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Abstract

N-nitrosodimethylamine (NDMA) is a chloramination disinfection by-product (DBP) with
an uncertain regulatory future. While extensive literature exists on NDMA formation potentials
(FP) for natural waters and for model compounds considered as NDMA precursors, less data
exists on the kinetics of NDMA formation in surface and wastewaters. NDMA formation
kinetics experiments were conducted in seven source waters at two monochloramine doses.
NDMA formation was modeled by a simple, second-order model, using the measured
NDMA,.x and monitored monochloramine concentrations at selected reaction times. The
model fits NDMA formation well (R*>0.88) in all source waters. While the extent of NDMA
formation was highly variable, the rate constant (k,pp) values from different waters fell in a
narrow range (0.01-0.09 M's™). This suggests that a common precursor or rate limiting step
for NDMA formation likely exists despite the differences in matrices. Although further studies
are needed to validate the model over a wider range of water conditions such as pH and N:Cl,

ratios, the model could help water utilities to predict NDMA formation in distribution systems.

Water Impact Statement

N-nitrosodimethylamine (NDMA) has drawn extensive attention because of its rodent
carcinogenicity and occurrence in drinking water. Kinetics information for NDMA formation is
lacking for wastewaters and drinking waters. In this work, chloramination of waters from

various sources (e.g. surface waters and wastewaters) was performed and a second order model
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of NDMA formation is proposed to describe NDMA formation kinetics. The proposed model
presents a practical way for water utilities to predict NDMA formation in their waters. The

results offer new insights on possible NDMA formation mechanisms in real waters.

Introduction

Occurrence studies and potential carcinogenicity of N-nitrosamines (NAs) in drinking water
are leading the United States Environmental Protection Agency (USEPA) and some Canadian
Provinces to set health standards and regulatory determinations for individual or groups of NAs.
Over the past decades, NAs have emerged as a large scale concern because water utilities have
increasingly relied upon chloramines for residual disinfection to meet trihalomethane (THM)
and haloacetic acid (HAA) regulations.1 Six NAs were included in Unregulated Contaminant
Monitoring Rule 2 (UCMR?2), and five of those were then included on the third Contaminant
Candidate List (CCL3).? N-nitrosodimethylamine (NDMA) was the most commonly detected
NA in UCMR2 (34% of chloraminated drinking waters) with detections of four other NAs
being rare (<1% of samples) and typically occurring in samples with high NDMA
concentration.” NAs, including NDMA, are classified as probable human carcinogens in water
at low ng/L levels associated with a 10 lifetime cancer risk.* Based on this assessment,
California’s Office of Environmental Health Hazard Assessment (OEHHA) set a public health
goal at 3 ng/L for NDMA® and California’s Department of Public Health (CDPH) has set 10
ng/L notification for three nitrosamines.® Because of their potential to cause cancer, the USEPA

may soon make a regulatory determination for NAs.



65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

Environmental Science: Water Research & Technology

A recent review indicates that most studies have found that NDMA formation is more
associated with chloramination than with chlorination.' Systems using chloramines as the
primary, rather than secondary, disinfectant have high NDMA Formation Potential (FP) (i.e.,
>50 ng/L) in plant effluent,’ indicating the potential for precursor deactivation by strong pre-
oxidants such as chlorine. Since nitrosamine formation is a kinetically slow process, plants
using chloramine with long hydraulic contact times in plant plus distribution system (e.g., 12—
18 hr) tend to have more NDMA in the effluent than those using chloramine for short (e.g., 0.5—
2 hr) contact times.” NDMA concentrations tend to increase throughout chloraminated
distribution systems.”"!

NA formation in drinking water requires an organic nitrogen-based precursor plus an oxidant
(e.g., inorganic chloramine, ozone).'*"* Oxidation chemistry, including inorganic reactions with

. . 1415
bromide and ammonia,

is important; however, little information is available regarding
which organic precursors control the rate and extent of NA formation in drinking water.
Mechanistic studies indicate that yields of NDMA from chloramination of most secondary and
tertiary model amines are ~0—2% but can be >80% for certain tertiary amines with [-aryl
functional groups.'®"” Wastewater-impaired source waters contain NDMA precursors,
suggesting the importance of anthropogenic constituents. Specific precursors have not been
characterized outside of a select few'® in wastewater-impaired source waters but could include
either tertiary amine-based microconstituents that form NDMA at high yield or quaternary
amine-based macroconstituents of consumer products that form NDMA at low yield.

