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► Hydrophilic organic formed more NDMA and other nitrosamines than hydrophobic and transphilic ones.
► Small MW organic (b1 k) formed more N-nitrosamines than those with larger MW.
► NDMA, NPYR, NMOR, and NPIP precursors were found in high level in this source water.
► Traditional process removed less hydrophilic and small-MW organic fraction.
► Traditional process is not effective in reducing the N-nitrosamines precursors.
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Knowledge of N-nitrosamine precursors from dissolved organic matter (DOM) is important for water profes-
sionals to better control N-nitrosamine formation. The characterization of DOM from the Luan River in Northern
China was conducted using Amberlite XAD resins and ultra-filtration methods. N-nitrosamine formation poten-
tials were investigated for various DOM fractions. The removal of the DOM during water treatment were
evaluated using dissolved organic carbon (DOC) and ultraviolet absorbance at 254 nm (UV254) bulk parameters
as well as size exclusion chromatography and fluorescence spectroscopy. The results indicated that the
XAD-4 hydrophilic fraction, with normalized yields of N-nitrosodimethylamine (NDMA), N-nitrosopyrrolidine
(NPYR), N-nitrosomorpholine (NMOR), and N-nitrosopiperidine (NPIP) of 27.2, 5.2, 5.9, and 6.1 ng/mg-DOC,
respectively, tended to form more N-nitrosamines than the hydrophobic and the transphilic fractions. The
DOM fraction with a molecular weight (MW) below 1 kDa, with normalized yields of NDMA, NPYR, NMOR,
and NPIP of 39.6, 8.1, 14.7, and 3.3 ng/mg-DOC, respectively, tended to form more N-nitrosamines than those
with a higher MW. The limited removal of the hydrophilic fraction and the lower MWDOM faction during con-
ventional water treatment processes suggests that the process may not effectively remove the nitrosamine
precursors.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

N-nitrosodimethylamine (NDMA) and several otherN-nitrosamines
have been detected as disinfection by-products (DBPs) in drinking
water around the world (Zhao et al., 2006a,b; Charrois et al., 2007;
Planas et al., 2008; Asami et al., 2009). The United States Environmental
Protection Agency (US EPA) has classified these chemical compounds as
B2 group classification agents, probable carcinogens to humans (US
EPA, 2006). The US EPA has also included NDMA and three other
N-nitrosamines on the Contaminant Candidate List 3 indicating that
these N-nitrosamines may require regulations in the future (US EPA,
2009). In addition, the Province of Ontario in Canada has established
hen), yxx4@psu.edu (Y. Xie).
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an interim maximum acceptable concentration in drinking water at
9 ng/L for NDMA and the State of California in US has set a notification
level for NDMA at 10 ng/L (Zhao et al., 2006a,b).

Several studies indicated that the chloramination of water and
wastewater containing dimethylamine (DMA) resulted in a high con-
centration of NDMA through unsymmetrical dimethylhydrazine
pathway (Choi and Valentine, 2002; Mitch and Sedlak, 2002). Howev-
er, precursors for NDMA and other N-nitrosamines in the drinking
water are still largely unknown (Andrzejewski et al., 2008). Mitch et
al. (2003) concluded that NDMA formation in wastewater and natural
water cannot be attributed only to the occurrence of DMA.

Gerecke and Sedlak (2003) reported that dissolved organic matter
(DOM) also accounted for a significant fraction of NDMA precursors
in natural water. Chen and Valentine (2007) fractionated the humic
substances in Iowa River using the classical method developed by
Leenheer (1981) and tested their NDMA formation potentials. They
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found that the hydrophilic fraction tended to form more NDMA than
hydrophobic fractions, and the basic fraction tended to form more
NDMA than the acid fraction when the NDMA formation potential
was normalized on a carbon basis.

