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Abstract 22 

N-nitrosodimethylamine (NDMA) is a chloramination disinfection by-product (DBP) with 23 

an uncertain regulatory future. While extensive literature exists on NDMA formation potentials 24 

(FP) for natural waters and for model compounds considered as NDMA precursors, less data 25 

exists on the kinetics of NDMA formation in surface and wastewaters. NDMA formation 26 

kinetics experiments were conducted in seven source waters at two monochloramine doses. 27 

NDMA formation was modeled by a simple, second-order model, using the measured 28 

NDMAmax and monitored monochloramine concentrations at selected reaction times. The 29 

model fits NDMA formation well (R
2
>0.88) in all source waters. While the extent of NDMA 30 

formation was highly variable, the rate constant (kapp) values from different waters fell in a 31 

narrow range (0.01–0.09 M
-1

s
-1

). This suggests that a common precursor or rate limiting step 32 

for NDMA formation likely exists despite the differences in matrices. Although further studies 33 

are needed to validate the model over a wider range of water conditions such as pH and N:Cl2 34 

ratios, the model could help water utilities to predict NDMA formation in distribution systems. 35 

 36 

 37 

 38 

Water Impact Statement  39 

N-nitrosodimethylamine (NDMA) has drawn extensive attention because of its rodent 40 

carcinogenicity and occurrence in drinking water. Kinetics information for NDMA formation is 41 

lacking for wastewaters and drinking waters. In this work, chloramination of waters from 42 

various sources (e.g. surface waters and wastewaters) was performed and a second order model 43 
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of NDMA formation is proposed to describe NDMA formation kinetics. The proposed model 44 

presents a practical way for water utilities to predict NDMA formation in their waters. The 45 

results offer new insights on possible NDMA formation mechanisms in real waters. 46 

 47 

Introduction 48 

Occurrence studies and potential carcinogenicity of N-nitrosamines (NAs) in drinking water 49 

are leading the United States Environmental Protection Agency (USEPA) and some Canadian 50 

Provinces to set health standards and regulatory determinations for individual or groups of NAs. 51 

Over the past decades, NAs have emerged as a large scale concern because water utilities have 52 

increasingly relied upon chloramines for residual disinfection to meet trihalomethane (THM) 53 

and haloacetic acid (HAA) regulations.
1
 Six NAs were included in Unregulated Contaminant 54 

Monitoring Rule 2 (UCMR2), and five of those were then included on the third Contaminant 55 

Candidate List (CCL3).
2
 N-nitrosodimethylamine (NDMA) was the most commonly detected 56 

NA in UCMR2 (34% of chloraminated drinking waters) with detections of four other NAs 57 

being rare (<1% of samples) and typically occurring in samples with high NDMA 58 

concentration.
3
 NAs, including NDMA, are classified as probable human carcinogens in water 59 

at low ng/L levels associated with a 10
-6

 lifetime cancer risk.
4
 Based on this assessment, 60 

California’s Office of Environmental Health Hazard Assessment (OEHHA) set a public health 61 

goal at 3 ng/L for NDMA
5
 and California’s Department of Public Health (CDPH) has set 10 62 

ng/L notification for three nitrosamines.
6
 Because of their potential to cause cancer, the USEPA 63 

may soon make a regulatory determination for NAs. 64 
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A recent review indicates that most studies have found that NDMA formation is more 65 

associated with chloramination than with chlorination.
1
 Systems using chloramines as the 66 

primary, rather than secondary, disinfectant have high NDMA Formation Potential (FP) (i.e., 67 

>50 ng/L) in plant effluent,
3
 indicating the potential for precursor deactivation by strong pre-68 

oxidants such as chlorine. Since nitrosamine formation is a kinetically slow process, plants 69 

using chloramine with long hydraulic contact times in plant plus distribution system (e.g., 12–70 

18 hr) tend to have more NDMA in the effluent than those using chloramine for short (e.g., 0.5–71 