Different NDMA formation pathways during chloramination are briefly illustrated in the

supplementary information (SI) section (Text S1). Despite rich literature on pathways and
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yields of NDMA formation using model compounds,'®? less information exists related to the
kinetics of NDMA formation in surface and wastewaters. Many studies rely upon NDMA FP
measurements which are akin to THM-FP measurements and, while useful, lack information
suitable for managing DBP formation in complex hydraulic systems. Simulated distributed
system (SDS) test methods for NA’s have been developed, but often include a short free
chlorine period (before NHj; addition) to mimic common drinking water treatment plant
(DWTP) disinfection processes. We believe a focus on NDMA formation kinetics in raw
water samples will expand our understanding (i.e. profiling) of NDMA precursors.

The aim of this paper is to investigate NDMA formation kinetics in waters with lower
(surface waters) and higher (treated wastewater effluents) levels of NDMA precursors. In
experiments conducted with seven different waters, the decay of monochloramine and
formation of NDMA were monitored. Experimental data were fit using a second-order reaction
model. We observed similar magnitudes of the fitted second order apparent rate constant for
NDMA formation across a range of water sources, suggesting the model represented a possible

common rate limiting step that exists in most raw waters.
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Experimental and Analytical Methods

Source Waters. Kinetic experiments were performed in seven different waters matrices, five
wastewater effluents, one surface water, and one groundwater. Secondary wastewater effluents
were collected at local wastewater treatment plants (WWTP) in the Metro Phoenix and Nogales
regions of Arizona. The surface water was collected from central AZ surface water supplies and
the groundwater was pumped from a canal in a heavily industrial/agricultural impacted area. All
water samples were filtered immediately after sampling (10 pum, CLR 1-10 Pall Corporation, Port
Washington, NY) and stored in the dark at 4 °C for less than a week.

Reagents. All reagent water was >18.2 MQ-cm and of laboratory grade (Milli-Q Millipore,
Billerica, MA). Sodium hypochlorite (5.65—6%), sodium borate, and sodium sulfite were
purchased from Fisher Scientific (Fairlawn, NJ). Ammonium chloride and anhydrous sodium
sulfate were obtained from Sigma Aldrich (St. Louis, MO). Dichloromethane (DCM) and
methanol were purchased from EMD Chemical (Gibbstown, NJ). NDMA was purchased through
Sigma-Aldrich (St. Louis, MO). Deuterated NDMA (NDMA-de) was purchased from Cambridge

Isotopes (Andover, MA) and diluted to 100 pg/L in Milli-Q water.
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Chloramination Experiments. NDMA formation by chloramination of source waters was
conducted in 500 mL sample aliquots using 1 L amber bottles. A borate buffer stock solution
was prepared by dissolving sodium borate and boric acid in water. Aliquots were buffered at pH
8.0 - 8.2 by adding 10mM borate before chloramination. The preformed monochloramine stock
solution was prepared by adding sodium hypochlorite into a borate buffered (10 mM, pH = 8.0 +
0.1) ammonium chloride solution to produce a N:Cl, molar ratio of 1.2:1. For samples from each
water source, experiments were conducted using two monochloramine doses, a higher dose at
15-20 mg/L and a lower dose at 5—7 mg/L to simulate FP test and SDS test conditions. After
adding monochloramine, samples were allowed to react in the dark at room temperature (23 + 1
°C). Reaction times ranged from 0 minutes to longer than 720 hours. Residual monochloramine
was measured before quenching the residual using 5 mL of 0.5 M ascorbic acid. All samples
were spiked with 1 mL of 100 pg/L NDMA-ds and kept in the dark at 4 °C until extraction and

analysis.
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NDMA Analysis. NDMA extraction and concentration procedures used in this work have been
described previously.** Briefly, activated coconut charcoal solid phase extraction (SPE)
cartridges (Restek, Bellefonte, PA) were first conditioned with DCM, methanol, and HPLC
grade water. Then, 500 mL water samples with isotope (NDMA-ds) were passed through SPE
cartridges. After loading, the cartridges were dried using ultra high purity (UHP) nitrogen gas,
and 5 mL DCM was used to elute NDMA. After being dried with anhydrous sodium sulfate
powder, the extract of NDMA in DCM was concentrated under UHP nitrogen gas to 1 mL.

