
Report as of FY2006 for 2002IA16G: "Relationship of Nitroso
Compound Formation Potential to Drinking Source Water
Quality and Organic Nitrogen Precursor Source 
Characteristics"

Publications
Dissertations:

Assuoline, Jason, 2004, An Exploratory Study of the Formation of N-Nitrosodimethylamine
(NDMA) in Chloraminated Natural Waters, MS Thesis, Dept. of Civil & Environmental
Engineering, University of Iowa, Iowa City, Iowa. 

Other Publications:
Assuoline, Jason, Richard L. Valentine, Douglas J. Schnoebelen, Ashley Mordasky. An
Exploratory Study of N-Nitrosodimethylamine (NDMA) Formation in Chloraminated Natural
Waters, submitted to Environmental Science and Technology. 
Chen, Zhuo and Richard L. Valentine, 2006. Mechanisms and Kinetics of NDMA Formation
from Natural Organic Matter, submitted to Environmental Science and Technology. 

Report Follows



 1

 
 

Final Report  
 

Relationship of Nitroso Compound Formation Potential (NCFP) to Drinking 
Source Water Quality and Organic Nitrogen Precursor Source 

Characteristics 
 

 
PROBLEM AND RESEARCH OBJECTIVES 

 
Recent research indicates that certain disinfection practices may result in the 

formation of significant amounts of N-nitrosodimethylamine (NDMA), and quite likely 
other nitroso compounds in drinking water. These compounds are believed formed when 
chlorine is added to water containing ammonia, and certain organic nitrogen compounds 
("precursors").  Measurements in several drinking water distribution systems suggest that 
unprotected sources receiving point and non-point waste discharges are particularly 
susceptible to their formation, especially when chloramination is practiced. 

The formation of NDMA and possibly other nitroso compounds in drinking water 
is an emerging concern because they are generally carcinogenic, mutagenic, and 
teratogenic (Loeppky et al., 1994; O'Neill et al., 1984). For example, the nitrosamine, N-
nitrosodimethylamine, NDMA (CH3)2NNO) is a particularly potent carcinogen. Risk 
assessments from California’s Office of Environmental Health Hazard Assessment 
(OEHHA) and US EPA identify lifetime de minimis (i.e., 10-6) risk levels of cancer from 
NDMA exposures as 0.002 ppb (2 ng/L) and 0.0007 ppb, respectively. In February of 
2002 the California Department of Health Services established an interim action level of 
0.01 ppb (10 ng/L) in drinking water.  

Many drinking water sources in the Midwest and other parts of the country are 
unprotected receiving point and non-point waste discharges. Municipal and industrial 
waste discharges, and those associated with agricultural practices, are potentially 
important sources of the organic nitrogen precursors required for the formation of nitroso 
compounds.  These waters are correspondingly expected to be susceptible to nitroso 
compound formation from chloramination. This may limit the use of some water sources 
for drinking water or restrict treatment options that otherwise have desirable 
characteristics. Initial observations indicate that some consumers are being exposed to 
undesirable levels of NDMA. Organic nitrogen is therefore not a simple benign pollutant 
typically associated with nutrients as generally thought.   

A need exists for an improved understanding of the nature and extent of this 
potential problem.  Work is especially needed that relates nitroso compound formation 
potential to source water quality and origin of organic nitrogen precursors, watershed 
uses, and to biogeochemical processes that could influence the quantity and types of 
nitroso compounds potentially produced.   

Based upon the ascertained research needs, the following specific objectives of 
this research study have been formulated with respect to the relationship of source water 
quality and the formation of NDMA.: 
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1. Characterize the NCFP in a variety of "susceptible" surface and groundwater drinking 
source waters, 

2.   Examine the relationship of NCFP to source water quality and land usage. 

3 Conduct mechanistic studies to characterize precursors and the influence of 
potentially important physical, chemical and biological processes on the formation of 
NDMA. 

 
 
 

 
CHARACTERIZATION OF NCFP IN SUSCEPTIBLE WATERS 

 
The primary focus of the work performed to date has been the measurement of 

NDMA “Formation Potential” (NDMAFP) in natural water samples obtained from a 
variety of agriculturally impacted sources in Iowa.  The sample locations along various 
rivers were selected because they were identified as points within watersheds categorized 
by the USGS as bodies of water impacted by agricultural waste discharges.  The 
NDMAFP was determined through a series of laboratory assays which focused on the 
amendment of the surface water samples with the disinfectant monochloramine (NH2Cl).  
The NDMAFP in river water samples was examined by season and in relation to other 
water quality variables such as nitrite, nitrate and organic nitrogen concentrations.  
Additional studies were conducted to delineate the potential importance of DMA as an 
identifiable  NDMA precursor versus other unidentified nitrogenous substances.  

An additional activity was an investigation of  the influence of riverbank filtration 
(RBF) on the formation of NDMA after chloramination.  RBF is a practice in which 
drinking water is withdrawn from shallow wells near a river.  As such, the water is 
subjected to a variety of biogeochemical processes that influence its water quality.  While 
RBF is effective at reducing the formation of many halogenated DBPs such as THMs and 
HAAs, the relationship between riverbank filtration and NDMA precursor removal is not 
known.   

Source Waters. Surface waters were sampled monthly from April 2003 to 
February 2004 at four locations categorized by the USGS as being substantially impacted 
by agricultural runoff and waste discharges (Table 1).  The relative agricultural impact at 
each sampling site was estimated based on historical data representing average 
nitrite+nitrate (NO2+NO3) data found on the USGS website (NAWQA website) for years 
1996 to 2002.   
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Table 1 Summary table of USGS-NAWQA sampling locations used 
throughout the course of this study.  Four liters of water were 
collected from each site near the beginning of each month in 1 liter 
amber bottles which were stored at 4oC until analyzed.  The relative 
agricultural impact ranking has been assessed by average NO2+NO3 
for each site. 

ation 
umber Station Name 

Historical* 
NO2+NO3 in 
mg/L as N 

Relative 
Agricultural 

Impact** 

20680 S. Fork Iowa River NE of New Providence 9.19 1 
65500 Iowa River near Rowan 7.05 2  
49500 Wapsipinicon River near Tripoli 5.61 3 
51210 Iowa River at Wapello 4.72 4 

* Historical data represents the average NO2+NO3 values based on 
monthly measurements taken from 1996 to 2002. 

** 1=highest, 4= lowest 
 

In this study, the influence of riverbank filtration on NDMA formation potential of 
two typical Midwestern river supplies was examined.  Both facilities use similar 
treatment processes within the plant however, minor differences in treatment process do 
exist.  The IC treatment facility is located nearly 30 miles south of the CR plant in 
Southeastern Iowa.  The IC plant is located on the Iowa River, where 2 well fields 
containing a total of 4 horizontal wells draw water through a previously pristine alluvial 
aquifer.  The CR facility has three large well fields stretching along a meandering 
segment of the Cedar River where a combination of more than thirty vertical wells 
supplies water to the treatment facility.  While this plant and its various wells have been 
operating for nearly 20 years, blending waters with a range of turbidity, organic carbon 
and other water quality characteristics, the IC facility came on line in 2003, during the 
course of this study.   

Another difference between the two plants is that they use different chemical 
disinfectants.  While both facilities originally planned to use chloramines, the IC plant, 
since it began using riverbank filtration, is able to rely solely on free chlorine to provide 
the required disinfectant dose while remaining within the guidelines of the 
Disinfectant/Disinfection By-Product Rule designated by the recent SDWA amendments.  
However, it should be noted that ammonia levels entering the plant are often substantial 
enough to lead to the incidental formation of monochloramine upon the addition of 
chlorine.  This may have implications on NDMA occurrence at these facilities even in the 
absence of intentional chloramine usage. 

Water samples were obtained from the raw river water and from monitoring wells 
located at several locations representing a span of hydraulic residence times.  Water 
samples were also collected from several in the treatment plants.  Table 2 summarizes the 
characteristics of two vertical wells which feed the 60 MGD CR treatment facility.  Not 
all wells are operated continuously, yet in this study the same wells were sampled each 
time.  The wells were selected because the water residence times differed greatly as 
estimated by the (USGS, 1995).  The IC plant began full scale operation in October 2003 
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and therefore, sampling in November was one of the first times the wells were sampled 
after they had been in full service.  The IC wells were situated about 50 feet from the 
banks of the Iowa River, and the horizontal sections of the collection wells extended from 
the wells, under the river.  However, it was not feasible to estimate specific residence 
time within the aquifer since detailed hydraulic characterization for the new IC wells was 
not readily available for this study. 

 

Table 2 Hydrogeologic characteristics for Seminole well field.  Estimated travel 
time was calculated based on the distance from the well to the river and 
the approximate hydraulic conductivity initially measured at each specific 
well.   

 
Distance 

From River 
Hydraulic 

Conductivity Transmissivity Specific 
Capacity 

Estimated 
Travel Time Sampling 

Well  
(ft) (ft/d) (ft2/d) (gpm/ft) (d) 

Seminole 14 800 57.2 3,374 25.4 14 
Seminole 17 63 192.7 11,177 73.1 0.33 

 
 

Analytical Methods. The basis of the NDMA FP test has been described by 
Mitch and Sedlak, 2004.  It is based upon addition of preformed monochloramine to 
water samples and a 7-day reaction time.  The use of preformed monochloramine instead 
of the usual practice of in-situ formation by addition of free chlorine and followed by 
ammonia addition maximizes NDMA formation. Additional work (results not shown) 
indicated that NDMA formation was reduced significantly by pre-chlorination.  While 
this suggests a strategy to reduce NDMA formation, it nonetheless creates an artifact 
difficult to control.   

The first step in preparing the reactors was filtering the water samples through 
Millipore AP25 glass fiber filter designed to remove particles greater than 0.8-1.6 μm in 
size.  Next, the filtered water was measured into the reactor jars so that the final volume 
of the solution containing sample water, buffer, and NH2Cl would be 500 mL.  
Concentrated buffer solutions were used to create pH stability in the reactors throughout 
the incubation period.  A 10 mM phosphate buffer was used for the lower pH 7 while 10 
mM bicarbonate was added to maintain a pH near 8.  These two pH levels were used in 
the agriculturally impacted surface water samples, however only the bicarbonate buffer 
was used for the riverbank filtration reactors.  Blank samples for every site were amended 
with the appropriate buffer to form the same concentration as the reactors spiked with 
1mM NH2Cl.  Duplicates were run when there was sufficient sample volume collected. 

Concentrated monochloramine stock solution with a 0.1 Cl/N molar ratio was 
prepared fresh prior to each experiment by addition of reagent grade ammonia and 
hypochlorous acid to a pH 10 solution containing 10 mM bicarbonate.  Dosages added to 
the reactors ranged from 0.05 mM to 1 mM.  The NH2Cl was measured in control 
samples on a daily basis in order to ensure that high levels were present throughout the 
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incubation period.  NH2Cl concentrations were determined by DPD-FAS titrimetric 
method (APHA, AWWA, and WEF; 1998).   

Experiments were initiated by addition of the preformed monochloramine at a 
high dose of 1 mM, or 71 mg/L as Cl2 was added to all agricultural watershed samples 
(approximately 20 times that of the typical residual allowed in drinking water distribution 
systems as dictated by the Stage 1 Disinfection/Disinfectant By-Product Rule.  A much 
lower dosage of 0.05 mM was added to some of the riverbank filtration samples to mimic 
typical dosages used to maintain a substantial residual throughout a distribution system 
(approximately 4 mg/L as Cl2).  