2 hr) contact times.
7
 NDMA concentrations tend to increase throughout chloraminated 72 

distribution systems.
7-11

  73 

NA formation in drinking water requires an organic nitrogen-based precursor plus an oxidant 74 

(e.g., inorganic chloramine, ozone).
12-13

 Oxidation chemistry, including inorganic reactions with 75 

bromide and ammonia,
14-15

 is important; however, little information is available regarding 76 

which organic precursors control the rate and extent of NA formation in drinking water. 77 

Mechanistic studies indicate that yields of NDMA from chloramination of most secondary and 78 

tertiary model amines are ~0–2% but can be >80% for certain tertiary amines with β-aryl 79 

functional groups.
16-17

 Wastewater-impaired source waters contain NDMA precursors, 80 

suggesting the importance of anthropogenic constituents. Specific precursors have not been 81 

characterized outside of a select few
18

 in wastewater-impaired source waters but could include 82 

either tertiary amine-based microconstituents that form NDMA at high yield or quaternary 83 

amine-based macroconstituents of consumer products that form NDMA at low yield.  84 

Different NDMA formation pathways during chloramination are briefly illustrated in the 85 

supplementary information (SI) section (Text S1). Despite rich literature on pathways and 86 
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yields of NDMA formation using model compounds,
19-23

 less information exists related to the 87 

kinetics of NDMA formation in surface and wastewaters. Many studies rely upon NDMA FP 88 

measurements which are akin to THM-FP measurements and, while useful, lack information 89 

suitable for managing DBP formation in complex hydraulic systems. Simulated distributed 90 

system (SDS) test methods for NA’s have been developed, but often include a short free 91 

chlorine period (before NH3 addition) to mimic common drinking water treatment plant 92 

(DWTP)  disinfection processes. We believe a focus on NDMA formation kinetics in raw 93 

water samples will expand our understanding (i.e. profiling) of NDMA precursors. 94 

The aim of this paper is to investigate NDMA formation kinetics in waters with lower 95 

(surface waters) and higher (treated wastewater effluents) levels of NDMA precursors. In 96 

experiments conducted with seven different waters, the decay of monochloramine and 97 

formation of NDMA were monitored. Experimental data were fit using a second-order reaction 98 

model. We observed similar magnitudes of the fitted second order apparent rate constant for 99 

NDMA formation across a range of water sources, suggesting the model represented a possible 100 

common rate limiting step that exists in most raw waters.   101 

 102 

 103 
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Experimental and Analytical Methods 104 

Source Waters. Kinetic experiments were performed in seven different waters matrices, five 105 

wastewater effluents, one surface water, and one groundwater. Secondary wastewater effluents 106 

were collected at local wastewater treatment plants (WWTP) in the Metro Phoenix and Nogales 107 

regions of Arizona. The surface water was collected from central AZ surface water supplies and 108 

the groundwater was pumped from a canal in a heavily industrial/agricultural impacted area. All 109 

water samples were filtered immediately after sampling (10 µm, CLR 1-10 Pall Corporation, Port 110 

Washington, NY) and stored in the dark at 4 °C for less than a week. 111 

Reagents. All reagent water was >18.2 MΩ-cm and of laboratory grade (Milli-Q Millipore, 112 

Billerica, MA). Sodium hypochlorite (5.65−6%), sodium borate, and sodium sulfite were 113 

purchased from Fisher Scientific (Fairlawn, NJ). Ammonium chloride and anhydrous sodium 114 

sulfate were obtained from Sigma Aldrich (St. Louis, MO). Dichloromethane (DCM) and 115 

methanol were purchased from EMD Chemical (Gibbstown, NJ). NDMA was purchased through 116 

Sigma-Aldrich (St. Louis, MO). Deuterated NDMA (NDMA-d6) was purchased from Cambridge 117 

Isotopes (Andover, MA) and diluted to 100 µg/L in Milli-Q water.  118 

 119 
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Chloramination Experiments. NDMA formation by chloramination of source waters was 120 

conducted in 500 mL sample aliquots using 1 L amber bottles. A borate buffer stock solution 121 

was prepared by dissolving sodium borate and boric acid in water. Aliquots were buffered at pH 122 

