sample was dosed with borate buffer and hypochlorite buffer,
and the pH was adjusted to 8.0 + 0.2. Residual chlorine was
1.0 = 0.4 mg L', and the incubation time was 24 h in the
dark at 20.0 + 1.0 °C.*® A preliminary test was conducted to
determine the 24 h chlorine demand of each water matrix
and chlorine dose necessary to achieve 1.0 + 0.4 mg L' of
residual chlorine after 24 h. Cl,-to-TOC dosage of 2.5:1 (based
on the TOC of the water matrix) worked best with the
residual chlorine after 24 h of 0.93 and 1.16 mg L™ for water
samples with additional AOM and water samples without
added AOM, respectively.

For post-AOP samples that include chlorinated DBP analysis,
chlorine is the recommended option to quench H,0,.*’ UV/
H,0, samples needed an additional stoichiometric chlorine
dose of 2.09 mg Cl,/mg H,0,. The reaction between chlorine
and H,0, is almost instantaneous (<30 s required to quench
H,0,) compared to the reaction between chlorine and
DOM.>**  Consequently, additional chlorine for quenching
H,0, was consumed within seconds, and no increase in DBP
yield was expected in UV/H,0, samples because of the increased
initial chlorine dose required to quench H,0,.*° There is a
possibility that this approach can result in slightly underdosing
or overdosing the stoichiometric concentration required to
quench H,0,. Because the stoichiometric requirement is
considerable, an error in H,0, value of 0.1 mg L™ would change
the initial chlorine concentration by +0.2 mg L™'. These
challenges in precise H,0, quenching may result in an
increased degree of variability in data which may obscure the
ability to capture more subtle differences between data sets, in
particular when comparing UV/H,0, and UV/CL,. It is advisable
that future work with DBP formation in post-AOP samples has a
larger granularity of Cl, concentrations during UFC experiments
to ascertain that the integrated chlorine exposure is maintained
in the narrow range across the experiments, and if not, the
results can be normalized to the integrated chlorine exposure,
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which may allow capturing more subtle differences in DBP
formation between the sample sets, if there are any.

2.5. THM and HAA extraction and analysis

Four regulated THMs and nine regulated HAAs were analyzed
using the EPA methods 551.1 and 552.3, respectively, both
optimized by Liu et al.’>® The extraction method can be found
in ESLT

Gas chromatography with electron capture detector (GC-
ECD, **Ni) was used for THM and HAA analysis (Shimadzu-
QP2010 GC, Shimadzu, Japan) in splitless mode with the
injector temperature at 230 °C. Helium and nitrogen were
used as the carrier and makeup gases at a flow rate of 1.4 mL
min™" and 30 mL min~", respectively. THMs were separated
on a fused silica DB-1301 capillary column (30 m length, 0.25
mm inner diameter, and 1 pum film thickness with a
temperature range between —20 °C and 280-300 °C) (Agilent
Technologies, Palo Alto, CA, USA). The oven temperature was
held at 35 °C for 15 min, and then increased at 25 °C min™*
to 145 °C where it stayed for an additional 3 min, followed by
a 35 °C min~' ramp to 240 °C, where it was held for another
5 min. The temperature of the detector was held at 260 °C.
GC-ECD analysis of HAAs was the same as for THMs except a
SH-Rtx-1701 capillary column (30 m length, 0.25 mm inner
diameter, and 1 um film thickness with a temperature range
of -20 to 270/280 °C) (Shimadzu, Japan) was used. The oven
temperature was held at 40 °C for 10 min, followed by a ramp
at 10 °C min™" to 85 °C, and another ramp at 30 °C min" to
205 °C where it was held for another 5 min.