All samples were incubated in the dark for 7 days (168 hours) at 20oC.  Reducing 
light exposure to the samples as much as possible ensured that the quantity of NDMA 
formed would not be significantly affected by photodegradation.  After the 7 day 
incubation period, the final pH was measured to ensure buffer stability and minimal pH 
variation throughout the assays.  A solid/liquid extraction process was used to 
concentrate the NDMA formed into a small volume of methylene chloride for analysis 
(Luo and Clevenger, 2003 and Taguchi et al., 1994).  An internal standard of d6-NDMA 
was added to each reactor to form a baseline concentration of 100 ng/L.  This internal 
standard, in conjunction with calibration curves developed for each assay, facilitated the 
subsequent quantification of these experiments.   

NDMA was measured with a Varian GC CP3800 coupled with a Saturn 2200 
MS/MS detector.  The column used is Varian gas chromatograph had a length of 30 m, 
film thickness of 0.25 μm and insider diameter of 0.25 mm.  The general temperature 
ramping protocol for the GC started with a temperature of 35oC for 4 minutes.  Next the 
temperature was increased to 140oC at a rate of 20oC/min.  A secondary ramp elevated 
the temperature to 200oC at a rate of 50oC/min.  This temperature was held for 9.55 
minutes.  The total time each sample was 20 minutes.  The Saturn 2200 MS/MS detector 
was used under the following settings: m/z 81 for quantification of d6-NDMA and m/z 75 
for NDMA. 

Glassware used in the experiments was washed thoroughly with warm tap water, 
soaked in a nitric acid bath and then rinsed again with copious quantities of deionized 
(DI) water.  After washing, the glassware was baked in a muffle furnace at 500oC for 1 
hour.  All solutions were prepared using DI water obtained from a Barnstead ROPure 
Infinity™/NANOPure Diamond™ system (Barnstead/Thermolyne Corp., Dubuque, IA).  
This treatment system produced water with a target resistivity of 18.2 mΩ-cm and [TOC] 
≤ 3 ppb.  All chemicals purchased and used in this study were ACS reagent grade and 
properly stored. 
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Principal Findings and Significance 
 
NDMA Formation Potential  in Watershed Samples.  Figure 1 and Figure 2 are 

box and whisker plots showing the mean, quartile and extreme NDMA FP from July to 
February at each of the four locations sampled during this study.  The extreme values at 
each site were fairly broad and ranged from 12.5 to 145.4 ng/L.  Mean values for each 
site and at each pH value ranged from 45.6 to 92.9 ng/L.  Despite significant fluctuations 
in the levels of NDMA formed in these samples, concentrations measured were 
consistently above the 10 ng/L California action level.  This broad spectrum of measured 
NDMA in the reactors illustrates the role that fluctuations in water quality may play in 
the ultimate NDMA formation of a given water source.  While avenues of this study are 
ongoing and some conclusions can be made from these results, seasonal trends were not 
apparent over this year.  As aspects of this study continue based on these preliminary 
findings, seasonal trends may become more obvious.   

Among the reactors tested in each sampling period, it should be noted that nearly 
all blank samples, those containing only sample water and buffer with no NH2Cl, did not 
produce measurable levels of NDMA.  This strongly suggests that background levels of 
NDMA in the source water for each sampling point was negligible throughout the course 
of the experiment and therefore NDMA formation was induced by the addition of NH2Cl.   

The relative agricultural impact of these watersheds was initially assessed based 
on total organic carbon (TOC), nitrite + nitrate (NO2+NO3) and organic nitrogen 
measurements performed by USGS scientists on historical samples.  Relative agricultural 
impact for each sample location was based on the levels of these telltale water quality 
parameters as well as known agricultural operations in the area (see Table 1).  The 
majority of historical data spans sample dates from 1996 until August, 2002. These 
parameters were not measured during this study, however agricultural practices in the 
areas have not significantly change since 2002.    Statistical plots for the samples 
presented in Figures 1 and 2 suggest that there is no particular correlation between the 
relative agricultural impact on the watershed and NDMA formation because NDMA was 
consistently formed for all samples.  A specific minimum threshold for these parameters 
influencing NDMA formation was not determined.  Nonetheless, the fact that high levels 
of consistently quantifiable NDMA were formed suggests that these agricultural impact 
parameters play a role in the formation of NDMA when the samples are amended with 
NH2Cl. 
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Figure 1.   Box plot representing NDMA formation potential at pH~8 for each site 
pooled over the course of this study.  The extremities of the whiskers show minimum and 
maximum NDMA formation potential at each site while the boxes define the quartile 
values and the median value. The “*” represents the outlier NDMA value measured in 
one the Rowan sample months.  
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Figure 2. Box plot representing NDMA formation potential at pH~7 for each site 
pooled over the course of this study.  The extremities of the whiskers show minimum and 
maximum NDMA formation potential at each site while the boxes define the quartile 
values and the median value. 

 
Riverbank Filtration.  The riverbank filtration samples shown in this section 

exhibit results from watersheds which are not directly influenced by agricultural 
practices, but can nonetheless have high levels of TOC, NO2+NO3 and NH3 due to the 
migration of these parameters throughout surface waters in the state of Iowa.  This can be 
seen in the levels of NDMA formed in the raw water (original surface water source for 
each facility) samples, which remained within the range previously observed in the 
samples defined as directly impacted by agricultural practices.  Results from the samples 
collected from various locations at each of the two treatment facilities are shown in 
Figures 3 and 4.  

Representative plots are presented (Figures 3 and 4) to show NDMA formation 
trends observed in several sampling events.  In these graphs it can be seen that NDMA 
formation was significantly reduced by riverbank filtration at both the IC and CR 
locations when the high dose of 1 mM monochloramine was added.  The NDMA levels 
dropped from 102 ng/L to 15 ng/L and 64 ng/L to 24 ng/L between the raw river water 
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and the well samples.  Interestingly, further conventional treatment did not appear to 
influence the NDMA FP at the higher NH2Cl dose.   

In contrast, neither riverbank filtration nor conventional treatment had a 
significant impact on NDMA formation when it was measured using the more practically 
significant monochloramine dose of 0.05 mM.  Under these lower monochloramine 
dosage levels, NH2Cl exhaustion maybe occurring before the precursor reservoir in each 
sample is consumed.    
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Figure 3.   IC samples collected on 11-17-03.  Monochloramine was added to the samples 
to produce a concentration in each reactor as indicated in the figure.  Error bars are 
shown for reactors in which duplicates were run.  All samples were incubated in the dark 
at 20oC for 7 days.  The average pH of the bicarbonate buffered reactors was 8.27 ± 0.2.   
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Figure 4. Cedar Rapids samples collected on 9-29-03.  Monochloramine was added 
to the samples to produce a concentration in each reactor as indicated in the figure.  Error 
bars are shown for reactors in which duplicates were run.  All samples were incubated in 
the dark at 20oC for 7 days.  The average pH of the bicarbonate buffered reactors was 
8.20 ± 0.15.   

 
Mechanistic Studies: Role of DMA .  As little direct correlation was observed 

between NDMA FP and the agricultural indicator parameters, additional mechanistic 
studies were conducted to determine the role of DMA as a potential precursor of NDMA 
formation.  DMA is a known NDMA precursor and a substance generally ubiquitous in 
water (Mitch and Sedlak, 2003).  DMA was measured in samples obtained from four 
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locations shown in Table 3, ranging from approximately 170 to 650 ng/L supporting the 
notion that it could be an important precursor.   

In order to determine the NDMA formed from observed levels of DMA, a 
controlled experiment was conducted to show how much NDMA could potentially be 
attributed to typical DMA levels measured in the water samples.  DI water was spiked 
with 200 and 650 ng/L of DMA and preformed NH2Cl was dosed as in other parts of this 
study. The levels of NDMA formed were then compared with what was measured in the 
natural samples. 

The NDMA measured in relation to DMA addition is shown in Table 3.  These 
results indicate that DMA could account for only approximately 3-6% of the NDMA FP 
in the collected water samples.  These relative yields are slightly higher, yet relatively 
consistent with the findings of Mitch and Sedlak (2004) who observed that the DMA 
present in their water samples could only account for approximately 0.6% of the NDMA 
FP (Mitch and Sedlak, 2003).   Our results indicate that DMA does contribute to NDMA 
formation but that it cannot account for most of the NDMA formed. Therefore, other 
more important precursors must be present in these surface waters. 

 
 

Table 3. Results of NDMA formation and DMA analysis for samples collected 
July, 2003 in relation not specific DMA addition to DI water.  The % NDMA attributed 
to DMA concentrations in the water is based on the NDMA formed in the DI samples 
assuming no other NDMA precursors were present in the DI water.   

NDMA DMA
ng/L ng/L

DI water pH~8 4.5 200.0 100%
DI water pH~8 7.0 650.0 100%

New Providence 129.6 196.3 3%
Rowan 77.5 170.6 6%

Wapello 90.4 174.0 5%
Tripoli 114.0 651.2 6%

Site % NDMA 
from DMA

 
 
NDMA Precursor Exhaustion Study.  Determining the class of likely precursors 

(e.g., agricultural indicators or DMA) was previously discussed as part of this study, 
however regardless of what the NDMA forming precursors are, it was relevant to conduct 
additional studies to determine the extent of precursor exhaustion based on the 
experimental methods used.  The kinetics of NH2Cl autodecomposition as delineated by 
Valentine and Jafvert at various pH values was used to calculate the concentration-time 
(C*t) curve for each assay.  C*t values were used to assess whether the observed 
disappearance of NH2Cl over the course of each assay was due to reaction with precursor 
material in the samples or autodecomposition.  Subsequent experiments measured NH2Cl 
decay in DI water and Iowa River water under varying Cl/N ratios at the pH values 
relevant in this study.  From these studies monochloramine decay kinetics were measured 
and used to normalize NDMA formation potential to the calculated C*t for each reactor.   
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An experiment to fully exhaust all NDMA precursors in the water samples was 
conducted to measure the NDMA formation after 7 and 14 days.  Iowa River water was 
collected from the University of Iowa water treatment plant and filtered through the same 
1.6 μm glass fiber filters used in other experiments.  Batch reactors were comprised of 
roughly 500 ml of water, 1 mM NH2Cl and either 10 mM phosphate or bicarbonate 
buffers in order to maintain a pH values around 7 and 8, respectively.  Blank samples 
were not dosed with preformed NH2ClAs in other experiments, measurements of NH2Cl 
concentrations were measured on a daily basis for each reactor over the 7 day and 14 day 
reaction periods.  Precursor exhaustion was therefore tested by comparing the amount of 
NDMA that could be formed by a second dosage of NH2Cl, readjusting to the initial 1 
mM NH2Cl concentration, followed by 7 more days of incubation.   

Based on the precursor exhaustion experiment performed, the majority of NDMA 
was formed within the first 7 days of the experiment.  As shown in Figure 5, appreciable 
levels (between 5 and 21 ng/L) of NDMA are additionally formed after a subsequent 
respike of NH2Cl which readjusted the concentration to 1 mM.  Also, Table 4 shows the 
results of normalized NDMA formation (NDMA/C*t) based on the precursor exhaustion 
experiment.  Due to the fact that the ratio of NDMA to C*t is significantly reduced 
between the 7-day and 14-day reactors it can be surmised that the NDMA formation 
precursors initially present in the surface water samples were mostly consumed within the 
first 7 days.  If this were not the case the second chloramine dosage would form similar 
amounts of NDMA as the first dosage and the NDMA/C*t values would be closer. 