8.0 - 8.2 by adding 10mM borate before chloramination. The preformed monochloramine stock 123 

solution was prepared by adding sodium hypochlorite into a borate buffered (10 mM, pH = 8.0 ± 124 

0.1) ammonium chloride solution to produce a N:Cl2 molar ratio of 1.2:1. For samples from each 125 

water source, experiments were conducted using two monochloramine doses, a higher dose at 126 

15–20 mg/L and a lower dose at 5–7 mg/L to simulate FP test and SDS test conditions. After 127 

adding monochloramine, samples were allowed to react in the dark at room temperature (23 ± 1 128 

°C). Reaction times ranged from 0 minutes to longer than 720 hours. Residual monochloramine 129 

was measured before quenching the residual using 5 mL of 0.5 M ascorbic acid. All samples 130 

were spiked with 1 mL of 100 µg/L NDMA-d6 and kept in the dark at 4 ºC until extraction and 131 

analysis.  132 

 133 
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NDMA Analysis. NDMA extraction and concentration procedures used in this work have been 134 

described previously.
24

 Briefly, activated coconut charcoal solid phase extraction (SPE) 135 

cartridges (Restek, Bellefonte, PA) were first conditioned with DCM, methanol, and HPLC 136 

grade water. Then, 500 mL water samples with isotope (NDMA-d6) were passed through SPE 137 

cartridges. After loading, the cartridges were dried using ultra high purity (UHP) nitrogen gas, 138 

and 5 mL DCM was used to elute NDMA. After being dried with anhydrous sodium sulfate 139 

powder, the extract of NDMA in DCM was concentrated under UHP nitrogen gas to 1 mL. 140 

The extracted samples were analyzed using an Agilent 6890N/5973 inert GC/MS operated in 141 

positive chemical ionization mode with ammonia as the reagent gas.
25

 In brief, the 142 

chromatographic column used was an Agilent DB-1701P (30 m × 0.250 mm × 0.25 µm) (Santa 143 

Clara, CA) and followed a pulsed splitless injection (initial pulse 15 psi for 45 s and then 10 psi) 144 

set at 250 °C with a reduced diameter SPME inlet liner (Sigma Aldrich, St. Louis, MO). The 145 

helium carrier gas was initially pulsed at 1.9 mL/min for 45 s and then reduced to 1.3 mL/min for 146 

the rest of the run. 4 µL of sample was injected into GC through the inlet, with oven temperature 147 

of 40 °C held for 3 min, increased by 4 °C /min to 80 °C and increased to 120 °C at 20 °C/min. 148 

The column interface temperature was set at 200 °C. The mass selective detector was set to 149 

analyze for mass-to-charge 92 (NDMA + NH4
+
) and 98 (NDMA-d6 + NH4

+
). The GC/MS was 150 

calibrated using a series of NDMA standards ranging from 1 µg/L to 1 mg/L and NDMA-d6 (100 151 

µg/L) as internal standard.  152 
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Other Analyses. Free chlorine and monochloramine concentrations were measured using N,N-153 

diethyl-p-phenylenediamine (DPD) free chlorine and Monochlor F reagents with a Hach 154 

DR5000 spectrophotometer (Hach Company, Loveland, CO). Dissolved organic carbon (DOC) 155 

was measured using a Shimadzu Total Organic Carbon (TOC)-VCSH (Shimadzu America Inc., 156 

Columbia, MD). UV absorbance was measured using a Shimadzu Multispec-150, and pH was 157 

determined with a pH meter (Model PHI410, Beckman Counter Inc., Brea, CA). Dissolved 158 

oxygen was measured by a portable meter (Thermo Scientific Inc., Waltham, MA)  159 