The extracted samples were analyzed using an Agilent 6890N/5973 inert GC/MS operated in
positive chemical ionization mode with ammonia as the reagent gas.” In brief, the
chromatographic column used was an Agilent DB-1701P (30 m x 0.250 mm x 0.25 pm) (Santa
Clara, CA) and followed a pulsed splitless injection (initial pulse 15 psi for 45 s and then 10 psi)
set at 250 °C with a reduced diameter SPME inlet liner (Sigma Aldrich, St. Louis, MO). The
helium carrier gas was initially pulsed at 1.9 mL/min for 45 s and then reduced to 1.3 mL/min for
the rest of the run. 4 pL of sample was injected into GC through the inlet, with oven temperature
of 40 °C held for 3 min, increased by 4 °C /min to 80 °C and increased to 120 °C at 20 °C/min.
The column interface temperature was set at 200 °C. The mass selective detector was set to
analyze for mass-to-charge 92 (NDMA + NH4+) and 98 (NDMA-d¢ + NH4+). The GC/MS was
calibrated using a series of NDMA standards ranging from 1 pg/L to 1 mg/L and NDMA-de (100

png/L) as internal standard.
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Other Analyses. Free chlorine and monochloramine concentrations were measured using N, N-
diethyl-p-phenylenediamine (DPD) free chlorine and Monochlor F reagents with a Hach
DR5000 spectrophotometer (Hach Company, Loveland, CO). Dissolved organic carbon (DOC)
was measured using a Shimadzu Total Organic Carbon (TOC)-V sy (Shimadzu America Inc.,
Columbia, MD). UV absorbance was measured using a Shimadzu Multispec-150, and pH was
determined with a pH meter (Model PHI410, Beckman Counter Inc., Brea, CA). Dissolved

oxygen was measured by a portable meter (Thermo Scientific Inc., Waltham, MA)

Results & Discussion

NDMA Formation Kinetics in Wastewaters. Fig 1 shows NDMA formation and
monochloramine decay kinetics in a secondary treated wastewater with two different
monochloramine doses. The pH values remained unchanged during the reaction.
Monochloramine decayed slowly over the course of the experiment (580 hours) with a
monochloramine residual remaining throughout the duration of the experiments. NDMA
formation reached a maximum level of ~460 ng/L (~6 nM) within 120 hours at the higher
monochloramine dose and more slowly approached a lower maximum NDMA concentration
~300 ng/L (~4 nM) at the lower monochloramine dose. In addition, at higher monochloramine
doses, NDMA formation increased faster and reached its maximum in less time. Thus, the
concentration of monochloramine is a crucial factor of the NDMA formation kinetics via
chloramination of wastewater effluents in our experiments, both thermodynamically and
kinetically. Data collected for the other wastewater effluents showed a similar impact of

monochloramine on the rate and yields of NDMA formation (see SI, Fig S1-S4). The maximum
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175 NDMA formation in each experiment will be referred to as NDMA,.x, and equals the molar

176 concentrations of NDMA precursors (Py) in the water under the specific experimental
177 conditions before chloramination.

178 Table 1 summarizes NDMA,,,x values for each experiment. In the wastewater effluent
179 samples, NDMA,.x ranged from 4 to 12 nM. There was no correlation found between

180 NDMA.x and DOC or UV;s4, similar to statistical analyses presented elsewhere.?® ¥ In all

181 cases, higher monochloramine doses led to 30% to >50% higher NDMA,,,.x values. This was

182 unexpected because even at very long reaction times there was adequate oxidant residual
183 present to react with NDMA precursors. Although monochloramine is the dominant chloramine
184 species in our test (pH = 8, N:Cl, molar ratio 1.2:1), dichloramine, the disproportionation
185 product from monochloramine, was still present according to the equilibrium:

186 2NH,Cl + H* & NHCI, + NH,* Equation 1

187 It has been reported that dichloramine is responsible for greater NDMA formation from

188 NDMA precursors such as DMA.'®?' Additionally, NDMA precursors were found to react

189 preferably with either monochloramine or dichloramine.'” ?® Thus, in our experiment, even
190 trace levels of dichloramine formed could affect the maximum NDMA formation. At higher
191 doses of monochloramine there would be more dichloramine enhancing the NDMA formation
192 and in contrast a low monochloramine concentration solution would contain less dichloramine,