This experiment was performed in order to provide a quantitative basis for past 
and future experiments involving the formation of NDMA in natural waters in 
conjunction with NH2Cl decay.  From the data measured, the Valentine Chloramine 
Stability coefficient for each reactor was measured and compared to theoretical 
calculations based on the average pH, initial and final NH2Cl concentrations as well as 
the equilibrium coefficients associated with each buffer used. The normalization of 
NDMA formation with C*t demonstrate how precursor limitation was experienced in all 
reactors dosed with 1 mM NH2Cl.  From this, the potential for various NDMA formation 
precursors can be suggested based on NH2Cl demand. 
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Figure 5. Precursor limitation experiment performed on 3-17-04 with filtered Iowa 
River water.  All samples were buffered with either 10 mM bicarbonate or phosphate 
buffers in order to maintain pH values around 8 and 7, respectively.  All reactors were 
incubated in the dark at 20oC 

 
 
 

.   
Table 4. Summary table of C*t normalized NDMA formation (NDMA/C*t) in 
Iowa River water at various pH values.  7-day samples were dosed with 1 mM preformed 
NH2Cl and incubated in the dark at 20oC.  The 14 day samples were amended with 
sufficient NH2Cl in order to readjust the concentration to the original 1 mM.   

Sample NDMA  
(ng/L) 

C*t  
(mg Cl2-h/L) 

NDMA/C*t %NDMA 
formed in 7 days 

7-day @ pH~8 72.3 8632 8.4 -- 
14-day @ pH~8 92.8 21874 4.2 78 
7-day @ pH~7 85.8 6134 14.0 -- 
14-day @ pH~7 91.0 21431 4.2 94 
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Summary and Conclusions 
 

Results from this exploratory study demonstrate that a significant NDMA 
formation potential exists in the agriculturally impacted surface waters sampled.  
Measurements of NDMA formation potential in two typical Iowa drinking water sources 
and treatment facilities further suggest that chloramination practices may need to be 
assessed based on potential NDMA formation in the distribution system.  Maximum 
NDMA formation values were based upon monochloramine dosages approximately 20 
times that typically used in drinking water disinfection.  NDMA was also formed at 
quantifiable levels when samples were dosed with monochloramine at concentrations 
typically used in drinking water treatment.  The maximum NDMA FP for samples 
amended with the higher concentrations of monochloramine is typically in a range that 
can exceed 100 ng/L which is 10 times higher than that generally considered acceptable 
by any regulatory or health risk standards.   

No statistical evidence was obtained that showed a significant difference in 
NDMA FP between the four agriculturally impacted watersheds over the course of this 
study when data was pooled over all the sampling periods.  Seasonal trends for predicting 
variations in formation potential were distinguishable over the course of this preliminary 
study.  Additionally, NDMA FP did not conclusively correlate with nitrate, organic 
nitrogen, or total organic carbon at any location.  The determination of these statistical 
correlations was limited by the sample size available for each parameter over the course 
of the study as well as the relatively short time period available for data collection and 
analysis.   

Dimethylamine was measured in selected agriculturally impacted watershed 
samples as an established NDMA forming precursor.  Experiments conducted in this 
study corroborated other research which suggests that DMA is not the sole NDMA 
precursor present in surface waters.  Results from this study revealed that the DMA 
content measured could account for only a relatively insignificant amount (approximately 
3-6%) of the NDMA FP suggesting that the presence of other precursors also existed in 
the samples. 

The influence of riverbank filtration (RBF) on NDMA formation was studied at 
both low (0.05 mM) and high (0.5 or 1.0 mM) monochloramine dosage.  NDMA 
formation was generally greater at the higher monochloramine dosages but this trend was 
not always the case.  The high monochloramine 7-day NDMA formation potential in the 
raw water was approximately 100 ng/L in IC and between 40 and 60 ng/L in CR.  
Riverbank filtration generally reduced the NDMAFP in IC water by 90 % and between 
30% and 80% in CR water, for the higher monochloramine dosage.   

Significant amounts of NDMA were also formed by the addition of 0.05 mM 
monochloramine when measured against the 0.7 ng/L EPA 10-6 cancer risk level.  Raw 
water dosed with 0.05 mM NH2Cl produced NDMA values of approximately 10 ng/L in 
IC water and 20 ng/L in CR water.  Interestingly, neither RBF nor conventional surface 
water treatment techniques seemed to have a significant effect on reducing NDMA 
formation potential at the lower monochloramine dosage.  
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The study of NDMA formation from two sequential dosages of 1 mM NH2Cl and 
two 7-day incubation periods support the hypothesis that most of the precursors present 
are exhausted after the first dosage and incubation period and the NDMA FP increased by 
only 5-10% after the second dosage.  This may explain why NDMA FP did not correlate 
linearly with the concentration-time (C*t) values as it would if the precursor 
concentration were not reduced with monochloramine dosage.  This may also explain 
why the NDMA FP was approximately the same at pH 7 and 8.  While differences were 
observed in the NDMA FP between nominal pH values of 8 and 7, they were generally 
within approximately 10%.  This may be attributable to near exhaustion of the NDMA 
precursors in both cases not necessarily reflective of identical formation kinetics.   

From this research further work should be done to investigate precursors 
originally present in typical agriculturally impacted surface waters as well as additional 
compounds which may be introduced as a result of riverbank filtration and conventional 
drinking water treatment.  Anthropogenic chemicals introduced in urban and agricultural 
watershed areas may both lead the augmentation of NDMA formation potential in source 
waters.  The classification of NDMA formation potential should be recommended as part 
of future source water quality evaluations in newly designed treatment facilities located 
in potentially high risk areas.  As a result of preliminary source assessments, alternative 
and or additional treatment strategies may be needed in order to reduce the risk of 
exposure to NDMA.  Although this may increase the overall cost of treatment for a 
particular community, research presented here and in other studies demonstrates the 
importance of chronic NDMA exposure and the importance it plays in drinking water 
treatment.   

 



 16

 
 

NDMA FORMATION MECHANISMS AND STUDIES 
 

Mechanistic studies of NDMA formation in drinking source water obtained from 
rivers previously examined for their NDMA FP (i.e. ag impacted) as well as one pristine 
source.  As such the findings presented are excerpted wholly from the Ph.D. dissertation 
of  Dr. Zhuo Chen (August 2006, University of Iowa).  The work reported here can be 
divided into three focus areas:   
 
 

1. Characterization of NDMA formation from selected humic fractions of isolated 
riverine NOM. NOM was fractionated into 6 humic fractions and the NDMAFP 
of each was determined.  A comparison was made of the contribution of each 
fraction to the observed NDMAFP of the whole water sample. 

 
2. Characterization of the reaction mechanism and kinetics of NDMA formation 

from reaction of monochloramine  with natural organic matter.  The approach 
was to postulate a reaction mechanism, conduct experiments in which water 
quality such as pH and chloramines dosages were varied, and then compare 
measured with predicted NDMA concentrations. 

 
3. Examination of the influence of  chemical and photochemical oxidation on 

NDMA formation.  The water was subjected to various chemical oxidants that 
reacted with NOM as well as simulated sunlight to photo-oxidize some NOM.  
The influence on NDMA formation was also examined for relationships to 
changes in the UV spectra.  

 
 
 

Source Waters and the  Collection, Concentration, and Fractionation of NOM 
 
Natural organic matter sources 
 

This study utilized both concentrated natural organic matter (NOM) and whole 
natural water samples from two typical agriculturally impacted river sources, a pristine 
“colored water” wetland, and drinking water obtained from several utilities.  

Whole water and NOM concentrates were obtained from the Iowa River (IRW) 
and from Valentine Pond in the Keweenaw Peninsula of Upper Michigan (UPW). While 
the first source is from a river highly impacted by agricultural practices that result in 
significant additions of inorganic and organic nitrogen, the later is located in a largely 
uninhabited and pristine area. Therefore comparisons are expected to yield valuable 
information on possible human/animal sources of NDMA precursors. Additional whole 
water samples were collected from the Cedar River (CRW) and from a surface water 
source for a drinking water utility in the State of Ohio provided by Malcolm Pirnie 
Company (MPW).  
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Concentration of NOM by reverse osmosis (RO) 
 

NOM was concentrated by reverse osmosis (Figure 6). The reverse osmosis 
system used in this study was a RealSoft PROS/2S reverse osmosis unit (Stone Mountain, 
GA). To prevent fouling of the membranes by organic and inorganic constituents, the raw 
water was filtered through a 5 μm prefilter, 0.45 μm filter, and then passed through 
Dowex Marathon C cation exchange resin (Dow Chemical, Midland, MI). The RO unit’s 
permeate to retenate flow ratio were maintained at 1:7 ratio at 200 psi. Other researchers 
who used similar RO units for isolation of Suwannee River DOC, as well as other surface 
and groundwater DOC, recovered 90% of the NOM at a process rate of 150-180 L/h 
(Serkiz and Perdue, 1990; Sun et al., 1995). Kitis et al. (2001) showed that reverse 
osmosis isolation maintains the integrity and reactivity of the NOM with respect to 
chlorine demand and selected DBP formation. Figure 1 shows a simplified schematic of 
the pre-filtration and RO unit. 

Iowa River water (IRW) sample was drawn directly from the river surface, [DOC] 
= 3.4 mg-C/L, and seven hundred liters of water was collected and concentrated in 
February, 2004. The Upper Peninsula of Michigan water (UPW) had a DOC 
concentration of 9.55 mg-C/L. 80 liters of UPW sample was processed in July, 2004.  
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Figure 6.  Schematic of pre-filtration and reverse osmosis unit used to filter and 
concentrate NOM from source waters 
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Fractionation of NOM 
 

In this study, the original NOM fractionation method proposed by Leenheer 
(1981) was adopted with slight modification to separate Iowa River water (IRW) NOM 
into two categories: hydrophobic and hydrophilic portions. Each portion was also further 
fractionated into acidic, basic and neutral fractions by selective elution procedures 
(Figure 7).  

Specifically, the collected IRW NOM concentrate was passed through 0.45 μm 
membrane before being pumped into a XAD-8 column at 30 bed volumes/h. At 
saturation, hydrophobic base was eluted with back flush of 0.25 bed volumes of 0.1 N 
HCl followed by 1.5 bed volumes of 0.01 N HCl. Effluent from the 1st XAD-8 resin was 
acidified to pH 2.0 with HCl and pumped onto 2nd XAD-8 column at 30 bed volumes/h. 
After rinsing the column with 1 bed volume of 0.01 N HCl, hydrophobic acid was eluted 
with back flush of 0.25 bed volume of 0.1 N NaOH, followed by 1.5 bed volume of DI 
water. Pump both the XAD-8 resin columns dry and hydrophobic neutral fraction was 
obtained by Soxhlet extracting the resins with methanol. After freeze drying, the 
hydrophobic neutral was dissolved back into water. Effluent from the 2nd XAD-8 was 
pumped through H-saturated AG-MP-50 cation exchange resin and hydrophilic-base was 
forward eluted with 1.0 N NH4OH. Then the effluent was pumped through Duolite A-7 
anion exchange resin and hydrophilic acid was obtained by back flush with 3 N NH4OH. 
Only hydrophilic neutral was left in the effluent. All fractions were concentrated into 
small volumes by rotovapping below 40 °C.  