The concentration of THM4 standard solution (Restek,
Center County, PA) was 200 ug mL™ for each THM. The
linearity range of the GC-ECD analysis was 0.02-200 pug L™ for
chloroform (CF), 0.002-200 pg L™ for bromodichloromethane
(BDCM) and dibromochloromethane (DBCM), and 0.2-200 pg
L™ for bromoform (BF). Linearity R* range for the calibration
curves was 0.94-0.97. The retention times were 8.4 min for CF,
11.4 min for BDCM, 22.3 min for DBCM and 28.6 min for BF.
The lowest linear calibration standard was considered to be the
lowest limits of quantification (0.02 ug L™ for CF, 0.2 pg L™ for
BF and 0.002 pg L' for BDCM and DBCM). Additional
information on the standard and the calibration curves is
available in ESL}

The HAA9 standard solution was purchased from Restek
(Center County, PA). The concentrations of each HAA varied
from 200 to 2000 pg L™" (Table S3 of ESIf). The retention
times and lower limits of quantification (lowest linear
calibration standard concentration) were 5.1 min and 0.012
ug L' for monochloroacetic acid (MCAA), 9.6 min and 0.08
ug L for monobromoacetic acid (MBAA), 16.7 min and 1.2
ug L™ for dichloroacetic acid (DCAA), 18.1 min and 0.04 ug
L™" for trichloroacetic acid (TCAA), 20.6 min and 8 ug L™" for
bromochloroacetic acid (BCAA), 23.5 min and 4 ug L™ for
dibromoacetic acid (DBAA), 24.9 min and 0.08 ug L™" for
bromodichloroacetic acid (BDCAA), 25.4 min and 0.2 ug L™
for chlorodibromoacetic acid (CDBAA), and 26.9 min and
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0.04 pg L™ for tribromoacetic acid (TBAA). The retention
time for the 1,2-dichloropropane internal standard was 12.6
min. R? values ranged from 0.88 to 0.998. ESIf shows the
details of the standard and the calibration curves of each
HAA compound.

2.6. NDMA extraction and analysis

NDMA was measured based on modified EPA method 521
using solid-phase extraction (SPE), followed by liquid
chromatography separation and tandem triple quadrupole
mass spectrometry (LC-MS/MS) method developed by Zhao
et al>'

Samples were extracted using Supelclean™ Coconut
Charcoal SPE cartridges (bed weight of 2 g and a volume of 6
mL) and a vacuum system (-30 kPa). The cartridges were
rinsed with 15 mL each of hexane and dichloromethane, and
the residual organic solvents were removed under vacuum.
Next, the cartridges were conditioned with 15 mL of
methanol and 15 mL of water. Sodium bicarbonate (0.5 g)
was added to 250 mL of the water sample to bring the pH to
8. The sample was then spiked with 40 ng L™ of NDMA-d
and passed through the SPE cartridge at a flow rate of 3-5
mL min'. The analyte adsorbed on the SPE cartridge was
eluted with 15 mL of dichloromethane, concentrated to 1 mL
under vacuum, transferred to an autosampler vial and stored
at —20 °C until analysis.™**> The internal standard of 40 ng
L™ NDPA-d,, was added to the samples before the LC-MS/MS
analysis. Ultrapure water was used as a blank and was
extracted to ensure all reagents were NDMA-free. NDMA
standard was purchased from Sigma-Aldrich (Missouri, US)
while NDMA-d¢ and NDPA-d,, were purchased from Restek
(Centre County, PA). It must be noted that in 2024, the US
EPA banned the use of dichloromethane (also known as
methylene chloride) in most applications. Other methods
may be available in literature that call for different solvents
for NDMA extraction.

The Agilent 6400 series triple quadrupole LC-MS/MS
system was used. The LC separation was performed using a
ZORBAX Eclipse XDB-C8 column (4.6 x 150 mm, 3.5 pm,
Agilent Technologies, Palo Alto, CA) with 10 mM ammonium
acetate and 0.01% acetic acid in water as mobile phase
Solvent A and 100% methanol as mobile phase Solvent B.”"
All solvents were HPLC-grade or higher. Injection volume was
100 pL and eluent flow rate was 0.3 mL min. The solvent
gradient was held at 60% of solvent B for 1 min, which was
then ramped to 90% solvent B over 5 min followed by
decreasing solvent B back to 60% and a 3 min re-
equilibration before injecting the next sample.

The MS/MS method was run in the positive electrospray
ionization and multiple-reaction monitoring mode. MassHunter
Quantitation software was used for quantification. The peaks of
standards and extracted samples were monitored automatically
and results were reproducible. MS/MS parameters including
collision energy and cell accelerator voltage are shown in Table
S4 of ESL} Gas flow rate was 10 L min * at 350 °C. LC-MS/MS
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analysis was linear in the range of 0.001-1000 ug L™ for NDMA
(Fig. S3 in ESIt).