The XAD resin method is commonly used to isolate DOM from nat-
ural water (Leenheer, 1981; Aiken and McKnight, 1992; Lee et al.,
2004). This method is generally considered as a standard method
for DOM fractionation. However, the strong acidic and basic treat-
ment in this method may change the character of DOM and result
in hydrolysis and other reactions. Ultra-filtration (UF) membrane
and high performance size exclusion chromatography (HPSEC) are
also commonly used to fraction and measure NOM by molecular
weight distribution (Kim and Yu, 2005; Zhao et al., 2009). Excitation
emission matrix (EEM) fluorescence spectroscopy can also be used
to characterize DOM into humic substance, protein and soluble mi-
crobial product fractions (Coble et al., 1990; Donahue et al., 1998;
Chen and Valentine, 2007). The fluorescence regional integration
(FRI) technique (Chen et al., 2003) can be used to quantify the fluo-
rescence spectrum and enable the comparison of spectral signatures.

The characterization of DOM and N-nitrosamine precursors of raw
water can help water treatment plants (WTPs) to better control
N-nitrosamines. However, there are few studies of the N-nitrosamine
formation and its relationship to DOM in raw water. The removal
of N-nitrosamine precursors during the water treatment processes
has not been extensively evaluated since the identification of N-
nitrosamines as DBPs. In addition, most of these studies focused on
NDMA only because NDMA generally is the only nitrosamine detected
in source water in US and Europe. The primary objectives of this study
are to evaluate the relationship between DOM and yield of all four
N-nitrosamines detected during conventional water treatment process-
es and investigate the formation of N-nitrosamines in DOM fractions
isolated by XAD resins and UF. This study is designed to fill the in-
formation gap on for water professionals to better control four
N-nitrosamines during water treatment processes.

2. Material and methods

2.1. Raw water and water treatment plant

This studywas conducted onwater samples collected fromoneWTP
which uses the Luan River in Northern China as the water source. The
treatment processes consisted of coagulation-flocculation, sedimenta-
tion, filtration, and disinfection. Chlorine and ammonia were added
for monochloramine disinfection between the filters and the clear
well. The monochloramine dosage was adjusted to maintain a total
chlorine residual level of 1.5 mg/L in the plant effluent. The design
and routine operating parameters of the WTP are summarized in
Table 1.
Table 1
Design and routine operating parameters of the water treatment plant and the distribution

Processes Parameters

Rapid mixing Pre-chlorination
Poly-aluminum chloride dos
Retention time

Flocculation Velocity gradient×time
Sedimentation effluent (SE) Retention time
Filtration effluent (FE) Anthracite/Sand bed depth

Filtration velocity
Plant effluent (PE) Chlorine/Ammonia ratio

Contact time
Distribution system location 1 (DS1) Distance from WTP

Disinfection contact time
Distribution system location 2 (DS2) Distance from WTP

Disinfection contact time
Distribution system location 3 (DS3) Distance from WTP

Disinfection contact time
2.2. Water samples

Water samples were collected in July 2010 from four locations in
the WTP, including raw water (RW), sedimentation effluent (SE),
filtration effluent (FE), and plant effluent (EF). Three locations in
the distribution system (DS1, DS2, and DS3) were also sampled, as
shown in Table 1.

Two samples, at 1 L each, were collected at each sampling location,
one for determining the N-nitrosamines' concentration and the other
for determining general water quality parameters. 1.5 mL of 0.1 mol/L
sodium thiosulfate was added in the water sample for N-nitrosamines
analyses to quench the chlorine residual. Two liters of raw water were
collected for fractionation using the ultra-filtration membranes and
XAD resins. Each fraction was determined for its N-nitrosamine forma-
tion potential.

2.3. DOM fractionation

The DOM fractionation was conducted following the method
reported by Zhao et al. (2009). MW cut-off fractions were obtained
by the Millipore stirred ultra-filtration cell (Model: 8400) and two
ultra-filtration membranes with MW cut-offs at 3 and 1 kilo Daltons
(kDa) (Millipore, MA, USA). Before fractionation, all membranes
were rinsed with Milli-Q water to make sure that dissolved organic
carbon (DOC) residual in water samples was less than 0.2 mg/L.
Water samples were pretreated with 0.45 μm filters to remove partic-
ulate matter.