 
Figure 7.    Schematic for fractionation of NOM (Leenheer, 1981) 
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Characterization of NOM 
 

DOC measurements, UV spectroscopy, and fluorescence spectroscopy were used 
to characterize NOM. Dissolved organic carbon (DOC) was measured using a Shimadzu 
TOC 5000 (Shimadzu Scientific, Columbia, MD) and standardized according to Standard 
Method 505A (APHA et al., 1992). The detection limits using the platinum catalyst 
combustion was determined to be 0.25 mg-C/L. UV absorbance and spectral 
characteristics of the natural organic mater were obtained with a Shimadzu UV1601 dual 
beam spectrophotometer. Fluorescence spectra were obtained using Perkin-Elmer LS55 
Luminescence Spectrometer. Excitation-emission matrix (EEM) spectra were collected 
with subsequent scanning emission spectra from 290 nm to 600 nm at 10 nm increments 
by varying the excitation wavelength from 200 nm to 400 nm at 10 nm increments.   
 

 
Reactors and Experimental Approach 

 
Glassware used in the experiments was washed thoroughly with warm tap water, 

soaked in a nitric acid bath and then rinsed again with copious quantities of deionized 
(DI) water.  After washing, the glassware was baked in a muffle furnace at 500oC for 1 
hour.  All solutions were prepared using DI water obtained from a Barnstead ROPure 
Infinity™/NANOPure Diamond™ system (Barnstead/Thermolyne Corp., Dubuque, IA).  
This treatment system produced water with a target resistivity of 18.2 mΩ-cm and [TOC] 
≤ 3 ppb.  All chemicals purchased and used in this study were ACS reagent grade and 
properly stored. 

The basis of the NDMA FP test has been described by Mitch and Sedlak, 2004.  It 
is based upon addition of preformed monochloramine to water samples and a 7-day 
reaction time.  The use of preformed monochloramine instead of the usual practice of in-
situ formation by addition of free chlorine and followed by ammonia addition maximizes 
NDMA formation. Additional work (results not shown) indicated that NDMA formation 
was reduced significantly by pre-chlorination.  While this suggests a strategy to reduce 
NDMA formation, it nonetheless creates an artifact difficult to control.   

The first step in preparing the reactors was filtering the water samples through 
Millipore AP25 glass fiber filter designed to remove particles greater than 0.8-1.6 μm in 
size.  Next, the filtered water was measured into the reactor jars so that the final volume 
of the solution containing sample water, buffer, and NH2Cl would be 500 mL.  
Concentrated buffer solutions were used to create pH stability in the reactors throughout 
the incubation period.  A 10 mM phosphate buffer was used for the lower pH 7 while 10 
mM bicarbonate was added to maintain a pH near 8.  These two pH levels were used in 
the agriculturally impacted surface water samples, however only the bicarbonate buffer 
was used for the riverbank filtration reactors.  Blank samples for every site were amended 
with the appropriate buffer to form the same concentration as the reactors spiked with 
1mM NH2Cl.  Duplicates were run when there was sufficient sample volume collected. 

Concentrated monochloramine stock solution with a 0.1 Cl/N molar ratio was 
prepared fresh prior to each experiment by addition of reagent grade ammonia and 
hypochlorous acid to a pH 10 solution containing 10 mM bicarbonate.  Dosages added to 
the reactors ranged from 0.05 mM to 1 mM.  The NH2Cl was measured in control 
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samples on a daily basis in order to ensure that high levels were present throughout the 
incubation period.  NH2Cl concentrations were determined by DPD-FAS titrimetric 
method (APHA, AWWA, and WEF; 1998).   

Experiments examining the kinetics of NDMA formation and the role of various 
humic fractions were initiated by addition of the preformed monochloramine at a high 
dose of 1 mM, or 71 mg/L as Cl2 was added to all agricultural watershed samples 
(approximately 20 times that of the typical residual allowed in drinking water distribution 
systems as dictated by the Stage 1 Disinfection/Disinfectant By-Product Rule.  A much 
lower dosage of 0.05 mM was added to some of the riverbank filtration samples to mimic 
typical dosages used to maintain a substantial residual throughout a distribution system 
(approximately 4 mg/L as Cl2).  

All samples were incubated in the dark for 7 days (168 hours) at 20oC.  Reducing 
light exposure to the samples as much as possible ensured that the quantity of NDMA 
formed would not be significantly affected by photodegradation.  After the 7 day 
incubation period, the final pH was measured to ensure buffer stability and minimal pH 
variation throughout the assays.  A solid/liquid extraction process was used to 
concentrate the NDMA formed into a small volume of methylene chloride for analysis 
(Luo and Clevenger, 2003 and Taguchi et al., 1994).  An internal standard of d6-NDMA 
was added to each reactor to form a baseline concentration of 100 ng/L.  This internal 
standard, in conjunction with calibration curves developed for each assay, facilitated the 
subsequent quantification of these experiments.   

All experiments examining the role of  prechlorination/preoxidation were 
conducted in batch reactors (one-liter capacity clear Pyrex bottles with PTFE screw 
caps). The pre-chlorination studies involved adding 0.03-0.08 mM free chlorine for a 
prescribed contact time (15 sec~1 h) followed by addition of ammonia at a Cl/N molar 
ratio of 1:1. Chemical pre-oxidants used included O3, H2O2, and KMnO4. The dosages of 
H2O2 were 3 mg/L and 30 mg/L, while the dosage of KMnO4 was fixed at 10 mg/L. 
Ozone was formed freshly in distilled water at 12 mg/L using an ozonator (Model ss-150, 
Pillar Technologies, Hartland, WI) and added to the tested NOM solutions at O3/DOC 
weight ratio of 2:1. A Suntest CPS+ sun light simulator (Atlas Electric Devices Co., 
Chicago, IL) was used for simulated solar irradiation at a constant irradiance of 250 
W/m2 to investigate the influence of photochemical oxidation. Quartz tubes were used for 
the irradiation and the irradiation time was fixed at 1 h. Following a pre-oxidant contact 
time of 1 h, preformed monochloramine was added (0.05 mM). The post-chloramination 
reaction time following the pre-chlorination and pre-oxidation step was allowed to extend 
for 24 to 120 hours. NDMA concentration was measured periodically and compared to 
that obtained in control experiments without pre-chlorination or pre-oxidation. 
 

Analytical 
 

Monochloramine was measured by DPD-FAS titration. NDMA was measured 
with a Varian GC CP3800 coupled with a Saturn 2200 MS/MS detector.  The column 
used is Varian gas chromatograph had a length of 30 m, film thickness of 0.25 μm and 
insider diameter of 0.25 mm.  The general temperature ramping protocol for the GC 
started with a temperature of 35oC for 4 minutes.  Next the temperature was increased to 
140oC at a rate of 20oC/min.  A secondary ramp elevated the temperature to 200oC at a 
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rate of 50oC/min.  This temperature was held for 9.55 minutes.  The total time each 
sample was 20 minutes.  The Saturn 2200 MS/MS detector was used under the following 
settings: m/z 81 for quantification of d6-NDMA and m/z 75 for NDMA. 
 

 
Principal Findings and Significance 

 
Precursor Studies of the Formation of NDMA from Selected Humic Fractions 

 
 
NDMA formation potential tests (Mitch et al., 2003) were conducted using both 

whole Iowa River water, and reconstituted river water prepared using RO concentrate to 
replicate the whole water DOC concentration of 3.4 mg C/L.  RO concentrated Iowa 
River NOM (IRW NOM) was further fractionated into six operationally-defined fractions 
using the standard procedure proposed by Leenheer (1981).. Figure 8 is a pie chart 
showing DOC recovery of each fraction.  Figure 3 clearly shows that hydrophobic acids 
(HPOA), which usually contain both humic acids and fulvic acids, is the major 
contributor of total DOC in the tested river water (72 %). Hydrophobic bases (HPOB) 
and hydrophobic neutrals (HPON) contributed 1.98 % and 1.1 %, respectively. 
Hydrophilic fractions generally make up a smaller fraction of DOC than that due to 
hydrophobic fractions, which is shown here. Hydrophilic acids (HPIA) contributed 7.9 
%, while hydrophilic bases (HPIB) and hydrophilic neutrals (HPIN) contributed 4.6 % 
and 0.8 %, respectively, of the total DOC. A relatively small, 11 % loss in total DOC was 
realized, probably due to the washing and elution of columns and evaporation during the 
Roto-vapping procedure. 
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HPOA 72%

HPOB 1.98%

HPON 1.1%
HPIA 7.9%

HPIB 4.6%

HPIN 0.8%

LOSS 11.3%

 
Figure  8. DOC recovery of NOM fractionation (IRW NOM, fractionation using 
procedure proposed by Leenheer, 1981) 

 
 
Figure 9 shows the NDMA formation potential in the original unprocessed whole 

water sample as a function of time. NDMA formation steadily increased with time 
attaining a value of 112 ng/L at the end of the 7-day test period. In comparison, 
approximately 100 ng/L of NDMA was formed in laboratory prepared water containing 
RO concentrate at the same DOC concentration as the unprocessed water. In addition, the 
concentration-time profiles were similar. This nearly 90% recovery of NDMA formation 
potential indicated that the RO concentration method that was used produced 
concentrated NOM from natural water with excellent preservation in reactivity. In other 
words, most NDMA precursors were captured and concentrated during this RO 
concentration procedure.  
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Figure 9. Preservation of NDMA formation potential in RO concentrate water 
(1mM NH2Cl, pH = 7.0, T = 20ºC) 

 
The NDMA formation potential of each humic fraction was also determined. 

Table 1 tabulates the NDMA formation potential normalized to carbon content 
(nanograms of NDMA formed per milligram of DOC). For example, 77.5 nanograms of 
NDMA was formed from every milligram of carbon in the hydrophilic bases (HPIB) 
fraction. Obviously HPIB showed the highest NDMA formation potential compared to 
other NOM fractions. Two trends are evident from the data. First, hydrophilic fractions 
tend to form more NDMA than hydrophobic fractions. Second, basic fractions tend to 
have a larger NDMA formation potential than acid fractions. This may be due to the 
higher nitrogen content in the polar hydrophilic and basic fractions (Croue et al., 1999).  

Table 5 summarizes the expected contribution of all fractions to the NDMA 
formation potential measured in the whole water. In this table, the NDMA formation 
potential was calculated as normalized to the DOC concentration found in original river 
water (3.4 mg/L). After fractionation, based on the DOC percentage contribution of each 
fraction (figure 4.4) and the NDMA formation potential test results of each fraction (table 
4.6), the predicted NDMA FP from the sum of the six fractions is determined to be 
approximately 95 ng/L. This can be compared to the 112 ng/L in the original Iowa River 
water, which indicates excellent recovery of NDMA formation potential in both the RO 
water and in the humic fractions.  
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Table  5 List of NDMA formation potential of fractionated NOM fractions 

 
Fractions DOC contribution NDMA FP*  

(ng/(mg DOC)) 
Total NDMA FP 

contribution 

HPOA 72.00 % 27.47 71 % 
HPOB 1.98 % 31.43 2.2 % 
HPON 1.10 % 22.44 0.9 % 
HPIA 7.90 % 43.50 12.3 % 
HPIB 4.60 % 77.50 12.8 % 
HPIN 0.80 % 25.76 0.7 % 

FP*: Formation potential 

 
Table 6 3.4 mg/L DOC equivalent NDMA formation potential 
 

Samples NDMA formation potential 
(ng/L) 

Original river water 112 
RO water 100 

Sum of fractions 95 
 

Relationship of changes in SUVA to NDMA formation 
Aromatic moieties in NOM have been shown to affect UV absorbance spectrum 

of NOM (Chen et al., 2000; Vogt et al., 2004). The SUVA value at 254 nm and 272 nm 
are especially considered as good indicators of the aromaticity and reactivity of NOM. 
However, the relationship between the SUVA value of each NOM fraction and their 
individual NDMA formation potential indicated that the initial SUVA value of NOM is 
not a comprehensive index for NDMA formation potential. It certainly represents the 
aromaticity of NOM, but apparently not the functional groups that are responsible for 
NDMA formation.  