193 resulting in less NDMA formation.
194 NDMA Formation Kinetics in Surface Waters. Despite having DOC concentrations of

195 similar order of magnitude, NDMA,.x values in the surface water (3.9 mgC/L) were

10
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approximately an order of magnitude lower than in wastewater (DOC 4.6-6.2 mgC/L) (Table 1).
Fig 2 shows that the reaction proceeded over hundreds of hours before NDMA approached a
maximum concentration. NDMA formation was less and slower in surface water samples than
in wastewater. Monochloramine residual slowly decayed during the experiments and was
present throughout the duration of the experiments. In our test in surface water at two
monochloramine doses (Fig 2), the quick NDMA increase within hours possibly indicated the
fast reaction part of NDMA and the slow NDMA increase thereafter showed a slow and rate
limiting step of NDMA formation. Similar NDMA formation kinetics tests from natural organic
matter (NOM) in surface water were made by Chen and Valentine.” These authors separated
NDMA precursors in NOM into two groups and postulated that the fast-reacting group reacts
with monochloramine within hours while the slow-reacting group reacts with HOCI over days
respectively. However, the fast-reacting group forming NDMA was not monitored in their work
due to the low time resolution. Such fractionation of NDMA precursors remains controversial.
The two kinetic parts (fast vs. slow) were not observed in the wastewater samples (Fig 1, S1-S4)
in similar conditions (e.g. DOC and NH,Cl), possibly due to the difference in amine precursors
between wastewater and surface water. Similar to wastewaters, NDMA formation in surface
water at high monochloramine dose was enhanced, possibly due to presence of more
dichloramine.

The groundwater had NDMA.x (15-20 ng/L) on the same order of magnitude with, but
lower than the surface water (30-50 ng/L). It is possibly because it contained less DOC (1.78
mg/L) in groundwater. No two kinetic parts (fast vs. slow) were observed and NDMA

formation reached maximum in less than 100 hours (Fig 3) at two monochloramine doses.

11
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218 In summary, in all water samples the overall NDMA formation at high monochloramine
219 dose was higher than at low monochloramine dose. Wastewaters showed higher NDMA

220 formation (200-950 ng/L) than surface waters (30-50 ng/L) and groundwater (15-20 ng/L). The

221 reaction times for NDMA formation reaching its maximum were shorter when higher
222 monochloramine doses were applied in wastewater and groundwater. No significant difference
223 of such reaction times was found between the two doses of chloramine in surface water. The
224 differences in NDMA formation potential are due to the various types and concentrations of
225 precursors in the different source waters. Precursors such as DMA, which is more reactive with

226 dichloramine, may explain the higher and faster NDMA formation at higher doses of
227 monochloramine.”' Recent research found that pharmaceutical compounds such as methadone,
228 which was found in wastewater effluents has high yields of NDMA and could contribute to

229 large fractions of total NDMA formed.* It is possible that such high yield precursors are also

230 more reactive to chloramines making the NDMA formation in wastewater relatively faster. So
231 higher amine concentrations and higher levels of these known high yield NDMA precursors
232 may be responsible for a higher overall NDMA formation in wastewater than in other water
233 sources. Compared to the differences in NDMA yields in source waters, the differences in

234 kinetics or rates were rather small. Molecular identification of NDMA precursors and NDMA

235 formation kinetics of these precursors are needed to improve our understanding of NDMA
236 formation in real waters.

237 Model Fitting of NDMA Kinetics. Three main pathways for NDMA formation have been
238 proposed and are summarized in the SI. Initially we envisioned that different types of
239 precursors may proceed along different mechanistic pathways to produce NDMA, involving a

12
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range of intermediates and potentially involving oxygen reactions. In tests performed in this
work, fractions of NDMA precursors with different rates were not evident in surface water and
were not observed in wastewater effluents. In addition, it was not practical to classifty NDMA
precursors (nM quantities) as either having higher or lower yields and presumably different
reaction rates as they are water source specific. Based on NDMA and monochloramine
concentrations observed in our kinetic experiments, NDMA formation was fit to Equation 2:

for the reaction of NDMA precursors (P) in the presence of monochloramine (NH,Cl):