 160 

Results & Discussion 161 

NDMA Formation Kinetics in Wastewaters. Fig 1 shows NDMA formation and 162 

monochloramine decay kinetics in a secondary treated wastewater with two different 163 

monochloramine doses. The pH values remained unchanged during the reaction. 164 

Monochloramine decayed slowly over the course of the experiment (580 hours) with a 165 

monochloramine residual remaining throughout the duration of the experiments. NDMA 166 

formation reached a maximum level of ~460 ng/L (~6 nM) within 120 hours at the higher 167 

monochloramine dose and more slowly approached a lower maximum NDMA concentration 168 

~300 ng/L (~4 nM) at the lower monochloramine dose. In addition, at higher monochloramine 169 

doses, NDMA formation increased faster and reached its maximum in less time. Thus, the 170 

concentration of monochloramine is a crucial factor of the NDMA formation kinetics via 171 

chloramination of wastewater effluents in our experiments, both thermodynamically and 172 

kinetically. Data collected for the other wastewater effluents showed a similar impact of 173 

monochloramine on the rate and yields of NDMA formation (see SI, Fig S1-S4). The maximum 174 
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NDMA formation in each experiment will be referred to as NDMAmax, and equals the molar 175 

concentrations of NDMA precursors (P0) in the water under the specific experimental 176 

conditions before chloramination. 177 

Table 1 summarizes NDMAmax values for each experiment. In the wastewater effluent 178 

samples, NDMAmax ranged from 4 to 12 nM. There was no correlation found between 179 

NDMAmax and DOC or UV254, similar to statistical analyses presented elsewhere.
26, 27

 In all 180 

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

unexpected because even at very long reaction times there was adequate oxidant residual 182 

present to react with NDMA precursors. Although monochloramine is the dominant chloramine 183 

species in our test (pH = 8, N:Cl2 molar ratio 1.2:1), dichloramine, the disproportionation 184 

product from monochloramine, was still present according to the equilibrium:  185 

2NH�Cl + H� ↔ NHCl� + NH

�                       Equation 1 186 

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

NDMA precursors such as DMA.
16, 21

 Additionally, NDMA precursors were found to react 188 

preferably with either monochloramine or dichloramine.
17, 28

 Thus, in our experiment, even 189 

trace levels of dichloramine formed could affect the maximum NDMA formation. At higher 190 

doses of monochloramine there would be more dichloramine enhancing the NDMA formation 191 

and in contrast a low monochloramine concentration solution would contain less dichloramine, 192 

resulting in less NDMA formation.    193 

NDMA Formation Kinetics in Surface Waters. Despite having DOC concentrations of 194 

similar order of magnitude, NDMAmax values in the surface water (3.9 mgC/L) were 195 
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approximately an order of magnitude lower than in wastewater (DOC 4.6-6.2 mgC/L) (Table 1). 196 

Fig 2 shows that the reaction proceeded over hundreds of hours before NDMA approached a 197 

maximum concentration. NDMA formation was less and slower in surface water samples than 198 

in wastewater. Monochloramine residual slowly decayed during the experiments and was 199 

present throughout the duration of the experiments. In our test in surface water at two 200 

monochloramine doses (Fig 2), the quick NDMA increase within hours possibly indicated the 201 

fast reaction part of NDMA and the slow NDMA increase thereafter showed a slow and rate 202 

limiting step of NDMA formation. Similar NDMA formation kinetics tests from natural organic 203 

matter (NOM) in surface water were made by Chen and Valentine.
29

 These authors separated 204 

NDMA precursors in NOM into two groups and postulated that the fast-reacting group reacts 205 

with monochloramine within hours while the slow-reacting group reacts with HOCl over days 206 

respectively. However, the fast-reacting group forming NDMA was not monitored in their work 207 

due to the low time resolution. Such fractionation of NDMA precursors remains controversial. 208 