Additional experiments were conducted to investigate the relationship between 
changes in the SUVA272 value and the amount of NDMA formed in chloraminated water. 
This was done using reconstituted IRW NOM at the DOC level of 3.4 mg/L and dosed 
with 0.05 mM preformed NH2Cl. Periodically, the monochloramine residual was 
quenched by addition of excess ascorbic acid and both NDMA concentration and 
SUVA272 value were determined.  

The formation of NDMA was found to correlate quantitatively with the change of 
SUVA272 occurring during the course of the reaction. Figure 10 shows a linear 
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relationship between the reduction of SUVA272 and the formation of NDMA, suggesting 
the possibility of tracking NDMA formation by measuring changes in SUVA.   
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Figure 10. Relationship between specific UV absorbance change of NOM and 
NDMA formation in the reaction of NOM with monochloramine (pH 7.0, T = 20ºC, 
IRWC NOM TOC = 3.5 mg/L, [NH2Cl]0 = 0.05 mM, slope and intercept are shown with 
their 95% confidence intervals) 
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Interestingly, the SUVA value of each NOM fraction did not show any correlation 
with NDMA formation potential, while the ΔSUVA272 demonstrated a strong linear 
relationship with NDMA formation. As discussed earlier, SUVA has been extensively 
used as indicator of the reactivity of NOM with disinfectants (Westerhoff et al., 2004). 
Some studies directly used SUVA values as a predictor for the formation of halogenated 
DBP precursors (Korshin et al., 1997; Kitis et al., 2001). Duirk (2003) also demonstrated 
that SUVA254 value could be used as a surrogating index for the reactivity of NOM with 
monochloramine. Nevertheless, the work reported here seems contradictory in that 
NDMA formation did not correlate with the SUVA value of the humic fractions, while 
the change in SUVA did correlate. This is probably attributable to structural differences 
in various humic fractions that lead to differences in precursor content. SUVA might be a 
good predictor of NDMA formation potential if all water sources had the same 
distribution of each humic fraction, and presumably the same distribution of potential 
NDMA precursors. Processes such as oxidation or removal of NOM that causes a 
reduction in SUVA may govern the rate of NDMA formation. But the SUVA changes 
from treatment that removes NOM would only be good predictor of NDMA reduction if 
all fractions were removed to the same percent (Croue et al., 1999; Allpike, et al., 2005).  

 
 

Mechanisms and Kinetics of NDMA Formation by Reaction of NOM with 
Monochloramine. 

 

Model development  
The formation of NDMA is a relatively slow process generally occurring on a 

time scale of days (Mitch et al., 2003; Choi and Valentine, 2001), which is comparable to 
the time scale of monochloramine loss from autodecomposition (Vikesland et al., 2001) 
and from oxidation of NOM (Vikesland et al., 1998; Duirk et al., 2005). The 
monochloramine-NOM reaction model proposed by Duirk (2003) was used to describe 
these parallel processes to predict both the concentration of monochloramine and the 
amount of NOM oxidized with time. A schematic of the proposed model is shown in 
Figure 6.  

Duirk et al. (2005) modified a description of monochloramine autodecomposition 
(Figure 11) by incorporating simple second-order kinetic description of NOM oxidation 
involving two types of reactive sites (reactions 11-12). Site type S1 represents a 
comparatively small fraction of reactive dissolved organic carbon (DOC) that reacts very 
rapidly producing an “initial chloramine demand”. Site type S2, comprising more than 
90% of the reactive DOC, reacts quite slowly (over days) accounting for the most of the 
monochloramine loss typically observed over a five-day period. While the rate constants 
k1 and k2 are associated with these two types of reactive sites respectively, constant k1 is 
simply set conveniently high so that the demand due to site type S1 is accounted for 
rapidly, within an hour. The value of k2 on the other hand is critical to predicting the slow 
loss of monochloramine with time. NOM oxidation is primarily attributed to reaction  
involving a direct reaction of DOC with HOCl that exists in minute amount in chloramine 
solutions, produced from such reaction as hydrolysis of monochloramine (reaction 2). 
Duirk et al. (2005) validated the model using several whole water sources, NOM 



 28

concentrates obtained by reverse osmosis, and fractionated humic isolates. The model 
could account for dependencies on pH, ammonia, DOC, and monochloramine 
concentrations. Results were consistent with the assumption that humic-type substances 
were the dominant reactive type of NOM.    

 
 
 

NH2Cl

NH3 + HOCl

Hydrolysis

2 NH2Cl

Autodecomposition N2(g) + NH3 + Cl-

Short-term

Long-term

DOC DOC(OX)

NDMA = θDOC(OX)

Other Products = (1-θ)DOC(OX)

 

Note:  θ: a simple stoichiometric coefficient 

  DOC: dissolved organic carbon 

  DOC(OX): oxidized dissolved organic carbon 

 
Figure 11. Model schematics of NDMA formation from reactions between NOM and 
monochloramine 
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This model was modified to account for NDMA formation by assuming that the 
rate of NDMA formation was proportional to the rate of NOM oxidation. This is similar 
to the approach recently taken to describe the formation of dichloroacetic acid from the 
oxidation of NOM (Duirk et al., 2002). A simple stoichiometric coefficient θNDMA was 
incorporated to linearly correlate the formation of NDMA with the oxidation of NOM. 
Other researchers have correlated the formation of trihalomethanes (THMs) and 
haloacetic acids (HAAs) with free chlorine demand, presumably from the oxidation of 
NOM (Clark et al., 2001; Gang et al., 2002). This is equivalent to the assumption that 
ratio of NDMA formed to NOM oxidized is a constant θNDMA over the entire course of 
the reaction (Equation 1): 

dt
DOCd

dt
NDMAd OX

NDMA
][][ θ=   Equation 1 

The rate of NDMA formation can therefore be expressed as equation 2 in terms of model 
parameters and variables: 

}]][[]][[{][
22121 SDOCHOClkSDOCClNHk

dt
NDMAd

NDMA ×+×= θ  Equation 2 

S1 = DOC short-term reactive site fraction 

S2 = DOC long-term reactive site fraction 

k1, k2 = reaction rate constants  

θNDMA = stoichiometric coefficient 

 
All constants characterizing monochloramine autodecomposition were obtained 

from literature (sources shown in table 7). Only k1, S1, k2, S2 and θNDMA were determined 
for this model as NOM source specific parameters. The model was expressed as a system 
of ordinary differential equations (ODEs), the whole set of which was solved using 
ScientistTM (Scientist, 1995). ScientistTM uses a modified Powell algorithm to minimize 
the unweighted sum of the squares of the residual error between the predicted and 
experimentally determined values to estimate the model parameters.  

The comprehensive reaction model differentiates monochloramine loss into two 
pathways: auto-decomposition and oxidation of NOM. The initial modeling activity 
required determining the parameters that characterize monochloramine loss 
independently of the value of θNDMA, which is only used to predict NDMA formation. 
The final estimated model parameters for each particular NOM source, obtained by 
averaging parameter estimates for all data sets for the same NOM source, are listed in 
table 7. The model estimation of NOM reactive sites are consistent with the total reactive 
sites determined by free chlorine titration methodology. This shows that titrating the 
NOM with free chlorine serves as a good independent method to determine reactive site 
fractions.  
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Table 7. Model estimated parameters with their 95% confidence intervals for tested 
NOM sources including IRW, UPW and CRW NOM 

 
Sou

rces IRW1 UPW2 CRW3 

k1 
1.21×104±4.30

×103 
1.12×104±6.60×

103 
1.43×104±3.07×

103 
S1 0.011±0.003 0.009±0.003 0.015±0.006 

k2 
5.92×105±1.87

×104 
4.88×105±1.72×

104 
6.01×105±6.30×

104 
S2 0.53±0.04 0.48±0.04 0.62±0.05 
S1+

S2 0.54±0.04 0.57±0.04 0.63±0.06 
ST

4 0.59 0.45 0.65 
θND

MA 
2.85×10-

5±5.17×10-6 
1.67×10-

5±4.10×10-6 
3.23×10-

5±2.19×10-6 

1: IRW: Iowa River water, n = 10  
2: UPW: Valentine Pond water in Upper Peninsular of Michigan, n = 7 
3: CRW: Cedar River water, n = 4 
4: Total reactive sites determined by free chlorine titration 

NDMA formation  
With the establishment of the model’s capability to describe monochloramine loss 

in the presence of NOM (data not shown), the model was used to calculate the amount of 
NOM oxidized (in terms of equivalent amounts of monochloramine) as a function of 
reaction conditions and time. Figure 12 shows a linear relationship between NDMA 
formed and NOM oxidized for  IRW water.  A similar relationship was found for the 
other two source waters. This linear relationship is consistent with the assumption that the 
rate of NDMA formation is given by equation 5.1 and that the value of θNDMA is a source 
specific constant that is independent of pH and hence the rate of NOM oxidation. 

Figure 13 compares measured and predicted NDMA formation from IRW at DOC 
concentrations of 1.7 to 6.8 mg/L, which are in the typical DOC range representative of 
many water supplies (Roth and Ozment, 1998). A higher concentration of DOC resulted 
in higher NDMA formation. During the early stage of the reaction course, the model 
appears to slightly underestimate NDMA production at low DOC levels and slightly 
overestimate it at high DOC levels. But overall, the model predicted NDMA formation 
quite well.  Figure 14 shows the influence of pH from 6.0 to 9.0 on NDMA formation. A 
good match between experimental data and model prediction is again indicated. The 
effect of free ammonia on NDMA formation was also investigated using a fixed initial 
monochloramine concentration and chlorine to ammonia molar ratios ranging from 0.1 to 
0.7 (Figure 15. Results show that increasing ammonia reduces the rate of NDMA 
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formation, consistent with the expected influence of ammonia on the rate of NOM 
oxidation. 
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Figure 12. Linear relationship between NDMA formation and NOM oxidation and 
determination of �NDMA with its 95% confidence intervals (IRW concentrate DOC = 
3.4 mg/L, [NH2Cl]0 = 0.05 mM, I = 8 mM)  



 32

 
 

Time (h)

0 20 40 60 80 100 120 140

N
D

M
A

 fo
rm

at
io

n 
(n

g/
L)

0

10

20

30

40

50

60

DOC = 1.7 mg/L
DOC = 3.4 mg/L
DOC = 6.8 mg/L

 
Figure 13. Model prediction of NDMA formation at various DOC levels from the 
reactions between monochloramine and NOM (IRW concentrate, pH = 7.0, [NH2Cl]0 = 
0.05 mM, I = 8 mM,line represents model prediction) 
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Figure 14 Model prediction of NDMA formation at various pH values from the 
reactions between monochloramine and NOM (IRW concentrate DOC = 3.4 mg/L, 
[NH2Cl]0 = 0.05 mM, I = 8 mM, line represents model prediction) 

 
 
 



 34

Time (h)

0 20 40 60 80 100 120

N
D

M
A

 fo
rm

at
io

n 
(n

g/
L)