dIP]
dt

= —Kkapp[P]™[NH,CI]" Equation 2
P is the NDMA precursor concentration and K,y 1s a best fit rate constant. Here we only count
the ‘active’ compounds that form NDMA as NDMA precursors. So we assume a 1:1
relationship between the disappearance of the precursor (P) and NDMA formation (m = 1). The
rate order with respect to NH,Cl (n) was calculated ~1 (n = 1.20 + 0.41) by plotting
log[NDMA formation rate] vs. log[NH,Cl] in the same time period for the same water at two
NH,ClI doses. Therefore we used the second order expression (m = n = 1, Equation 2) to fit to
the data. The concentration of NDMA at any time ([NDMA(t)]) is related to the maximum
amount of NDMA precursors available for reaction in an experiment ( [PJop= [NDMA.x] ) as
follows:
[NDMA(t)] = [P], — [Pl Equation 3
where [P]; is calculated from Equation 2. It is noteworthy that NDMA is only one of the
byproducts of reactions between organic compounds and chloramines. [P]yin Equation 3 refers
to the precursors that would form NDMA under certain conditions (e.g. pH = 8, known NH,Cl

concentration) and was measured as NDMA,,,x, when NDMA stopped increasing. NH,Cl

13
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262 degradation involves various reactions such as hydrolysis and reactions with inorganic or
263 organic species (e.g. NDMA precursors). Monochloramine degradation was fit by measured
264 NH,Cl concentrations at selected time points with a first order model in which the
265 decomposition rate of monochloramine was specific to experimental conditions and source

266 waters.

267 Although dichloramine was thought to react with precursors forming NDMA, the model did
268 not use dichloramine as a reactant variable. One reason is that the measurement of dichloramine
269 is time consuming and more complicated compared to that of monochloramine.” Additionally,

270 under our experimental conditions (pH = 8.0) the NHCI,/NH,Cl ratio would be constant

271 because the system is in equilibrium during the reaction time.**** Thus dichloramine could be
272 represented as ratio of monochloramine and its reaction could also be fit with our model
273 empirically, leading to an apparent rate constant Kqpp.

274 Using this modeling approach, NDMA formation in treated wastewaters and in surface
275 waters was well fit with correlation coefficients (R?) greater than 0.9 in most tests. Optimized
276 data fits were achieved using Kintecus.** Model fits of experimental data are shown in Fig 1-3.

277 In wastewater effluents tests, the model overestimated the NDMA in the beginning of the test

278 (<50 h) at low doses of monochloramine, showing a ‘lag period’ of NDMA formation. Such a

279 ‘lag-period’ was observed in previous studies of NDMA formation from pharmaceutical
280 compounds (e.g. ranitidine) as NDMA precursors at similar monochloramine dose (6 mg/LCl,)
281 in surface waters. '® In work conducted by Shen and Andrews, the lag and a subsequent
282 initiation of NDMA formation from selected pharmaceuticals were successfully modeled with a
283 dose-response curve. '° The lag and the rate constants were found correlated to TOC and SUVA

14
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values for certain pharmaceuticals. It was suggested that there was NOM-pharmaceutical
binding that inhibited the initial NDMA formation.'® A similar lag-period was interpreted as
indicating the possible interactions of pharmaceutical compounds with wastewater organics. A
similar dose-response curve model was applied to our kinetics data. The NDMA formation was
well represented with a similar correlation coefficient than in our kinetic model (R2 > 0.9)
(Table S1). The wastewater effluent samples with the ‘lag-period” were better fit with the dose-
response curve model than our proposed model. However, the rate constant k (h™") derived from
the dose-response model showed broad variations, ranging from 0.007 h™' to 0.175 h™ for
surface water and wastewater respectively. No correlation was found between water quality (e.g.
TOC and SUVA) and model parameters (e.g. lag and rate constant k). The dose-response model
also did not take into account the role of monochloramine dose, which in our kinetic
experiments, impacted NDMA FP and the reaction kinetics. Finally the dose-response model is
purely descriptive and does not provide insight into the underlying formation mechanisms,
especially in complex water matrices.

Table 1 summarizes fitted Kk, and R? values for all experiments. The magnitude of kgpp
values fall within a relatively narrow range of less than one order of magnitude (0.01-0.09 M
'sh). The goodness of fit of the model, represented by Equation 2 and 3, was evaluated by
comparing observed NDMA formation data and model prediction in Fig 4. The small 95%
confidence intervals suggested significant correlation between model-predicted and observed
NDMA formation. Data in Chen and Valentine’s 2006 work on NDMA formation from NOM
was also fit with our model and the kgp, (0.09 M's™") was similar to that of our wastewater and

surface waters. A narrow range in kp, values was surprising given the very different precursors

15
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306 expected in varying source waters and the order of magnitude differences in NDMA .«
307 between sources.