The two kinetic parts (fast vs. slow) were not observed in the wastewater samples (Fig 1, S1-S4) 209 

in similar conditions (e.g. DOC and NH2Cl), possibly due to the difference in amine precursors 210 

between wastewater and surface water. Similar to wastewaters, NDMA formation in surface 211 

water at high monochloramine dose was enhanced, possibly due to presence of more 212 

dichloramine. 213 

The groundwater had NDMAmax (15-20 ng/L) on the same order of magnitude with, but 214 

lower than the surface water (30-50 ng/L). It is possibly because it contained less DOC (1.78 215 

mg/L) in groundwater. No two kinetic parts (fast vs. slow) were observed and NDMA 216 

formation reached maximum in less than 100 hours (Fig 3) at two monochloramine doses.  217 
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In summary, in all water samples the overall NDMA formation at high monochloramine 218 

dose was higher than at low monochloramine dose. Wastewaters showed higher NDMA 219 

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

reaction times for NDMA formation reaching its maximum were shorter when higher 221 

monochloramine doses were applied in wastewater and groundwater. No significant difference 222 

of such reaction times was found between the two doses of chloramine in surface water. The 223 

differences in NDMA formation potential are due to the various types and concentrations of 224 

precursors in the different source waters. Precursors such as DMA, which is more reactive with 225 

dichloramine, may explain the higher and faster NDMA formation at higher doses of 226 

monochloramine.
21

 Recent research found that pharmaceutical compounds such as methadone, 227 

which was found in wastewater effluents has high yields of NDMA and could contribute to 228 

large fractions of total NDMA formed.
30

 It is possible that such high yield precursors are also 229 

more reactive to chloramines making the NDMA formation in wastewater relatively faster. So 230 

higher amine concentrations and higher levels of these known high yield NDMA precursors 231 

may be responsible for a higher overall NDMA formation in wastewater than in other water 232 

sources. Compared to the differences in NDMA yields in source waters, the differences in 233 

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

formation kinetics of these precursors are needed to improve our understanding of NDMA 235 

formation in real waters. 236 

Model Fitting of NDMA Kinetics. Three main pathways for NDMA formation have been 237 

proposed and are summarized in the SI. Initially we envisioned that different types of 238 

precursors may proceed along different mechanistic pathways to produce NDMA, involving a 239 
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range of intermediates and potentially involving oxygen reactions. In tests performed in this 240 

work, fractions of NDMA precursors with different rates were not evident in surface water and 241 

were not observed in wastewater effluents. In addition, it was not practical to classify NDMA 242 

precursors (nM quantities) as either having higher or lower yields and presumably different 243 

reaction rates as they are water source specific. Based on NDMA and monochloramine 244 

concentrations observed in our kinetic experiments, NDMA formation was fit to Equation 2:  245 

for the reaction of NDMA precursors (P) in the presence of monochloramine (NH2Cl): 246 

�[
]

��
= −k���[P]

�[NH�Cl]
�   Equation 2 247 

 P is the NDMA precursor concentration and kapp is a best fit rate constant. Here we only count 248 

the ‘active’ compounds that form NDMA as NDMA precursors. So we assume a 1:1 249 

relationship between the disappearance of the precursor (P) and NDMA formation (m = 1). The 250 

rate order with respect to NH2Cl (n) was calculated ~1 (n = 1.20 ± 0.41) by plotting 251 

log[NDMA formation rate] vs. log[NH2Cl] in the same time period for the same water at two 252 

NH2Cl doses. Therefore we used the second order expression (m = n = 1, Equation 2) to fit to 253 

the data. The concentration of NDMA at any time ([NDMA(t)]) is related to the maximum 254 

amount of NDMA precursors available for reaction in an experiment ( [P]0 = [NDMAmax] ) as 255 

follows:  256 

[NDMA(t)] = [P]� − [P]�        Equation 3 257 

where [P]t is calculated from Equation 2. It is noteworthy that NDMA is only one of the 258 

byproducts of reactions between organic compounds and chloramines. [P]0 in Equation 3 refers 259 

to the precursors that would form NDMA under certain conditions (e.g. pH = 8, known NH2Cl 260 

concentration) and was measured as NDMAmax, when NDMA stopped increasing. NH2Cl 261 
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degradation involves various reactions such as hydrolysis and reactions with inorganic or 262 

organic species (e.g. NDMA precursors). Monochloramine degradation was fit by measured 263 