2.7. T-test analysis of DBP results

Two-sample ¢tests were performed in JMP Pro 16 to evaluate
the significance of any differences in samples means of DBP
yields between the samples. A two-tailed distribution and
unequal variances were assumed. A p-value of less than 0.05 (at
95% confidence level) was statistically significant. First, the
effects of the UV dose were analyzed. The data for each matrix
and each oxidant type and dose were considered separately. At
this most granular level, each set consisted of three data
points. Because slightly different levels of DBPs formed at all
conditions, to capture the effects of the higher UV dose, the
data sets were evaluated as yields (ug-DBP/mg-C) as well as the
concentrations values at 1000 and 2000 mJ cm ™2 normalized to
the value at 500 mJ em 2 Trends of increase or decrease in
DBP yields with UV dose were easier to identify in normalized
data. If no effect of the UV dose was observed, then the data
sets were compared based on the oxidant type and oxidant
concentration for all UV doses combined. In the rare instances
when the UV dose showed a significant effect, the data sets
were evaluated at each UV dose separately. Finally, to test the
effects of the matrix change, all samples regardless of UV dose
and oxidant dose were combined (UV/H,0, and UV/Cl, datasets
evaluated separately if the oxidant type showed significant
impact in the previous set of tests) and compared to the same
set of data in a spiked matrix. For rare instances when the UV
dose showed an effect, the data sets were analyzed separately at
each UV dose. Pooling together the data from sets that did not
show a significant difference in the previous rounds of t-tests
allowed for a larger number of sets and increased the strength
of statistics and the ability to find significant influences from
each of the variables considered.

3. Results

Experimental data was analyzed to answer the following
questions regarding DBP yields when water is chlorinated
after AOP:

1. Is there a difference in DBP yields after water is treated
with UV/H,0, vs. UV/Cl, AOP?

2. Does increasing the level of treatment with AOP (500 m]
em ™2 vs. 1000 mJ ecm™> vs. 2000 mJ cm™?) change the yields of
DBPs?

3. Does the addition of nitrate or AOM and their
photochemical reactions during AOP change the yields of
DBPs?

3.1. Trihalomethanes

Mean yield of CF in the background matrix combining the
data for both oxidants and all oxidant doses used was 82%
higher when chlorinated after exposure to 2000 mJ cm™> UV
dose than after 500 mJ cm™> and the difference was
statistically significant (p < 0.001). Mean yield in samples

This journal is © The Royal Society of Chemistry 2025
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chlorinated after 1000 mJ cm™> was 16% higher than after
500 mJ] cm™> and the difference was not statistically
significant (p = 0.47). The results were particularly
pronounced after water was pretreated with higher oxidant
doses (4 mg L™ of Cl, and 10 mg L™" of H,0,) where CF yield
at 1000 mJ cm™ was 56% higher than at 500 mJ cm™2, and at
2000 mJ cm™? it was 245% higher, with p-values of 0.059 and
<0.0001, respectively. The same trends were observed for
BDCM with approximately the same formation in the
background matrix after exposure to 500 and 1000 mJ cm >
but 33% higher after 2000 mJ ecm™ (p < 0.001). Similarly,
when looking at higher doses of both oxidants, the increase
was more pronounced at 57% (p = 0.011). These results are
shown in Fig. 1 and suggest that higher exposure of organic
matter to hydroxyl radicals leads to higher yield of some
THMs when samples are subsequently chlorinated, which is
consistent with what was found in previous studies.”® Similar
trends for increase in concentration with increasing
oxidation of organic matter by hydroxyl radicals were not
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observed for CDBM or BF, suggesting that brominated THMs
are less affected than chlorinated THMs by these oxidative
changes in organic matter. These trends were lost in the
matrix spiked with AOM with the exception of CF in the UV/
H,0, treated samples where a statistically significant increase
of 14% was observed after 2000 mJ cm™> compared to 500 m]
em™ (p = 0.022). AOM was added at 3 mg-C L™ compared to
0.6 mg-C L' of the background DOM and was a predominant
source of carbon in spiked samples, so the loss of the trend
for increased chlorinated THM formation with increased
oxidation in AOM-spiked samples indicates that oxidation
does not affect THM formation from AOM. It is most likely
due to the more protein-like nitrogen-rich structure of AOM
compared to the more humic-like structure of typical surface
water DOM,'®*® which affects the potential of AOM to serve
as a precursor for each DBP.*®> The primary mechanism of
THM formation is believed to be the result of electrophilic
substitution of aromatic rings within the bulk organic matter,
which then further break down into smaller molecules, some