308 Most mechanistic work on NDMA formation during chloramination has been conducted
309 with secondary amines such as DMA.?' It has been suggested that during chlorination some
310 tertiary amines could decay to secondary amines forming NDMA upon subsequent
311 chloramination.”” It was still unclear if such transformation reaction between amines or NDMA
312 formation from amines was a rate limiting step. The small variance of rate constants suggests
313 that reactions like degradation of higher order amines to secondary amine precursors, if there
314 any were present, are rapid compared to NDMA formation. This is in agreement with the short

315 half-life (<14 h) of trimethylamine (TMA) decomposing to DMA in presence of
316 monochloramine and indicates that amine precursor groups, including secondary amines and
317 tertiary amines with either low or high yields, probably have a similar rate limiting step

318 forming NDMA in our tests.

319 We propose a general reaction pathway of NDMA formation from chloramination of NDMA
320 precursors in treated wastewaters and surface waters. Precursors that include anthropogenic
321 chemicals or natural biomolecules rapidly react with chloramines to produce intermediates. The
322 yield of intermediates depends upon types of precursors (e.g. secondary or tertiary amines, 3-
323 aryl amines) and monochloramine dose. The intermediates then function as the precursors (P)
324 and the subsequent conversion from intermediates (P) to NDMA undergoes a second order
325 reaction mechanism in the presence of oxidant such as monochloramine.

326 Monochloramine Exposure. Oxidant exposure has been used as a parameter in many
327 oxidation reactions (e.g. ozonation) when modeled as second order reactions in waters to

16
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3336 In this work NDMA formation was modeled as second order

investigate reaction kinetics.
reaction in Equation 2, which can be integrated (Equation 4) with [[NH,Cl]dt being the

monochloramine exposure.

P :
n% = —Kapp [[INH,Cl]dt Equation 4

Equation 4 offers another way of quantifying the apparent second order rate constant k,pp. In
addition, it shows ([P]/[P]o), the relative conversion of NDMA precursor, is related to the
NH,CI exposure. Figure 5 shows the plots of [P]/[Py] against NH,Cl exposure for water
samples at low and high NH,Cl doses. In different water samples, the reaction required
different NH,ClI exposure for the same conversion of precursors. The rate constants varied by
water sources, possibly due to the varying precursor groups and their different reactivity with
NH,CIl or NHCl,. From the previous discussion in this work NH,CIl dose determines the
NDMA.x even in the same water sample, but does not affect the rate constants in wastewater
and groundwater. The relative change of precursors (or increase of NDMA formation) had the
same kinetics for the same water at different NH,Cl doses (Fig 5a-5¢, S5-S7). Surface water
represents an exception (Fig 5d). The surface water had a lower kg, than all other waters tested.
The relative change of precursors in surface water differed with low and high dose NH,Cl,
especially when NH,Cl exposure is less than 5x10° mgCl, x min/L, possibly due to the ‘fast
and slow’ reaction mechanism in surface water.

In finished drinking water NH,CI concentrations (<0.06 mM) are typically lower than those
used in our test (0.09-0.51 mM). From our results, NDMA formation reaction kinetics are
dependent upon NH,Cl exposure, not NH,Cl concentrations. The rate constants could be

applied to waters with lower NH>Cl concentration and longer contact time ranges. NH,Cl

17
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350 exposure and the rate constants are the key parameters for the prediction of the transformation

351 efficiency of NDMA precursors into NDMA. With a measurement of NDMA,,,,x in site-specific

352 sample and chloramine conditions, our proposed model provides a practical way to predict
353 NDMA formation in drinking water influenced by wastewater effluents and surface waters in
354 water plants and drinking water distribution systems.

355

356 Conclusions

357 NDMA formation potential and formation kinetics during chloramination were investigated
358 in wastewater and surface water samples. Under reaction conditions in our experiments (pH =

359 8.0, NH,Cl = 0.09-0.51 mM) NDMA formation increased to its maximum over hundreds of

360 hours. NDMA maximum conversion was found to be dependent on the preformed
361 monochloramine in the water samples.