DOM fractions with various polarities were obtained using XAD-8
and XAD-4 resin columns in tandem (Aiken and McKnight, 1992; Lee
et al., 2004). Raw water samples were filtered through a 0.45 μm fil-
ter, then acidified to pH 2 and passed through XAD-8 and XAD-4
resin columns. The organic matter retained on the XAD-8 resin was
defined as the hydrophobic fraction (HPO). The HPO fraction, as de-
scribed by Aiken and McKnight (1992) and Lee et al. (2004),
consisted mainly of humic substances (e.g., fulvic acids, humic acids,
and hydrophobic neutrals). The organic matter retained on XAD-4
resin was defined as transphilic fraction (TPI), composed mainly of
hydrophilic acids. The hydrophilic bases and neutrals in the final fil-
trate were called the hydrophilic fraction (HPI). The DOC concentra-
tions were determined for all these fractions.

2.4. N-nitrosamines formation potential test

The procedure for N-nitrosamine formation potential test was similar
to that used in other studies (Mitch et al., 2003; Chen and Valentine,
2007). An excessive dosage of monochloramine (20 mg/L as Cl2)
was added into an amber bottle stored in the dark at 25 °C. The
pH was adjusted to 8 with a 0.02M phosphate buffer solution.
system.

Design values Total chlorine

2.0 mg/L, chlorine 2 mg/L as Cl2
age 20 mg/L as Al2O3

1.4 min
48,276 1.2 mg/L
77 min 1.0 mg/L
350/500 mm 0.9 mg/L
10 m/h
3–5:1 1.5 mg/L
2.5 h
2 km 1.2 mg/L
About 3 h
4 km 0.7 mg/L
About 3.6 h
8 km 0.4 mg/L
About 4.3 h



297C. Wang et al. / Science of the Total Environment 449 (2013) 295–301
After 7 days, the reaction was stopped by addition of excessive
amount of sodium thiosulfate. Then the samples were processed
for N-nitrosamines analysis.

2.5. N-nitrosamines analysis

Nine N-nitrosamines were analyzed using a modified solid phase
extraction–ultra performance liquid chromatography–tandem mass
spectrometry (SPE–UPLC–MS–MS) procedure according to Zhao et al.
(2006a,b). The SPE procedure followed the EPA Method 521.
Preconditioned coconut charcoal SPE cartridges (CNW Technologies,
GmbH, Germany) were used to extract nitrosamines and an isotope in-
ternal standard (N-Nitrosodipropylamine, NDPA-d14). Dichloromethane
was used to elute the nitrosamines from the cartridges. The eluate was
concentrated to 1 mL using nitrogen (99.99%). A Waters Acquity UPLC
coupled to Quattro Premier, a tandem quadrupole mass spectrometer
with electrospray ionization (Waters, MA, USA) was used to quantify
these compounds. The multiple reaction monitoring transition mode
was selected to quantify each N-nitrosamine. MassLynx software was
used for equipment control and data analysis. A C8 BEH column
(2.1×100 mm, 1.7 μm) (Waters Corporation, MA, USA) was employed
for separation. The mobile phase was composed of solvent A (acetoni-
trile) and solvent B (0.05% formic acid in purity water) with the follow-
ing gradient: 5% to 10% A over 1 min, 10% to 90% A over 5 min, then
returning to 5%. More details on detection limit, recoveries and etc.,
were reported by Wang et al. (2012).

2.6. Apparent average molecular weight distribution analysis

High performance size exclusion chromatography (HPSEC) was
used to detect the distribution of apparent average molecular weight
of organic matter. A HPLC system (Shimadzu Corporation, Kyoto,
Japan) consisting of two LC-20AD pumps and a SPD-M20A detector.
Samples were separated using a PL Aquagel-OH 30 SEC column
(300 mm×7.5 mm i.d., 8 μm, Agilent Technologies, USA) kept at
35 °C and monitored using an ultraviolet (UV) detector at 254 nm.
Calibration was conducted with molecular mass standards of poly
(styrenesulfonic acid sodium salt) (Sigma-Aldrich, St. Louis, MO,
USA) ranging from 210 to 32,000 Da.