0

5

10

15

20

25

30

35

[ammonia] =0.07 mM, Cl/N = 0.7
[ammonia] =0.17 mM, Cl/N = 0.3
[ammonia] =0.5 mM, Cl/N = 0.1

 
Figure 15.  Effect of ammonia on NDMA formation (IRW NOM DOC = 3.4 mg/L, 
pH = 7.0, [NH2Cl]0 = 0.05 mM, I = 8 mM, line represents model results) 
 
 

Comparison of model parameters  
 
Comparing the estimated model parameters for tested three NOM sources, all the 

rate constants as well as the site fraction values were remarkably similar, within a factor 
of 25% of each other (table 3), indicating very similar NOM oxidation characteristics 
among tested NOM sources. The value of θNDMA however, varied by a factor of two, 
ranging from a high of 3.23×10-5 for source CRW NOM to a low value of 1.67×10-5 for 
water contain UPW NOM. While the values for CRW and IRW derived NOM were 
statistically similar, the value of θNDMA for UPW NOM was significantly smaller. This 
difference presumably reflects differences in the nature of the NDMA precursors. 
Perhaps this difference is the indicative of differences in NOM characteristics, or 
conversely the presence of other types of precursors, possibly associated with agricultural 
discharges into the two rivers.  
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Influence of  Chemical and Photochemical Oxidation on NDMA Formation 
 

Influence of pre-chlorination on NDMA formation 
NDMA formation decreased with the application of free chlorine prior to the 

addition of ammonia to produce chloramines. For example, the amount of NDMA formed 
after 120 hours in chloramine containing water was reduced by 50% by a free chlorine 
dosage of 0.08 mM and 10 minutes of contact time prior to chloramination. Increasing 
the pre-chlorination contact time also resulted in a further reduction in NDMA formation 
(Figure 16). It should be pointed out that the free chlorine demand was comparable in 
these studies so that the total initial monochloramine concentration was comparable in all 
experiments. Therefore the reduction in NDMA formation caused by pre-chlorination 
cannot be attributed to a lower initial chloramine concentration. NDMA formation also 
decreased with increasing chlorine dosage at a fixed free chlorine contact time (Figure 
17). This finding is the opposite of that observed for the influence of pre-chlorination on 
the formation of many halogenated DBPs (Eldib and Ali, 1995). 
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Figure 16   Effect of pre-chlorination time on NDMA formation (IRW NOM DOC = 
3.4 mg/L, pH = 7.0±0.2, Cl2 = 0.08 mM, Cl/N = 0.7)  
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Figure 17. Effect of pre-chlorination dose on NDMA formation (IRW NOM DOC = 
3.4 mg/L, 4 mM NaHCO3, pH = 7.0, pre-chlorination time = 1 h, Cl/N = 0.7) 
 

A similar trend of decreasing NDMA concentration with pre-chlorination was 
obtained using the whole surface water for a drinking water utility in the State of Ohio 
provided by Malcolm Pirnie Company (Data not shown). After 108 minutes of pre-
chlorination, NDMA formation after 5 days contact with chloramine was reduced 
approximately 50 %. Increasing pre-chlorination time to 345 minutes resulted in only a 
moderate further decrease in NDMA formation indicating a rapidly decreasing effect of 
time.  

 
Influence of other pre-oxidants on NDMA formation 
 

Figure 18  shows the effect of pre-oxidation on NDMA formation in water 
containing RO concentrated IRW NOM. Similar to the effect of pre-chlorination, water 
subjected to pre-oxidation produced significantly less NDMA during the subsequent 
contact period with preformed monochloramine. For example, the application of 10 mg/L 
KMnO4 or 3 mg/L H2O2 reduced NDMA concentration by about 50% during the 
subsequent contact with monochloramine compared to that obtained without pre-
oxidation. Increasing the concentration of pre-oxidant also resulted in a further decrease 
in the NDMA formation.  The influence of both pre-chlorination and pre-oxidation on 
reducing NDMA formation suggests a common mode of action. It is hypothesized that 
this is due to the destruction of NDMA precursors.  
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Figure 18    Effect of pre-oxidation on NDMA formation during post-chloramination 
(IRW NOM, DOC = 3.4 mg/L, pH = 7.0±0.2, pre-oxidation time = 1 h, [NH2Cl]0 = 0.05 
mM) 
 
Correlation of NDMA formation to changes in SUVA 
 

NDMA formation in water not subjected to pre-chlorination or pre-oxidation was 
found to correlate linearly with the simultaneous decrease in SUVA272 caused by the slow 
oxidation of NOM by monochloramine (Figure 19). This finding is similar to that 
obtained by Korshin et al. (1997) and Kitis et al. (2001) for the formation of total organic 
halogen (TOX) and haloacetic acids (HAAs). This strongly suggests that SUVA is also a 
good indicator of NDMA precursor content. 

Interestingly, when water was first subjected to pre-chlorination, a decrease in 
NDMA formation is observed as expected, and the relationship between NDMA 
formation and the post-chloramination induced SUVA change was still linear but with a 
smaller slope. This may be attributable to the preferential destruction of a fraction of 
NOM that contributes more to the NDMA precursor content. This is consistent with the 
studies on NDMA precursors that indicates different NDMA formation potentials 
associated with different humic fractions.  
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Figure 19.   Relationship between SUVA272 and NDMA formation (IRW NOM DOC = 
3.4 mg/L, Cl2 dosage = 0.06 mM, pre-chlorination time = 0.5 h, pre-formed [NH2Cl]0 = 
0.05 mM, slopes and intercepts are shown with their 95% confidence intervals) 
 

The amount of NDMA formed after 120 hours contact with chloramine in water 
was reduced by an amount proportional to the decrease in SUVA272 caused by pre-
chlorination or pre-oxidation (Figure 15). Quite unexpected is the observation that all 
pre-treatments have the same influence on reducing NDMA formation when normalized 
to the change in SUVA caused by pre-oxidation/pre-chlorination. This same relationship 
held even for a sunlight induced SUVA loss. Clearly a common mode of action is 
indicated which appears to be the destruction of precursors as indicated by a loss in 
SUVA. How this SUVA reduction is achieved does not influence the resulting loss in 
NDMA formation. 
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Figure 15    Correlation between the change in SUVA272 and NDMA formation (IRW 
NOM DOC = 3.4 mg/L, pH = 6~8, pre-oxidation time = 5 sec~1h, chloramine contact 
time = 120 hours, [NH2Cl]0 = 0.05 mM) 

 
 

Summary and Conclusions 
 

A primary purpose of this study was to investigate the mechanisms and kinetics of 
NDMA formation in natural water typical of that used as a drinking water source. Studies 
on the nature of the precursors showed that they are conserved when the NOM is 
concentrated by reverse osmosis (RO) and isolated into different humic fractions. 
Different humic fractions exhibited different NDMA formation potentials when 
normalized to carbon content. This indicates a fraction-dependent precursor content. 
Hydrophilic fractions were found to form more NDMA than hydrophobic fractions and 
basic fractions tend to form more NDMA than acid fractions. The dominant source of 
NDMA precursors in river water was determined to be the hydrophobic acid (HPOA) 
fraction of NOM because it is also the dominant fraction comprising NOM.  

A reaction model incorporating monochloramine auto-decomposition, NOM 
oxidation, and NDMA formation using five water-specific parameters, provided 
validation for hypothesized reactions. Most important is the hypothesis that the rate of 
NDMA formation is linearly related to the rate of NOM oxidation and therefore NDMA 
formation can be described by a simple stoichiometric relationship between NOM 
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oxidized and NDMA formed. This is consistent with the linear relationship between the 
reduction in SUVA272 that occurs with the oxidation of NOM and the formation of 
NDMA. Surprisingly, the five parameters that determine the rate of NOM oxidation and 
NDMA formation were very similar for samples obtained from a variety of sources, 
including a pristine source not impacted by agricultural practices or waste discharges. 
This implies that NDMA formation in the agriculturally impacted surface water sample is 
not likely to be governed by special agriculture-associated precursors. However, this 
finding may be a consequence of the particular season in which the river samples were 
taken. 

Pre-chlorination and pre-oxidation was shown to be effective in reducing the 
potential of NOM to form NDMA from subsequent reactions in the presence of 
chloramines. Although the direct mechanism is not clear, NOM fluorescence spectra and 
UV absorbance changes indicate a loss of aromaticity upon oxidation, which appears 
indicative of a depletion or destruction of NDMA precursors. This also shows that free 
chlorine itself can play a dual role in influencing NDMA formation. The experimental 
and modeling work clearly shows that the oxidation of NOM by trace levels of free 
chlorine existing in the presence of monochloramine is required to produce NDMA 
presumably through the formation of precursors. But in high concentrations, typically 
associated with the practice of pre-chlorination, it destroys precursors.   

The reduction in NDMA formed after 5 days in the presence of chloramines was 
found to be linearly correlated to the pre-oxidation and pre-chlorination induced 
reduction in SUVA272. Quite unexpectedly, this relationship is independent of the nature 
of the oxidant. The reduction in NDMA formation with reduction in SUVA272 caused by 
various oxidants including free chlorine, hydrogen peroxide, potassium permanganate, 
ozone, and simulated sunlight all fit on a single regression line. This suggests that the 
change in SUVA272 could possibly be used as a parameter to predict changes in NDMA 
formation when pre-oxidation including pre-chlorination is practiced.  

References 
Abbt-Braun, G., U. Lankes, et al. (2004). Structural characterization of aquatic humic 

substances-The need for a multiple method approach. Aquatic Sciences, 66: 151-170. 
Adam, L. C., I. Fabian, et al. (1992). Hypochlorous acid decomposition in the pH 5-8 

region. Inorganic Chemistry, 31(17): 3534-41. 
Adin, A., J. Katzhendler, et al. (1991). Trihalomethane formation in chlorinated drinking 

water: a kinetic model. Water Research, 25(7): 797-805. 
Aiken, G. and Leenheer, J. (1993). Isolation and chemical characterization of dissolved 

and colloidal organic matter. Chemistry and Ecology, 8(3): 135-51. 
Amy, G.L., Chadik, P.A. and Chowdhury, Z.K. (1987). Developing models for predicting 

trihalomethane formation potential and kinetics. Journal - American Water Works 
Association 79(7): 89-97. 

Amy, G.L., Chadik, P.A., King, P.H. and Cooper, W.J. (1984). Chlorine utilization 
during trihalomethane formation in the presence of ammonia and bromide. 
Environmental Science and Technology 18(10): 781-6. 

APHA, AWWA and WEF (1992). Standard methods for the examination of water and 
wastewater. Washington D.C. 



 41

Arber, R., Speed, M.A. and Scully, F. (1985). Significant findings related to the 
formation of chlorinated organics in the presence of chloramines. Water Chlorination: 
Chemistry, Environmental Impact, and Health Effects. Eds. Chelsea, Mich., Lewis 
Publishers. 5: 951-963. 

AWWARF (1995). Nitrification occurrence and control in chloraminated water systems, 
Denver, CO, American Water Works Association Research Foundation. 

Ayanaba, A. and Alexander, M. (1974). Transformations of methylamines and formation 
of a hazardous product, dimethylnitrosamine, in samples of treated sewage and lake 
water. Journal of Environmental Quality 3(1): 83-9. 

Barrett, S.E., Krasner, S.W. and Amy, G.L. (2000). Natural organic matter and 
disinfection by-products: characterization and control in drinking water-an overview. 
ACS Symposium Series 761(Natural Organic Matter and Disinfection By-Products): 
2-14. 