362 A simple second order NDMA formation model of reactions between amine precursors and
363 monochloramine was developed. NDMA formations were well predicted by the model with
364 correlation coefficients higher than 0.9 in most cases. The modeled rate constants for different
365 water samples were found surprisingly within a narrow range (0.01-0.09 Msh, indicating a

366 possible rate limiting step of NDMA formation for different amine precursor groups. With only

367 two simple measurements (NDMA formation potential and monochloramine exposure), our
368 model provides a practical way to predict NDMA concentrations in distribution system.

369 Our proposed model was validated at pH 8 and monochloramine doses between 0.09 mM to
370 0.51 mM with wastewater effluents and surface water samples. It would be of value to extend
371 the work further in a larger variety of water matrices and reaction conditions such as pH, N:Cl,

18
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ratio and dissolved oxygen level, to simulate a larger variety of water treatment plants or
distribution systems. Additionally, characterization or profiling of the precursors of NDMA and
chloramination kinetic studies of more model precursors are needed to better understand
different pools of precursors and how they could interact or contribute to NDMA formation in
different water systems.
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Table 1 Water quality, treatment and NDMA formed in source waters

Upon Monochloramine Addition

Sample Source DOC | UV254 | Monochloramine NDMA Kapp
1D (mg/L) | (em”) | dose (mgCl/L | pH |~ e | R

[uM]) M)

18 [254 uM 6 0.04
WWI1 | Wastewater | 4.6 | 0.12 [254 uM] 8.2 0.99
6 [85 uM] 4 0.04 | 0.95

20 [282 uM 7 0.04
WW2 | Wastewater | 6.17 | 0.15 (282 LM 8.0 0.97
7199 uM] 2 004 | o088

20 [282 uM 12 0.07
WW3 | Wastewater | 5.83 | 0.14 (282 LM 8.0 0.95
7[99 uM] 9 0.05 0.98

20 [282 uM 12 0.08
WW4 | Wastewater | 532 | 0.17 (282 LM 8.0 0.96
7199 uM] 8 008 | 09

20 [282 uM 8 0.08
WW5 Wastewater - - [ nM] 8.0 0.57
6 [85 uM] 5.5 009 | 096

36 [507 uM 0.7 0.01
SW1 Lake 388 | 0.08 [507 uM] 8.0 0.91
12 [169 pM] 0.4 002 | o091

20 [282 uM 02 0.04
GW1 | Groundwater | 1.78 | 0.05 [282 pM] 8.0 091
7199 uM] 02 006 | 089
swa T River 34 - 3.5[50 uM] 8.0 03 009 | 096
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400 " Data of NDMA formation and monochloramine were from Chen and Valentine, 2006
401
402
403
404
405
406
407
408
409
410
411
412
413
414

415

21



416

417
418

419

420

421

Environmental Science: Water Research & Technology

600

A
20
18¥ O NH,CI =18mgCly/L
fe>) A NHyCl =6mgCl,/L
16 - O o
o
5 14 - °
Z\l @) o o)
o 12 - o
o (¢]
E 10 -
3 8]
I
Z 6
A
4 AAa A & A A
A A
2
0 T T T T T
0 100 200 300 400 500
Time (hour)
B
600
500 - ° )
5" - —O
? o o O
(=2}
£ /
< 3007 N P
= A _ A
=) / - A
Z 200 ¢ A7
é 7 d — — NH2CI=18mgCly/L model
100 - N O  NHCI=18mgCla/L observation
/A —— - NH2CI=6mgCla/L model
A NHCl=6mgCly/L observation
0 T T T T T
0 100 200 300 400 500
Time (hour)

Fig 1. (A) Monochloramine (NH,Cl) decay kinetics in WW 1 for two initial monochloramine
doses. (B) NDMA formation observed (symbols) and fitted by equation 2&3 (lines). Error bars

represent one standard deviation (n = 3) for select time points. (pH = 8.2, Temperature = 23 +

1°C)
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423 Fig 2. NDMA formation observed (symbols) and fitted by equation 2&3 (line) in SW at two
424 initial monochloramine doses. Error bars represent one standard deviation (n = 3) for select
425 time points. (pH =8.0,23 = 1 °C)
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Fig 3. NDMA formation observed (symbols) and fitted by Equations 2&3 (line) in GW at two

initial monochloramine doses. (pH = 8.0, 23 = 1 °C)
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