2.7. Fluorescence spectroscopy

Excitation–emission matrix (EEM) fluorescence spectra were
measured obtained using an F-7000 fluorescence spectrophotometer
(Hitachi, Japan). The EEM spectrum of Milli-Q water was determined
and subtracted from EEM spectra to remove Raman scatter peaks. The
EEM data was quantified following the fluorescence regional integra-
tion (FRI) technique. The EEM spectra were divided into five regions,
each representing some specific components of DOM (Table 2).

2.8. Water quality parameters

Dissolved organic carbon (DOC) was measured with a Shimadzu
5000A Total Organic Carbon (TOC) analyzer. Total dissolved nitrogen
Table 2
Excitation and emission wavelength boundaries and chemical descriptions used for
fluorescence regional integration technique.

Region Excitation (nm) Emission (nm) Description based on XAD fractions
and chemical probes

Region I 200–250 250–330 Aromatic proteins I
Region II 200–250 330–380 Aromatic proteins II(BOD5)
Region III 200–250 380–550 Fulvic acid-like
Region IV 250–400 250–380 Soluble microbial products like
Region V 250–400 380–550 Humic acid-like
(TDN) was determined by converting to nitrate using potassium
persulfate under alkaline conditions. Dissolved organic nitrogen
(DON) was quantified by the difference between TDN and dissolved
inorganic nitrogen, which was the sum of ammonia, nitrate, and ni-
trite (Westerhoff and Mash, 2002).

UV254 was measured using a UV–vis spectrophotometer (Model:
T6, Puxi, Beijing). Specific UV absorbance (SUVA254) was calculated
using equation SUVA254(L/mg−m)=(UV254/DOC)∗100.

3. Results and discussion

3.1. DOM fractions in raw water

The DOC concentrations of raw water and various DOM fractions
obtained by UF membranes and XAD resins are shown in Fig. 1. The
DOM with MW below 1 kDa and 3 kDa accounted for 37% and 69%
of the total DOC, respectively. The results determined by HPSEC, indi-
cate that the percentages of DOM with MW below 1 kDa and 3 kDa
were about 47% and 74%, respectively. The MWs obtained by HPSEC
were slightly lower than that obtained by ultra-filtration membranes,
which was consistent with previous studies conducted by Chin et al.
(1994) and Zhao et al. (2009). These results indicate that the majority
of DOM in this raw water has a low MW.

The DOC concentrations of the hydrophobic (HPO), the transphilic
(TPI), and the hydrophilic (HPI) fractions were about 0.81, 0.82, and
1.20 mg/L, respectively, as shown in Fig. 1. The HPO fraction only
accounted for 30% of the total DOC, the TPI and HPI fractions
accounted for the rest. The composition of DOM in this raw water
was very different from that of the NOM isolated from the Iowa
River in US, which contained more than 75% of the HPO fraction
(Chen and Valentine, 2007). The characteristics of DOM are a function
of sources (e.g., allochthonous sources, autochthonous sources, and
anthropogenic sources). The characteristics are also impacted by
physicochemical processes and climatic conditions (Amy et al.,
1990; Sachse et al., 2005). In comparison to the natural water, waste-
water effluent has a lower percentage of the HPO fraction (Kimura et
al., 2006). This indicated that the raw water in this study was likely
impacted by wastewater discharge which is more hydrophilic-
dominated.

3.2. N-nitrosamine formation potentials in raw water and fractionated
DOM

Fig. 2 showed the N-nitrosamine formation potentials (ng of
N-nitrosamines formed per mg of DOC) in raw water and various
DOM fractions. For the fractions obtained using UF membranes, the
NDMA formation potential increased as molecular weight decreased.
In addition, the DOM fraction below 1 kDa had the highest NDMA for-
mation potential of 39.6 ng/mg-DOC. The DOM fraction below 1 kDa
produced more N-nitrosopyrrolidine (NPYR), N-nitrosomorpholine
Fig. 1. DOC concentrations of raw water and each fraction. (Note: RW, HPI, TPI, and
HPO refer to the raw water, hydrophilic fraction, transphilic fraction, and hydrophobic
fraction, respectively).