35
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2
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CF higher oxidant doses
0
235
2
1.5 &
! ]
0.5
BDCM higher oxidant doses
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Fig. 1 Yield of chloroform (CF) and bromodichloromethane (BDCM) in background matrix when chlorinated after 1000 mJ cm ™2 normalized to
500 mJ cm? (dark gray) and at 2000 mJ cm 2 normalized to 500 mJ cm (light gray). Figures on the left combine the results of both UV/H,0,
and UV/Cl; at all oxidant concentrations, and figures on the right show results with higher oxidant doses.
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of which form THMs.>* Phenols and aromatic amines were
shown to be particularly effective precursors.”> While AOM is
rich in amino groups, it is deficient in aromatic rings
compared to typical DOM of terrestrial origin present in
surface water. Additionally, hydrophobic fraction of DOM is
primarily responsible for THM formation,”® but it only
accounts for a very small fraction of intracellular AOM.>®

Because differences were observed in CF and BDCM yield
after chlorination post-exposures to higher doses of UV,
formation of these two THMs in different matrices was
analyzed separately at 2000 mJ cm™ and together for the
samples exposed to 500 and 1000 m] cm™>. For BF and CDBM
the results from all UV doses were combined for analysis.
When results were analyzed separated by the type of oxidant
used to generate hydroxyl radicals (Cl, or H,0,), no
difference was observed in formation of any of the 4 THMs
(p > 0.05, data not shown).

1.8
1.6
1.4
1.2

0.8 T
X

0.6

0.4

02 L
CF, 500 and 1000 mJ/cm?

80

70

THM vyield (ug/mg-C)

60

50

40

30

20

: L

BDCM, 500 and 1000 mJ/cm?

B Background matrix

View Article Online

Environmental Science: Water Research & Technology

AOM was a poor precursor for THM formation. The yield of
CF with just the background organic matter was 1.29 ug mg'-C
when data from samples pretreated by all oxidants and UV
doses were combined. In contrast, CF yield from AOM was 0.31
ug mg -C (calculated based on the difference in concentrations
in the samples with and without AOM divided by the additional
mg-C from AOM). For the other THMs their actual
concentration remained the same in the samples with and
without additional AOM indicating that THMs other than CF do
not form readily from AOM. AOM is very nitrogen-rich and
likely does not easily fragment into precursor molecules for
THMs. The fact that pretreatment with UV/Cl, and UV/H,0,
showed no difference in THM formation indicates that
reactions with RCS do not lead to chlorine incorporation into
the structure of AOM or background DOM in a way that leads to
formation of THMs, and reaction with Cl, rather than RCS is
the main mechanism of THM formation.
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Fig. 2 Yield of chloroform (CF) and bromodichloromethane (BDCM) in background matrix (dark gray) and with added nitrate (light gray). Figures
on the left combine the results of 500 mJ cm™ and 1000 mJ cm™ irradiations for all oxidants, and figures on the right show results after

irradiation with a higher UV dose (2000 mJ cm™2).
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The yield of CF and BDCM was suppressed by nitrate, and
the effect was more pronounced at higher UV doses (Fig. 2).
The average yield in the background matrix for CF was 1.09
pg mg™'-C in chlorination after exposure to AOP at lower UV
doses (500 and 1000 mJ cm™>) but 0.49 ug mg '-C when
nitrate was added (p = 0.0037). At 2000 mJ cm > the
respective average values were 1.69 pg mg '-C and 0.40 ug
mg -C (p < 0.0001). For BDCM the difference was not
significant in samples exposed to AOP at lower UV doses, but
significant after exposure to 2000 mJ cm > (51.2 pug mg -C
and 20.6 pg mg '-C without and with additional nitrate,
respectively, p < 0.001). It must be noted that nitrate
addition resulted in inner filter of UV. However, the effect
was minor, reducing overall UV dose reaching H,0, or Cl, by
< 14%, while the decrease in yields of CF and BDCM were
55-76%. The role of nitrate in the suppression of CF and
BDCM formation may result from the reactions associated
with nitrogen-containing radicals when nitrate is irradiated
by UV. This reaction may be scavenging THM precursors or
modifying them chemically into substances that form
something other than THMs upon subsequent chlorination.
For example, it may add nitrogen to the structure of organic
matter and result in higher formation of N-DBPs instead.
Interestingly, the effect of nitrate was more pronounced with
more chlorine vs. bromine in the THM structure (most
pronounced for CF, less so for BDCM, and not significant for
CDBM and BF).