NH2Cl concentrations at selected time points with a first order model in which the 264 

decomposition rate of monochloramine was specific to experimental conditions and source 265 

waters.  266 

Although dichloramine was thought to react with precursors forming NDMA, the model did 267 

not use dichloramine as a reactant variable. One reason is that the measurement of dichloramine 268 

is time consuming and more complicated compared to that of monochloramine.
31

 Additionally, 269 

under our experimental conditions (pH = 8.0) the NHCl2/NH2Cl ratio would be constant 270 

because the system is in equilibrium during the reaction time.
32,33

 Thus dichloramine could be 271 

represented as ratio of monochloramine and its reaction could also be fit with our model 272 

empirically, leading to an apparent rate constant kapp. 273 

Using this modeling approach, NDMA formation in treated wastewaters and in surface 274 

waters was well fit with correlation coefficients (R
2
) greater than 0.9 in most tests. Optimized 275 

data fits were achieved using Kintecus.
34

 Model fits of experimental data are shown in Fig 1-3. 276 

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

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

‘lag-period’ was observed in previous studies of NDMA formation from pharmaceutical 279 

compounds (e.g. ranitidine) as NDMA precursors at similar monochloramine dose (6 mg/LCl2) 280 

in surface waters.
 16

 In work conducted by Shen and Andrews, the lag and a subsequent 281 

initiation of NDMA formation from selected pharmaceuticals were successfully modeled with a 282 

dose-response curve.
 16

 The lag and the rate constants were found correlated to TOC and SUVA 283 
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values for certain pharmaceuticals. It was suggested that there was NOM-pharmaceutical 284 

binding that inhibited the initial NDMA formation.
16

 A similar lag-period was interpreted as 285 

indicating the possible interactions of pharmaceutical compounds with wastewater organics. A 286 

similar dose-response curve model was applied to our kinetics data. The NDMA formation was 287 

well represented with a similar correlation coefficient than in our kinetic model (R
2 

> 0.9) 288 

(Table S1). The wastewater effluent samples with the ‘lag-period’ were better fit with the dose-289 

response curve model than our proposed model. However, the rate constant k (h
-1

) derived from 290 

the dose-response model showed broad variations, ranging from 0.007 h
-1 

to 0.175 h
-1

 for 291 

surface water and wastewater respectively. No correlation was found between water quality (e.g. 292 

TOC and SUVA) and model parameters (e.g. lag and rate constant k). The dose-response model 293 

also did not take into account the role of monochloramine dose, which in our kinetic 294 

experiments, impacted NDMA FP and the reaction kinetics. Finally the dose-response model is 295 

purely descriptive and does not provide insight into the underlying formation mechanisms, 296 

especially in complex water matrices. 297 

Table 1 summarizes fitted kapp and R
2
 values for all experiments. The magnitude of kapp 298 

values fall within a relatively narrow range of less than one order of magnitude (0.01–0.09 M
-

299 

1
s

-1
). The goodness of fit of the model, represented by Equation 2 and 3, was evaluated by 300 

comparing observed NDMA formation data and model prediction in Fig 4. The small 95% 301 

confidence intervals suggested significant correlation between model-predicted and observed 302 

NDMA formation. Data in Chen and Valentine’s 2006 work on NDMA formation from NOM 303 

was also fit with our model and the kapp (0.09 M
-1

s
-1

) was similar to that of our wastewater and 304 

surface waters. A narrow range in kapp values was surprising given the very different precursors 305 
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expected in varying source waters and the order of magnitude differences in NDMAmax 306 

between sources. 307 

Most mechanistic work on NDMA formation during chloramination has been conducted 308 

with secondary amines such as DMA.
21

 It has been suggested that during chlorination some 309 

tertiary amines could decay to secondary amines forming NDMA upon subsequent 310 

chloramination.
22

 It was still unclear if such transformation reaction between amines or NDMA 311 

formation from amines was a rate limiting step. The small variance of rate constants suggests 312 

that reactions like degradation of higher order amines to secondary amine precursors, if there 313 