Fig. 2. N-nitrosamines formation potential of rawwater and DOM fractions. (Note: RW,
HPI, TPI, and HPO refer to the raw water, hydrophilic fraction, transphilic fraction, and
hydrophobic fraction, respectively. [NH2Cl] initial=20 mg/L, reaction time=7days,
pH=8, t=25 °C. Error bars depict one standard error for three parallel tests).
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(NMOR), and N-nitrosopiperidine (NPIP) than other DOM fractions
with a larger MW. It was found that the concentration of NDMA for-
mation potential was much higher than that of other N-nitrosamines
in this study, which was similar to other studies (Cheng et al., 2005;
Zhao et al., 2006a,b, 2008; Charrois et al., 2007; Planas et al., 2008).

Currently, there is limited information on the role of organic mat-
ter for NDMA formation (Chen and Valentine, 2007). The high
N-nitrosamine formation potential in the low MW DOM fraction
(b1 kDa) may be attributed to some nitrogen-rich functional groups
contained in this fraction. Mantas and Sedlak (2008) studied the
MW distribution of dissolved organic nitrogen (DON) and NDMA pre-
cursors in wastewater effluents. Their results indicated that DON
compounds with MWs below 1kDa accounted for 67±24% of the
total DON in wastewater effluents. Our data further support this
finding.

Among the fractions isolated by XAD resins, the HPI fraction com-
posed mainly of hydrophilic bases and neutrals, had the highest
N-nitrosamine formation potential. Chen and Valentine (2007) also
indicated that the hydrophilic fraction and the basic fraction tended
to produce more NDMA than the hydrophobic faction and acid
Fig. 3. Change of water quality parameters and N-nitrosamines formation along the
WTP processes and in the distribution system. (Note: RW, SE, FE, and EF refer to the
raw water, sedimentation effluent, filtration effluent, and WTP effluent, respectively.
DS1, DS2, and DS3 refer to three locations in the distribution system, respectively.
Error bars depict one standard error for triplicate samples).
fraction. This may be due to the higher nitrogen content in hydrophil-
ic and basic fractions (Croue et al., 1999;Westerhoff andMash, 2002).

Lee et al. (2007) reported that the DON component promoted the
production of NDMA. The results showed that NDMA formation in-
creased as the DOC/DON ratio decreased. In addition to DON concen-
trations, they also found that the formation of NDMA positively
correlated with amino sugar/aromatic ratios and negatively correlat-
ed with the aromatic compound content. Overall, both nitrogen con-
tent and nitrogen functional groups may play important roles in the
formation of NDMA. As mentioned above, DMA is a precursor of
NDMA. Other chemicals with similar functional groups, such as sec-
ondary, tertiary and quaternary amine also play important role in
forming nitrosamines (Shen and Andrews, 2011). Structural charac-
teristics and functional group contents among different DOM frac-
tions should be further investigated to identify the key precursors of
NDMA.

To date, there is limited information on the precursors of other
N-nitrosamines. Information on NMOR, NPYR, and NPIP precursors
obtained in this study indicated that these precursors had almost
the same distribution as NDMA precursors. Further research should
be conducted to better understand these N-nitrosamine precursors.

3.3. The relationship between water quality parameters and N-nitrosamine
formation in WTP and distribution system

The variations of DOC, DON and N-nitrosamines during water
treatment processes and the distribution system are shown in Fig. 3.
NDMA, NMOR, and NPYR were detected in most of these samples.
The highest concentrations of NDMA, NMOR, and NPYR were 21 ng/L,
3 ng/L, and 6 ng/L, respectively. NDMA had a much higher concentra-
tion than other N-nitrosamines. NPIP was not detected in the drinking
water samples but in the formation potential test, indicating that the
decomposition of this compound might be greater than its formation
under the conditions of drinking water treatment processes. The con-
tinuous increase of these N-nitrosamine concentrations in the distribu-
tion systems indicated that their precursors were not completely
removed in the WTP processes.