The maximum contaminant level (MCL) for total THMs
(TTHMs) of 80 pg L' was not exceeded in any of the
samples, with the highest TTHM concentration of 46.3 ug L™
(in the background matrix that was treated with Cl, = 4 mg
L™ and UV = 2000 mJ cm?) and the average of 23.9 ug L.
TTHM yield in this study was 0.2-90.4 pg mg '-C (27.9
average and 21.0 median) and is comparable to the range
reported across a number of other studies involving
chlorination of AOM (0-176.8 ug mg '-C) as summarized by
Leite, Daniel and Bond.>”

3.2. Haloacetic acids

Nine HAAs were analyzed in this study, among which only
three HAAs were detected relatively consistently in the treated
samples: MCAA, CDBAA and TBAA. The detection frequency
was as follows: MCAA 68% of samples, MBAA 23%, CDBAA
64%, DBAA 11%, DCAA 1%, MBAA 0%, BCAA 18%, TCAA
11% and TBAA 68%. Only three HAAs with detection
frequency above 50% were used in the analysis. Generally,
TCAA and DCAA are the dominant HAAs,>® but due to high
detection limits and other analytical challenges this study
was not able to assess the treatment and matrix effects on
these important HAAs. At high bromide concentrations of
>20 uM, HAAs tend to speciate more towards the brominated
HAAs observed in this study.>® The bromide concentration in
the source water used in this study, while elevated, was only
1.3 uM. Brominated HAAs are expected to represent
approximately 10% of the total HAAs (THAAs) by molar
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concentration at this level of bromide.”® The prevalence of
CDBAA and TBAA is likely due to the analytical challenges
with the other HAAs that would have been more predominant
if consistently detected. Thus, HAA results can only be
analyzed in a limited way in this study by observing the effect
of the treatment processes and the background matrix on the
three individual HAAs. The relative concentrations of MCAA,
CDBAA and TBAA with respect to each other, when excluding
the six HAA that were not consistently detected, are
consistent with what is reposted in literature for source
waters with elevated bromide.> "

Higher level of AOP pretreatment did not show any increase
in the yield of any of the three HAAs in subsequent
chlorination. Just as with chlorinated THMs, MCAA formation
was also suppressed by nitrate (27% decrease on average from
0.29 ug mg-C to 0.21 ug mg™-C, p = 0.0039), Fig. 3. However,
the effect was minor and could have been impacted by the 14%
decrease in the effective UV dose that resulted from the addition
of nitrate. On the other hand, CDBAA yield increased by 45% on
average from 1.02 pug mg™'-C to 1.47 ug mg -C in the presence
of nitrate (p = 0.046) and TBAA increased by 213% from 1.52 ug
mg'-C to 3.24 ug mg '-C (p = 0.042), Fig. 3. Again, similar to
what was observed with THMs, nitrate favored formation of
brominated DBPs.

AOM did not make a good precursor for additional formation
of the three HAAs, similar to what was observed with THMs.
While visual inspection of the data appeared to show a few
higher yields of the three HAAs in chlorination of the UV/H,0,
treated samples, compared to UV/Cl, treated samples, the
overall differences were not statistically significant with the
exception of MCAA yield in the background matrix (average and
standard deviation of 0.21 + 0.08 ug mg'-C after treatment with
UV/H,0, compared to 0.10 + 0.02 pug mg-C after UV/Cl,, p <
0.001). Work by other researchers showed that HAAs form
readily from AOM, with some studies showing variability by
species from which AOM was obtained®* and some showing no
effect of the species.® It is possible, that AOP treatment changes
AOM in a way that transforms HAA precursors as has been
shown in several studies with UV/persulfate treatment of AOM.**
Additionally, with only three of nine HAAs consistently detected
in this study, the ability to draw broader conclusions is limited.