any were present, are rapid compared to NDMA formation. This is in agreement with the short 314 

half-life (<14 h) of trimethylamine (TMA) decomposing to DMA in presence of 315 

monochloramine and indicates that amine precursor groups, including secondary amines and 316 

tertiary amines with either low or high yields, probably have a similar rate limiting step 317 

forming NDMA in our tests. 318 

We propose a general reaction pathway of NDMA formation from chloramination of NDMA 319 

precursors in treated wastewaters and surface waters. Precursors that include anthropogenic 320 

chemicals or natural biomolecules rapidly react with chloramines to produce intermediates. The 321 

yield of intermediates depends upon types of precursors (e.g. secondary or tertiary amines, β-322 

aryl amines) and monochloramine dose. The intermediates then function as the precursors (P) 323 

and the subsequent conversion from intermediates (P) to NDMA undergoes a second order 324 

reaction mechanism in the presence of oxidant such as monochloramine. 325 

Monochloramine Exposure. Oxidant exposure has been used as a parameter in many 326 

oxidation reactions (e.g. ozonation) when modeled as second order reactions in waters to 327 
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investigate reaction kinetics.
35,36

 In this work NDMA formation was modeled as second order 328 

reaction in Equation 2, which can be integrated (Equation 4) with  [NH�Cl]dt being the 329 

monochloramine exposure. 330 

"#
[$]

[$]%
= −&'((  [)*�+"],-                                   Equation 4 331 

Equation 4 offers another way of quantifying the apparent second order rate constant kapp. In 332 

addition, it shows ([P]/[P]0), the relative conversion of NDMA precursor, is related to the 333 

NH2Cl exposure. Figure 5 shows the plots of [P]/[P0] against NH2Cl exposure for water 334 

samples at low and high NH2Cl doses. In different water samples, the reaction required 335 

different NH2Cl exposure for the same conversion of precursors. The rate constants varied by 336 

water sources, possibly due to the varying precursor groups and their different reactivity with 337 

NH2Cl or NHCl2. From the previous discussion in this work NH2Cl dose determines the 338 

NDMAmax even in the same water sample, but does not affect the rate constants in wastewater 339 

and groundwater. The relative change of precursors (or increase of NDMA formation) had the 340 

same kinetics for the same water at different NH2Cl doses (Fig 5a-5c, S5-S7). Surface water 341 

represents an exception (Fig 5d). The surface water had a lower kapp than all other waters tested. 342 

The relative change of precursors in surface water differed with low and high dose NH2Cl, 343 

especially when NH2Cl exposure is less than 5×10
6
 mgCl2 × min/L, possibly due to the ‘fast 344 

and slow’ reaction mechanism in surface water.  345 

In finished drinking water NH2Cl concentrations (<0.06 mM) are typically lower than those 346 

used in our test (0.09-0.51 mM). From our results, NDMA formation reaction kinetics are 347 

dependent upon NH2Cl exposure, not NH2Cl concentrations. The rate constants could be 348 

applied to waters with lower NH2Cl concentration and longer contact time ranges. NH2Cl 349 
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exposure and the rate constants are the key parameters for the prediction of the transformation 350 

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

sample and chloramine conditions, our proposed model provides a practical way to predict 352 

NDMA formation in drinking water influenced by wastewater effluents and surface waters in 353 

water plants and drinking water distribution systems. 354 

 355 

Conclusions 356 

NDMA formation potential and formation kinetics during chloramination were investigated 357 

in wastewater and surface water samples. Under reaction conditions in our experiments (pH = 358 

8.0, NH2Cl = 0.09-0.51 mM) NDMA formation increased to its maximum over hundreds of 359 

hours. NDMA maximum conversion was found to be dependent on the preformed 360 

monochloramine in the water samples.  361 

A simple second order NDMA formation model of reactions between amine precursors and 362 

monochloramine was developed. NDMA formations were well predicted by the model with 363 

correlation coefficients higher than 0.9 in most cases. The modeled rate constants for different 364 

water samples were found surprisingly within a narrow range (0.01–0.09 M
-1

s
-1

), indicating a 365 

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

two simple measurements (NDMA formation potential and monochloramine exposure), our 367 

model provides a practical way to predict NDMA concentrations in distribution system. 368 