In this study, only 21% of DON was removed by the conventional
treatment processes. Previous studies focusing on precursors for
NDMA in natural waters and wastewaters suggested that DON play
an important role in the formation of NDMA (Lee et al., 2007;
Mantas and Sedlak, 2008; Chen and Westerhoff, 2010). The long
contact time of the disinfectant residual and the precursors remained
Fig. 4. Distribution of DOM fraction in raw water and processes effluents. (Note: RW,
SE, FE, and EF refer to the raw water, sedimentation effluent, filtration effluent, and
WTP effluent, respectively. HPI, TPI, and HPO refer to the hydrophilic fraction,
transphilic fraction, and hydrophobic fraction, respectively).

image of Fig.�2
image of Fig.�3
image of Fig.�4


Fig. 5. Apparent molecular weight distribution of DOM in raw and process effluents.
(Note: RW, SE, FE, and EF refer to the raw water, sedimentation effluent, filtration
effluent, and WTP effluent, respectively.).
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in the finished water may also enhance the formation of these
N-nitrosamines in the distribution system.

3.4. Dissolved organic matter removal in WTP and the impact on
N-nitrosamines formation

Hydrophobic, transphilic, and hydrophilic fractions were investigat-
ed in the effluent of each unit process, as shown in Fig. 4. The hydro-
philic fraction, with the highest N-nitrosamines formation potential,
decreased from 1.2 to 1.0 mg/L DOC after filtration. A minor increase
of this fraction in the plant effluent might be attributed to the oxidation
Fig. 6. EEM spectra of DOM in raw and process effluents. (Note: RW, SE, FE, and EF represen
DOC concentrations of RW, SE, FE, and EF are 3.2, 2.4, 2.2, and 2.2 mg/L, respectively).
of some particular organicmatter by chlorine. The hydrophobic fraction
decreased from 0.8 mgC/L to 0.4 mgC/L while the transphilic fraction
decreased from 0.8 mgC/L to 0.7 mgC/L through the water treatment
processes.

About 52% of the hydrophobic fraction was removed while hydro-
philic fraction and transphilic fraction were removed at only 13% and
16%, respectively, by this conventional water treatment plant. In com-
parison, Kim and Yu (2005) reported that the DOC concentration of
hydrophobic fraction decreased from 47% to 26% through similar pro-
cesses while that of hydrophilic fraction remained relatively constant
(53% to 48%) through the similar treatment processes. These results
indicate that conventional water treatment plants may be ineffective
in controlling N-nitrosamines due to their poor efficiencies in remov-
ing the hydrophilic fraction.

The apparent average molecular weight distribution of DOM deter-
mined by HPSEC through the water treatment processes is shown in
Fig. 5.

The raw water DOM contained 47.7% of the organics with the ap-
parent average molecular weight lower than 1 kDa. This was the larg-
est DOM fraction. The percentages of DOM with a molecular weight
range of over 3 kDa and between 1 kDa and 3 kDa were 25.7% and
26.6%, respectively. These results were similar to that reported on
water samples collected from the Pearl River in China (Zhao et al.,
2006a,b). The low-molecular-weight DOC fraction generally is attrib-
uted to anthropogenic sources, which suggests that the source water
in this study was impacted by wastewater discharge.

The DOM portion with MW below 1 kDa gradually increased from
47.7 to 64.1% through coagulation and filtration WTP processes. This
trend was attributed to the relative decrease of DOM with MW
above 1 kDa through removal of DOM with high MW. An increase
t raw water, sedimentation effluent, filtration effluent, and WTP effluent, respectively.

image of Fig.�5
image of Fig.�6


300 C. Wang et al. / Science of the Total Environment 449 (2013) 295–301
of the DOM below 1 kDa was observed in the plant effluent in com-
parison to that in the influent. A similar result was also reported by
Kim and Yu (2005). This increase is likely attributed to the oxidation
of some larger MW organic matters by the chlorine or chloramines.

The limited removal of DOM with a low MW along the water
treatment processes should be further studied since the low-MW
fraction had the largest N-nitrosamines' formation potential. The
effects of water treatment processes on the distribution of DOM mo-
lecular weight were studied (Amy et al., 1990; Nissinen et al., 2001).
These studies indicated that the humic fraction with a high MW could
be removed efficiently by enhanced coagulation. However, DOM with
low MW and hydrophilic property was not effectively removed by
the coagulation process. Granular activated carbon (GAC) filtration
or ozone/GAC processes, that can efficiently remove DOM with low
MW, may be a better option to control N-nitrosamine formation.