3.3. Brominated DBPs

The background water matrix had a relatively high bromide
concentration (0.105 mg L") due to the presence of coal
burning power plants upstream in the watershed of the source
water of the drinking water treatment facility from which the
samples were obtained. High bromide leads to higher
formation of brominated DBPs that contribute to higher
TTHMs and THAAs because of the larger molecular weight than
chlorinated DBPs. Overall, bromide incorporation in this study
was 38% on average. No trends were present for bromide
incorporation with increasing levels of AOP treatment. There
was also no statistical difference in bromide incorporation for
samples treated with UV/H,0, vs. UV/Cl,. Addition of nitrate
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Fig. 3 Effect of nitrate on yield of individual HAAs.

increased bromide incorporation when compared to the
background matrix, and the difference was statistically
significant (p = 0.02). The average and the standard deviation
for bromide ion incorporation into DBPs in all of the
background matrix samples, nitrate-spiked and AOM-spiked
samples were 29 + 11%, 50 + 29%, and 36 + 17%, respectively.
As observed with THMs and HAAs yields, the presence of nitrate
and the resulting photochemical reactions decreased formation
of chlorinated THMs which could possibly lead to bromination
reactions happening preferentially. Overall, percent bromide
incorporation is consistent with previous studies on this
subject.*®® A shift towards higher level of bromine substitution
of THMs and HAAs formed from AOM has been previously
reported for water pre-oxidized with ozone prior to
chlorination.®® Potentially, additional radicals formed in the
photolysis of nitrate increase the state of oxidation of organic
matter compared to samples with no nitrate. Nitrate radicals
(NOj3") can also react with halides (e.g ClI” and Br) to form
respective chlorine and bromine radicals (Cl" and Br’), and the
bimolecular second-order reaction rate with bromide is two
orders of magnitude faster than with chloride (4 x 10° M~ s™*
vs. 7.1 x 107 M s7").*” While the overall radical chemistry of
combined nitrate and halides under UV is rather complex, the
general shift towards a higher concentration of reactive bromine
species vs. reactive chlorine species would support a higher
degree of bromination in DBPs.®® Higher bromine
incorporation into DBPs after exposure of natural samples to
UV in the presence of nitrate with subsequent chlorination was
also shown in another study where addition of nitrate to water
containing bromide increased formation of bromopicrin by a
factor of 4 or more.*’

3.4. N-Nitrosodimethylamine (NDMA)

The levels of NDMA in the background matrix were very low
(0.11 ng L™ on average), and likely were influenced by the
photochemistry of the background nitrate, which was present

502 | Environ. Sci.. Water Res. Technol,, 2025, 11, 494-507

at approximately 0.5 mg-N L™'. Such a concentration of
nitrate in combination with the UV source used in this study
can result in considerable formation of nitrite and nitrogen
radicals.”® NDMA concentrations as high as 6 ng L™ were
reported in chlorination of drinking water (2 mg L™ DOC, 8
mg L™" Cl,, pH 7, over 72 hours) by Kristiana and Tan.”®

NDMA yield was not affected by the UV dose or the type of
process (UV/Cl, or UV/H,0,). Fig. 4 shows the NDMA yield
comparison for the two AOPs separated by matrix (background,
with additional nitrate or with additional AOM). Visually, it
appears that UV/CI, tends towards higher NDMA yield than UV/
H,0,, except when elevated nitrate is present. However,
statistical analysis was not able to confirm the significance of
this difference (p > 0.05). When data at 5 mg L™* of H,0, are
compared to data from UV/Cl, exposure at either Cl,
concentration, the p-value is 0.02, which suggests statistical
significance, however, this significance is not present when data
at 10 mg L™ of H,0, is compared to the UV/Cl, data sets.
Therefore, despite the appearance of the difference and the
statistical significance in some subsets of the data, it cannot be
stated conclusively that NDMA yield after UV/CI, is higher than
after UV/H,O,. Further investigation into this topic is
warranted.