Our proposed model was validated at pH 8 and monochloramine doses between 0.09 mM to 369 

0.51 mM with wastewater effluents and surface water samples. It would be of value to extend 370 

the work further in a larger variety of water matrices and reaction conditions such as pH, N:Cl2 371 
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ratio and dissolved oxygen level, to simulate a larger variety of water treatment plants or 372 

distribution systems. Additionally, characterization or profiling of the precursors of NDMA and 373 

chloramination kinetic studies of more model precursors are needed to better understand 374 

different pools of precursors and how they could interact or contribute to NDMA formation in 375 

different water systems. 376 
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 394 

 395 

 396 

 397 

 398 

Table 1 Water quality, treatment and NDMA formed in source waters 399 

Sample 

ID 
Source 

DOC 

(mg/L) 

UV254 

(cm
-1

) 

Upon Monochloramine Addition 

Monochloramine 

dose (mgCl2/L 

[µM]) 

pH 
NDMAmax 

(nM) 

kapp 

R
2
 

(M
-1

s
-1

) 

WW1 Wastewater 4.6 0.12 
18 [254 µM] 

8.2 
6 0.04 0.99 

6 [85 µM]  4 0.04 0.95 

WW2 Wastewater 6.17 0.15 
20 [282 µM] 

8.0 
7 0.04 0.97 

7 [99 µM] 2 0.04 0.88 

WW3 Wastewater 5.83 0.14 
20 [282 µM] 

8.0 
12 0.07 0.95 

7 [99 µM] 9 0.05 0.98 

WW4 Wastewater 5.32 0.17 
20 [282 µM] 

8.0 
12 0.08 0.96 

7 [99 µM] 8 0.08 0.92 

WW5 Wastewater - - 
20 [282 µM] 

8.0 
8 0.08 0.97 

6 [85 µM]  5.5 0.09 0.96 

SW1 Lake 3.88 0.08 
36 [507 µM]  

8.0 
0.7 0.01 0.91 

12 [169 µM]  0.4 0.02 0.91 

GW1 Groundwater 1.78 0.05 
20 [282 µM] 

8.0 
0.2 0.04 0.91 

7 [99 µM] 0.2 0.06 0.89 

SW2 
†
  River 3.4 - 3.5[50 µM] 8.0 0.3 0.09 0.96 
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† 

Data of NDMA formation and monochloramine were from Chen and Valentine, 2006 400 

  401 

 402 

 403 

 404 

 405 

 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 

 414 

 415 
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 417 

Fig 1. (A) Monochloramine (NH2Cl) decay kinetics in WW1 for two initial monochloramine 418 

doses. (B) NDMA formation observed (symbols) and fitted by equation 2&3 (lines). Error bars 419 

represent one standard deviation (n = 3) for select time points. (pH = 8.2, Temperature = 23 ± 420 

1 °C) 421 
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Fig 2. NDMA formation observed (symbols) and fitted by equation 2&3 (line) in SW at two 423 

initial monochloramine doses. Error bars represent one standard deviation (n = 3) for select 424 

time points. (pH = 8.0, 23 ± 1 °C) 425 

 426 

 427 
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Fig 3. NDMA formation observed (symbols) and fitted by Equations 2&3 (line) in GW at two 429 

initial monochloramine doses. (pH = 8.0, 23 ± 1 °C) 430 

 431 
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  435 
Fig 4. Linear correlation between model predictions and observations of NDMA concentrations 436 

in all waters. Data from all reaction time periods are included. 437 
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 444 

 445 

Fig 5. Plots of P/P0 verses monochloramine exposure for water samples (a) WW1, (b) WW4, 446 

(c) GW1, (d) SW1. L = lower, H = higher, represent samples with lower or higher NH2Cl 447 

concentrations. 448 

 449 
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