Bruchet, A., Anselme, C., Marsigny, O. and Mallevialle, J. (1987). THM formation 
potential and organic content: a new analytical approach. Aqua (Oxford)(2): 102-9. 

Bryant, E.A., Fulton, G.P. and Budd, G.C. (1992). Disinfection Alternatives for Safe 
Drinking Water. New York, NY., Van Nostrand Reinhold Company. 

Bushaw, K. L., R. G. Zepp, et al. (1996). Photochemical release of biologically available 
nitrogen from aquatic dissolved organic matter. Nature 381: 404-407. 

Cahn, J.W. and Powell, R.E. (1954). The Raschig synthesis of hydrazine. Journal of the 
American Chemical Society 76: 2565-7. 

Carlson, M. and Hardy, D. (1998). Controlling DBPs with monochloramine. Journal - 
American Water Works Association 90(2): 95-106. 

CDHS, (2005). California Drinking Water: Activities Related to NDMA and other 
Nitrosamines. 

Chae, S. (2002). Evaluation of drinking water treatment processes focusing on natural 
organic matter removal and on disinfection by-product formation. Water Science & 
Technology: Water Supply 2(5-6): 459-464. 

Chakroborty, K.B., Scott, G. and Yaghmour, H. (1985). Mechanisms of antioxidant 
action: carbon-nitroso compounds as UV stabilizers for polypropylene. Journal of 
Applied Polymer Science 30(1): 189-203. 

Chang, H.-S., Korshin, G.V. and Benjamin, M.M. (2002). A kinetic model for formation 
Chen, J., Gu, B., LeBoeuf, E.J., Pan, H. and Dai, S. (2002). Spectroscopic 
characterization of the structural and functional properties of natural organic matter 
fractions. Chemosphere 48(1): 59-68. 

Choi, J. (2002). Mechanistic studies of n-nitrosodimethylamine (NDMA) in model 
drinking waters. Univ. of Iowa,Iowa City,IA,USA. 147 pp. 

Choi, J., Duirk, S.E. and Valentine, R.L. (2002). Mechanistic studies of N-
nitrosodimethylamine (NDMA) formation in chlorinated drinking water. Journal of 
Environmental Monitoring 4(2): 249-252. 

Choi, J. and Valentine, R.L. (2001). Studies on the formation of N-nitrosodimethylamine 
(NDMA) in drinking water: a new chloramination disinfection by-product. 
Proceedings - Annual Conference, American Water Works Association: 47-55. 

Choi, J. and Valentine, R.L. (2002). Formation of N-nitrosodimethylamine (NDMA) 
from reaction of monochloramine: a new disinfection by-product. Water Research 
36(4): 817-824. 

Choi, J. and Valentine, R.L. (2002). A kinetic model of N-nitrosodimethylamine 
(NDMA) formation during water chlorination/chloramination. Water Science and 
Technology 46(3, 2nd World Water Congress: Environmental Monitoring, 
Contaminants and Pathogens, 2001): 65-71. 

Choi, J. and Valentine, R.L. (2003). N-Nitrosodimethylamine Formation by Free-
Chlorine-Enhanced Nitrosation of Dimethylamine. Environmental Science and 
Technology 37(21): 4871-4876. 



 42

Cowman, G. A. and P. C. Singer (1996). Effect of Bromide Ion on Haloacetic Acid 
Speciation Resulting from Chlorination and Chloramination of Aquatic Humic 
Substances. Environmental Science and Technology 30(1): 16-24. 

Croue, J.-P. (2004). Isolation of humic and non-humic NOM fractions: structural 
characterization. Environmental Monitoring and Assessment 92(1-3): 193-207. 

Croue, J.P., Korshin, G.V. and Benjamin, M. (1999). Characterization of natural organic 
matter in drinking water. AWWA Research Foundation Publisher. 

Diehl, A.C., Speitel, G.E., Jr., Symons, J.M., Krasner, S.W., Hwang, C.J. and Barrett, 
S.E. (2000). DBP formation during chloramination. Journal - American Water Works 
Association 92(6): 76-90. 

Duirk, S.E., J.C. Whitney, and R.L. Valentine, Preliminary investigations into chloramine 
loss and DBP formation in the presence of NOM and bromide. Proceedings - Annual 
Conference, American Water Works Association, 2002: 993-998. 

Duirk, S.E. (2003). Mechanisms and modeling of monochloramine loss, natural organic 
matter oxidation, and disinfectant by-product formation in water. Univ. of Iowa,Iowa 
City,IA,USA.: 249 pp. 

Duirk, S. E., B. Gombert, et al. (2005). Modeling monochloramine loss in the presence of 
natural organic matter. Water Research 39(14): 3418-3431. 

EPA (1998). National Primary Drinking Water Regulations: disinfectants and 
disinfectants byproducts. Federal Register 63(241): 69390-69476. 

EPA (1999). Alternative disinfectants and oxidants guidance manual. United States 
Environmental Protection Agency, Office of Water, EPA 815-R-99-014. 

Gadmar, T.C., Vogt, R.D. and Evje, L. (2005). Artifacts in XAD-8 NOM fractionation. 
International Journal of Environmental Analytical Chemistry 85(6): 365-376. 

Gang, D.D., Segar, R.L., Jr., Clevenger, T.E. and Banerji, S.K. (2002). Using chlorine 
demand to predict TTHM and HAA9 formation. Journal - American Water Works 
Association 94(10): 76-86. 

Gargallo, L., Miranda, B., Leiva, A., Radic, D., Urzua, M. and Rios, H. (2004). Surface 
activity of hydrophobically modified alternating copolymers. Polymer 45(15): 5145-
5150. 

Gerecke, A.C. and Sedlak, D.L. (2003). Precursors of N-Nitrosodimethylamine in 
Natural Waters. Environmental Science and Technology 37(7): 1331-1336. 

Golfinopoulos, S.K., Nikolaou, A.D. and Lekkas, T.D. (2003). The occurrence of 
disinfection by-products in the drinking water of Athens, Greece. Environmental 
Science and Pollution Research International 10(6): 368-372. 

Gonzalez-Velasco, J. R., U. Iriarte, et al. (2003). Innovative quality control strategies in 
controlling drinking water production. Progress in Water Resources 8(Water 
Resources Management II): 119-124. 

Graham, J.E. (1996). Factors affecting NDMA formation during drinking water 
treatment. Civil Engineering. Waterloo, Ontario, Canada, University of Waterloo. 

Graham, J.E., Andrews, S.A., Farquhar, G.J. and Meresz, O. (1996). Factors affecting 
NDMA formation during drinking water treatment. Proceedings - Water Quality 
Technology Conference(Pt. 1): 757-772. 

Graham, J.E., Andrews, S.A., Farquhar, G.J. and Meresz, O. (1996). Thiram as an 
NDMA precursor in drinking water treatment. Proceedings - Annual Conference, 
American Water Works Association(Water Research): 15-27. 

Gray, E.T., Jr., Margerum, D.W. and Huffman, R.P. (1978). Chloramine equilibriums and 
the kinetics of disproportionation in aqueous solution. ACS Symposium Series 
82(Organometals Organometalloids: Occurrence Fate Environ.): 264-77. 

Hand, V.C. and Margerum, D.W. (1983). Kinetics and mechanisms of the decomposition 
of dichloramine in aqueous solution. Inorganic Chemistry 22(10): 1449-56. 

Hayes, B.T. and Stevens, T.S. (1970). Reduction of nitrosamines to hydrazines. Journal 
of the Chemical Society [Section] C: Organic(8): 1088-9. 



 43

Hwang, C.J., Sclimenti, M.J. and Krasner, S.W. (1999). The contribution of NOM 
fractions to DBP formation in a low-humic water. Book of Abstracts, 217th ACS 
National Meeting, Anaheim, Calif., March 21-25: ENVR-036. 

Isaac, R.A. and Morris, J.C. (1983). Transfer of active chlorine from chloramine to 
nitrogenous organic compounds. 1. Kinetics. Environmental Science and Technology 
17(12): 738-42. 

Isabel, R.S., Solarik, G., Koechling, M.T., Anzek, M.H. and Summers, R.S. (2000). 
Modeling chlorine decay in treated waters. Proceedings - Annual Conference, 
American Water Works Association: 1215-1229. 

Jafvert, C.T. and Valentine, R.L. (1987). Dichloramine decomposition in the presence of 
excess ammonia. Water Research 21(8): 967-73. 

Jafvert, C.T. and Valentine, R.L. (1992). Reaction scheme for the chlorination of 
ammoniacal water. Environmental Science and Technology 26(3): 577-86. 

Jobb, D.B., Hunsinger, R.B., Meresz, O. and Taguchi, V.Y. (1993). A study of the 
occurrence and inhibition of formation of N-nitrosodimethylamine (NDMA) in the 
Ohsweken water supply - November 1992. Proceedings - Water Quality Technology 
Conference(Pt. 1): 103-31. 

Kitis, M., Karanfil, T., Kilduff, J.E. and Wigton, A. (2001). The reactivity of natural 
organic matter to disinfection by-products formation and its relation to specific 
ultraviolet absorbance. Water Science and Technology 43(2, 1st World Water 
Congress, Part 2: Industrial Wastewater and Environmental Contaminants, 2000): 9-
16. 

Kitis, M., Kilduff, J.E. and Karanfil, T. (2001). Isolation of dissolved organic matter 
(DOM) from surface waters using reverse osmosis and its impact on the reactivity of 
DOM to formation and speciation of disinfection by-products. Water Research 35(9): 
2225-2234. 

Kitis, M., T. Karanfil, et al. (2002). Probing reactivity of dissolved organic matter for 
disinfection by-product formation using XAD-8 resin adsorption and ultrafiltration 
fractionation. Water Research 36(15): 3834-3848. 

Kohut, K.D. and Andrews, S.A. (2002). N-nitrosodimethylamine formation in drinking 
water due to amine-based polyelectrolytes. Proceedings - Water Quality Technology 
Conference: 2055-2068. 

Korshin, G.V., Benjamin, M.M. and Li, C.-W. (1999). Use of differential spectroscopy to 
evaluate the structure and reactivity of humics. Water Science and Technology 40(9): 
9-16. 

Korshin, G.V., Kumke, M.U., Li, C.-W. and Frimmel, F.H. (1999). Influence of 
Chlorination on Chromophores and Fluorophores in Humic Substances. 
Environmental Science and Technology 33(8): 1207-1212. 

Korshin, G.V., Li, C.W. and Benjamin, M.M. (1997). The decrease of UV absorbance as 
an indicator of TOX formation. Water Research 31(4): 946-949. 

Korshin, G.V., Li, C.-W. and Benjamin, M.M. (1995). A theoretical description of the 
UV spectrum of natural organic matter and changes in UV absorption during water 
treatment. Book of Abstracts, 210th ACS National Meeting, Chicago, IL, August 20-
24(Pt. 1): ENVR-133. 

Korshin, G.V., Wu, W.W., Benjamin, M.M. and Hemingway, O. (2002). Correlations 
between differential absorbance and the formation of individual DBPs. Water 
Research 36(13): 3273-3282. 

Lee, S., Cho, J. and Elimelech, M. (2005). A Novel Method for Investigating the 
Influence of Feed Water Recovery on Colloidal and NOM Fouling of RO and NF 
Membranes. Environmental Engineering Science 22(4): 496-509. 

Leenheer, J.A. (1981). Comprehensive approach to preparative isolation and fractionation 
of dissolved organic carbon from natural waters and wastewaters. Environmental 
Science and Technology 15(5): 578-87. 