Yield of NDMA from AOM was higher on average than
from background organic matter. It was calculated by taking
the difference in the NDMA average concentration in the
matrix spiked with AOM and the background matrix and
dividing that value by the additional carbon from the AOM
spike. Algal DOM is very nitrogen-rich with a C:N ratio (by
mass) of 2.5 in this study compared to a 5.6 ratio of the
background matrix or, for example, a 7.9 ratio reported in
another study that reported composition of surface water
NOM.”" Therefore, yield of NDMA per mg of organic nitrogen
was also evaluated. The average NDMA yield from the
background organic matter was 0.18 ng mg '-C and 1.0 ng
mg '-N compared to 0.68 ng mg™'-C and 1.7 ng mg -N from
the AOM. The difference in ng mg '-C was statistically

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 NDMA yield in chlorination after UV/H,O, (dark gray) vs. after UV/CL, (light gray) in different matrices.

significant (p = 0.038), while the difference in ng mg™'-N was
not. Nitrogen in AOM has been previously demonstrated to
be an important precursor for N-DBP formation.”
Additionally, studies have shown that preoxidation with
ozone breaks AOM molecules into smaller molecular size
fractions increasing the yields of N-DBPs.”® A similar effect is
likely taking place when AOM is oxidized by radicals forming
in UV/H,0, and UV/Cl, exposures.

The effect of nitrate was very dramatic, increasing NDMA
yield by a factor of 11 from the average of 0.18 ng mg '-C in
background matrix to 1.9 ng mg™'-C with nitrate (Fig. 5).

In all cases, the NDMA concentration was lower than the
USEPA health-related advisory level of 10 ng L™ ranging from
0.007 to 5.3 ng L™". Nevertheless, the impact of nitrate on the
formation of N-DBPs, especially in combination with UV

7
o
6
LI) o
2 s :
8o
=4
)
Q
2,
S
o 2 X
z
1
0 = |

= Background CIwith nitrate 24 With AOM

Fig. 5 NDMA yield per mg of organic carbon in the background
matrix and in matrices spiked with nitrate and AOM.
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where it can generate reactive nitrogen species, is a topic that
warrants further investigation. Nitrate forms nitrite radicals
among other reactive nitrogen species under UV irradiation,
and it is possible that they can add to the structure of
background organic matter’* providing nitroso groups that
become part of nitrosamines when they react with organic
amines in the water. Organic amines are an important
precursor of N-DBP formation.”” It is also possible that
nitrate alone may have an effect without the presence of UV.
This study did not evaluate samples with no UV exposure, so
the direct contribution from nitrate or dark reaction with
nitrite’® that would have formed after UV irradiation cannot
be separated from the photochemical reactions with reactive
nitrogen species’”” and should be investigated further.
Increased UV dose did not have an obvious effect, like it did
with THMs and HAAs, confirming that dark reactions
involving nitrate and nitrite (a stable byproduct of nitrate
photolysis) may be important. Chlorine-nitrite combination
leads to the formation of nitrosating species such as N,0,.7%
While a sufficient level of nitrite would typically not be
present in the source water, nitrate photochemistry can
generate the nitrite necessary for the increased NDMA
formation.”® NDMA yield ranged from 0.01-6.3 ng mg -C
(0.9 average and 0.5 median). A review by Leite, Daniel and
Bond®” shows a wide range or reported values from 0.8 to
3700 ng mg'-C, but the median for the reported studies is
10 ng mg '-C, which is comparable to what was observed in
this study.

While NDMA was selected as a single N-DBP in this study
because of its regulatory status, it is important to consider that
nitrate (and its photochemical reactions) in combination with
AOM transformed by AOPs can be a major source of other
N-DBPs. N-DBPs such as haloacetonitriles, haloacetamides,
halonitromethanes, halonitroalkanes and others may form at
higher levels than NDMA or other nitrosamines, and present
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higher toxicity risks.”” While some work has been done on other
N-DBPs in scenarios that involve AOM or UV irradiation,”®
further research into N-DBP formation in water containing
AOM and nitrate and chlorinated post-AOP is warranted, as well
as into unregulated non-N-DBPs (e.g., haloacetaldehydes) that
are known to form at high levels when AOM is present.®*

4. Conclusions

Overall, the choice of treatment with UV/Cl, or with UV/H,O,
did not affect the outcome of DBP yield upon subsequent
chlorination for the tested DBP categories (THMs, HAAs and
NDMA). The effect of UV/Cl, on formation of chlorinated DBPs
as compared to UV/H,0, is an often-speculated topic because of
the RCS chemistry involved in the former process. While many
studies evaluated each process separately, this study shows
through a large number of samples with various matrices that
UV/Cl, and UV/H,O, deliver the same result with respect to
subsequent yield of regulated DBPs. Nevertheless, regardless of
the AOP type, increased oxidation of organic matter resulted in
higher formation of THMs, in particular of those more
chlorinated than brominated (CF and BDCM). The same effect
on HAAs was not observed, however, only three of nine HAAs
were consistently detected in this study. AOM proved to be a
poor precursor for THMs or HAAs with much lower yield per
mg-C compared to the background organic matter for CF and
essentially no measurable contribution to the other THMs and
HAAs. In terms of NDMA yield, AOM was slightly more efficient
in NDMA generation (both per mg-C and per mg-N). The
difference was not statistically significant on the per mg-N basis
but significant on the per mg-C basis, compared to the
background organic matter. Nitrate presence significantly
inhibited formation of chlorinated THMs and HAAs giving rise
to the brominated THMs and HAAs instead. Because of the
higher mass of bromine atom compared to chlorine atom,
formation of brominated DBPs at the same molar concentration
as chlorinated DBPs will have a higher mass per volume (ug
L") concentration. MCLs for TTHMs and THAAs are set in pg
L™, and thus presence of nitrate in combination with elevated
background bromide can lead to permit exceedances for the
regulated DBPs. Additionally, nitrate had a dramatic effect on
NDMA yield increasing it by a factor of 11. Nitrate was spiked at
20 mg-N L™, which would be on the high end of what is seen in
a typical surface water, but it is within the realm of possibility
for water sources significantly impacted by agricultural runoff
or wastewater effluent. Concentrations within a more typical
range of contaminated water sources (1-10 mg L) can still
have a considerable impact on formation of N-DBPs. In water
sources that also have a high level of organic matter, especially
of algal origin, it can lead to NDMA levels exceeding local action
limits. The role of UV and reactive nitrogen species in this
process should be further investigated as well as formation of
other N-DBPs apart from NDMA. Nitrate was a more
consequential water constituent than AOM for DBP formation
in this study. Utilities considering using UV-based AOPs for
treatment of algal toxins, especially in water high in Br, should
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use UV sources that minimally activate nitrate photochemistry,
such as traditional low-pressure mercury vapor lamps. Nitrate
removal may be needed to minimize the risk of additional
NDMA formation. Additionally, TON rather than TOC would be
a better predictor of NDMA formation in waters affected by algal
bloom.

Abbreviations and acronyms

ACS American Chemical Society

AOM Algal organic matter

AOP Advanced oxidation process

BCAA Bromochloroacetic acid

BDCAA Bromodichloroacetic acid

BDCM Bromodichloromethane

BF Bromoform

CDBAA Chlorodibromoacetic acid

C-DBP Carbonaceous disinfection by product
CF Chloroform

DBAA Dibromoacetic acid

DBCM Dibromochloromethane

DBP Disinfection byproduct

DCAA Dichloroacetic acid

DOM Dissolved organic matter

DPD N,N-Diethyl-p-phenylenediamine
EPA Environmental Protection Agency
GC-ECD  Gas chromatography with electron capture detector
HAA Haloacetic acid

LC-MS/MS Liquid chromatography tandem mass spectrometry
MBAA Monobromoacetic acid

MCAA Monochloroacetic acid

MCL Maximum contaminant level
MTBE Methyl tert-butyl ether

N-DBP Nitrogenous disinfection byproduct
NDMA N-Nitrosodimethylamine

NIST National Institute of Standards and Technology
PTFE Polytetrafluoroethylene

RCS Reactive chlorine species

SPE Solid phase extraction

TBAA Tribromoacetic acid

TCAA Trichloroacetic acid

THAAs Total haloacetic acids

THM Trihalomethane

TKN Total Kjeldahl nitrogen

TN Total nitrogen

TOC Total organic carbon

TON Total organic nitrogen

TTHMs Total trihalomethanes

UFC Uniform formation conditions

uv Ultraviolet
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