 44

Leenheer, J.A. (1984). Concentration, partitioning, and isolation techniques [in water 
analysis]. Water Anal. 3: 83-166. 

Leung, S.W. and Valentine, R.L. (1994). An unidentified chloramine decomposition 
product. I. Chemistry and characteristics. Water Research 28(6): 1475-83. 

Li, C.-W., Benjamin, M.M. and Korshin, G.V. (2000). Use of UV Spectroscopy To 
Characterize the Reaction between NOM and Free Chlorine. Environmental Science 
and Technology 34(12): 2570-2575. 

Li, J., Z. Yu, et al. (2002). Effect of irradiation and free radicals on formation of 
trihalomethanes in chlorinated water. International Journal of Environmental Studies 
59: 717-725. 

Lieu, N.I., Wolfe, R.L. and Means, E.G., III (1993). Optimizing chloramine disinfection 
for the control of nitrification. Journal - American Water Works Association 85(2): 
84-90. 

Loeppky, R.N., Michejda, C.J. and Editors (1994). Nitrosamines and Related N-Nitroso 
Compounds: Chemistry and Biochemistry/(Developed from a Symposium Sponsored 
by the Division of Agricultural and Food Chemistry at the 204th National Meeting of 
the American Chemical Society, Washington, D.C., August 23-28, 1992.) [In: ACS 
Symp. Ser., 1994; 553]. 

Luo, X., Clevenger, T.E. and Deng, B. (2005). Role of NOM in the formation of N-
nitrosodimethylamine (NDMA) in surface waters. Abstracts of Papers, 229th ACS 
National Meeting, San Diego, CA, United States, March 13-17, 2005: ENVR-135. 

Margerum, D.W., Gray, E.T., Jr. and Huffman, R.P. (1978). Chlorination and the 
formation of N-chloro compounds in water treatment. ACS Symposium Series 
82(Organometals Organometalloids: Occurrence Fate Environ.): 278-91. 

Mattaraj, S. and Kilduff, J.E. (2003). Using reverse osmosis to remove natural organic 
matter from power plant makeup water. PowerPlant Chemistry 5(1): 31-35. 

Mitch, W.A., Gerecke, A.C. and Sedlak, D.L. (2003). A N-nitrosodimethylamine 
(NDMA) precursor analysis for chlorination of water and wastewater. Water 
Research 37(15): 3733-3741. 

Mitch, W.A. and Sedlak, D.L. (2002). Formation of N-Nitrosodimethylamine (NDMA) 
from Dimethylamine during Chlorination. Environmental Science and Technology 
36(4): 588-595. 

Mitch, W.A. and Sedlak, D.L. (2004). Characterization and fate of N-
nitrosodimethylamine precursors in municipal wastewater treatment plants. 
Environmental Science and Technology 38(5): 1445-1454. 

Mitch, W.A., Sharp, J.O., Trussell, R.R., Valentine, R.L., Alvarez-Cohen, L. and Sedlak, 
D.L. (2003). N-Nitrosodimethylamine (NDMA) as a drinking water contaminant: A 
review. Environmental Engineering Science 20(5): 389-404. 

Morris, J.C. (1966). The acid ionization constant of HOCl from 5 to 35 Deg. Journal of 
Physical Chemistry 70(12): 3798-805. 

Morris, J.C. and Isaac, R.A. (1983). A critical review of kinetic and thermodynamic 
constants for the aqueous chlorine-ammonia system. Water Chlorination: Environ. 
Impact Health Eff. 4(Book 1): 49-62. 

Najm, I. and Rhodes Trussell, R. (2001). NDMA formation in water and wastewater. 
Journal - American Water Works Association 93(2): 16, 92-99. 

Najm, I.N., Patania, N.L., Jacangelo, J.G. and Krasner, S. (1994). Evaluating surrogates 
for disinfection byproducts. Journal - American Water Works Association 86(6): 98-
106. 

Novak, J.M., Mills, G.L. and Bertsch, P.M. (1992). Estimating the percent aromatic 
carbon in soil and aquatic humic substances using ultraviolet absorbance 
spectrometry. Journal of Environmental Quality 21(1): 144-7. 

O'Neill, I.K. (1985). N-Nitroso Compounds: Occurrence, Biological Effects, and 
Relevance to Human Cancer, Oxford University Press, New York, N. Y. 



 45

Reckhow, D.A., Singer, P.C. and Malcolm, R.L. (1990). Chlorination of humic materials: 
byproduct formation and chemical interpretations. Environmental Science and 
Technology 24(11): 1655-64. 

Rook, J.J. (1974). Formation of haloforms during chlorination of natural waters. Water 
Treatment and Examination 23, Pt. 2: 234-43. 

Scientist (1995). Version 2.02, Software Package. Micromath, Salt Lake City, UT. 
Serkiz, S.M. and Perdue, E.M. (1990). Isolation of dissolved organic matter from the 

Suwannee River using reverse osmosis. Water Research 24(7): 911-16. 
Speitel, G.E., Jr., Symons, J.M., Diehl, A.C., Sorensen, H.W. and Cipparone, L.A. 

(1993). Effect of ozone dosage and subsequent biodegradation on removal of DBP 
precursors. Journal - American Water Works Association 85(5): 86-95. 

Swietlik, J. and Sikorska, E. (2004). Application of fluorescence spectroscopy in the 
studies of natural organic matter fractions reactivity with chlorine dioxide and ozone. 
Water Research 38(17): 3791-3799. 

Taguchi, V.Y., Jenkins, S.W.D., Wang, D.T., Palmentier, J.-P.F.P. and Reiner, E.J. 
(1994). Determination of N-nitrosodimethylamine by isotope dilution, high-resolution 
mass spectrometry. Canadian Journal of Applied Spectroscopy 39(3): 87-93. 

Thurman, E.M. and Malcolm, R.L. (1981). Preparative isolation of aquatic humic 
substances. Environmental Science and Technology 15(4): 463-6. 

Traina, S.J., Novak, J. and Smeck, N.E. (1990). An ultraviolet absorbance method of 
estimating the percent aromatic carbon content of humic acids. Journal of 
Environmental Quality 19(1): 151-3. 

Tricker, A.R. and Preussmann, R. (1992). Volatile N-nitrosamines in mainstream 
cigarette smoke: occurrence and formation. Clinical Investigator 70(3/4): 283-9. 

Trompowsky, P. M., V. Melo Benites, et al. (2005). Characterization of humic like 
substances obtained by chemical oxidation of eucalyptus charcoal. Organic 
Geochemistry 36: 1480-1489. 

USEPA (1997). N-nitrosodimethylamine CASRN 62-75-9, Integrated Risk Information 
Service (IRIS) Substance File. 

Valentine, R.L., Brandt, K.I. and Jafvert, C.T. (1986). A spectrophotometric study of the 
formation of an unidentified monochloramine decomposition product. Water 
Research 20(8): 1067-74. 

Valentine, R.L., et al. (2005). Factors affecting the formation of NDMA in water and 
occurrence: AWWA Research Foundation. 

Valentine, R.L. and Jafvert, C.T. (1988). General acid catalysis of monochloramine 
disproportionation. Environmental Science and Technology 22(6): 691-6. 

Vikesland, P. J., R. L. Valentine and K. Ozekin (1996). Application of product studies in 
the elucidation of chloramine reaction pathways. ACS Symposium Series 649(Water 
Disinfection and Natural Organic Matter): 105-114. 

Vikesland, P.J., Ozekin, K. and Valentine, R.L. (1998). Effect of Natural Organic Matter 
on Monochloramine Decomposition: Pathway Elucidation through the Use of Mass 
and Redox Balances. Environmental Science and Technology 32(10): 1409-1416. 

Vikesland, P.J., Ozekin, K. and Valentine, R.L. (2001). Monochloramine Decay in Model 
and Distribution System Waters. Water Research 35(7): 1766-1776. 

Vogt, R.D., Akkanen, J., Andersen, D.O., Bruggemann, R., Chatterjee, B., Gjessing, E., 
Kukkonen, J.V.K., Larsen, H.E., Luster, J., Paul, A., Pflugmacher, S., Starr, M., 
Steinberg, C.E.W., Schmitt-Kopplin, P. and Zsolnay, A. (2004). Key site variables 
governing the functional characteristics of dissolved natural organic matter (DNOM) 
in Nordic forested catchments. Aquatic Sciences 66(2): 195-210. 

Weerasooriya, S.V.R. and Dissanayake, C.B. (1989). The enhanced formation of N-
nitrosamines in fulvic acid mediated environment. Toxicological and Environmental 
Chemistry 25(1): 57-62. 



 46

Weerasooriya, S.V.R. and Dissanayake, C.B. (1992). Modeling the nitrosation kinetics in 
simulated natural environmental conditions. Toxicological and Environmental 
Chemistry 36(3-4): 131-7. 

WEF (1996). Water Environmental Federation, Wastewater Disinfection, Manuel of 
Practice, No. FD-10, Alexandria, Va. 

Wei, Y., Wu, J., Henriques, C., Reavis, W., Page, K. and Thomas, R. (2002). How 
organic nitrogen compounds in surface water relate to DBP formation in the drinking 
water treatment process. Proceedings - Water Quality Technology Conference: 107-
120. 

Weishaar, J.L., Aiken, G.R., Bergamaschi, B.A., Fram, M.S., Fujii, R. and Mopper, K. 
(2003). Evaluation of Specific Ultraviolet Absorbance as an Indicator of the Chemical 
Composition and Reactivity of Dissolved Organic Carbon. Environmental Science 
and Technology 37(20): 4702-4708. 

Westerhoff, P., Yoon, Y., Snyder, S. and Wert, E. (2005). Fate of Endocrine-Disruptor, 
Pharmaceutical, and Personal Care Product Chemicals during Simulated Drinking 
Water Treatment Processes. Environmental Science and Technology 39(17): 6649-
6663. 

Wolfe, R.L., Ward, N.R. and Olson, B.H. (1984). Inorganic chloramines as drinking 
water disinfectants: a review. Journal - American Water Works Association 76(5): 
74-88. 

Wong, S., Hanna, J.V., King, S., Carroll, T.J., Eldridge, R.J., Dixon, D.R., Bolto, B.A., 
Hesse, S., Abbt-Braun, G. and Frimmel, F.H. (2002). Fractionation of Natural 
Organic Matter in Drinking Water and Characterization by 13C Cross-Polarization 
Magic-Angle Spinning NMR Spectroscopy and Size Exclusion Chromatography. 
Environmental Science and Technology 36(16): 3497-3503. 

Wu, W.W., Chadik, P.A. and Delfino, J.J. (2003). The relationship between disinfection 
by-product formation and structural characteristics of humic substances in 
chloramination. Environmental Toxicology and Chemistry 22(12): 2845-2852. 

 
 
 


	
	Report as of FY2006 for 2002IA16G: "Relationship of Nitroso Compound Formation Potential to Drinking Source Water Quality and Organic Nitrogen Precursor Source Characteristics"
	Publications
	Report Follows


	Microsoft Word - Valentine NDMA Report Final report sent.doc
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8
	page 9
	page 10
	page 11
	page 12
	page 13
	page 14
	page 15
	page 16
	page 17
	page 18
	page 19
	page 20
	page 21
	page 22
	page 23
	page 24
	page 25
	page 26
	page 27
	page 28
	page 29
	page 30
	page 31
	page 32
	page 33
	page 34
	page 35
	page 36
	page 37
	page 38
	page 39
	page 40
	page 41
	page 42
	page 43
	page 44
	page 45
	page 46