Fig. 6 indicated the existence of various DOM components in the
rawwater and plant effluent. In order to gain the detailed information
on DOM removal by the water treatment processes, fluorescence re-
gional integration (FRI) technique (Chen et al., 2003) was employed.
The FRI technique divides the EEM spectrum into five regions that
represents the specific components of DOM (Table 2 and Fig. 6). The
fluorescence intensity of each region was presented in Fig. 7.

The EEM spectrum of the raw water showed high intensities in
regions I, II, and IV, which indicated the existence of more soluble mi-
crobial products-like and aromatic proteins. The low intensity of EEM
in region V indicated low amounts of humic acid-like material. These
results are different from the characteristics of DOM reported on the
runoff water entering Lake Mead in Nevada, U.S. (Rosario-Ortiz et
al., 2007). A higher concentration of humic acid-like organic matters
was found in four main tributaries entering the Lake Mead. DOM is
a kind of ubiquitous but very complicated material in the aquatic sys-
tem (Frimmel, 1998), and it presents the distinctive characteristics
associated with its origin such as vegetation, soil, and wastewater
(Fabris et al., 2008). Previous work conducted by Chen et al. (2003)
indicated that the EEM of extracellular biological organic matter
were dominated by fluorescence in Regions II and IV associated
with soluble microbial products and aromatic proteins. The occur-
rence of large amount of aromatic proteins and soluble microbial
by-products in this study suggests that the source water may have a
large wastewater contribution causing abundant microbial derived
organic matters (Holbrook et al., 2005). Gerecke and Sedlak (2003)
suggested that high concentrations of NDMA could be produced
when source water was impacted by wastewater effluent.
Fig. 7. FRI results for the EEM of DOM in raw and process effluents. (Note: RW, SE, FE, and
EF represent raw water, sedimentation effluent, filtration effluent, and WTP effluent,
respectively.).
The EEM intensity of region I in the filtration effluent was well re-
moved, which indicates that the conventional processes were capable
of removing the aromatic proteins in raw water. The decreased EEM
intensity of region II, indicates 62% of aromatic proteins (BOD5) was
removed during the flocculation–sedimentation and filtration pro-
cesses. The EEM intensity in region IV in the filtration effluent was
higher than that in the raw water, suggesting that some soluble mi-
crobial products were released from the filter. Soluble microbial prod-
ucts, which composed mainly of polysaccharides, ethanol, amino
acids, and fulvic acids, can be released through cell maintenance
and/or endogenous respiration (Barker and Stuckey, 1999). There-
fore, the increase in soluble microbial products might be due to the
metabolism of microorganisms living on the filter (Westerhoff and
Mash, 2002). Soluble microbial by-products generally are comprised
of nitrogen-enriched compounds, basic fractions, and low molecular
size fractions, which are regarded as the important N-nitrosamine
precursors in natural waters.

4. Conclusions

(1) Dissolved organicmatter is an important source ofN-nitrosamine
precursors in drinking water. The hydrophilic fraction tended
to form more N-nitrosamines than the hydrophobic and the
transphilic fractions. The yields of NDMA, NPYR, NMOR, and
NPIP in the hydrophilic fraction were at 27.2, 5.14, 5.92, and
6.10 ng/mg-DOC, respectively.

(2) The DOM fraction with a molecular weight below 1 kDa
tended to form more N-nitrosamines than those with higher
molecular weights. The yields of NDMA, NPYR, NMOR, and
NPIP in this low molecular weight fraction were at 39.6, 8.1,
14.7, 3.3 ng/mg-DOC, respectively.

(3) The EEM results indicated the notable existence of the soluble
microbial products like materials and aromatic proteins in raw
water, suggesting the sourcewater was impacted bywastewater
discharge.

(4) The N-nitrosamines concentration increased in the water distri-
bution system due to ineffective removal of N-nitrosamines pre-
cursors inWTP. The limited removal ofN-nitrosamine precursors
during conventional water treatment processes coincided with
the poor removal of the low molecular weight fraction, hydro-
philic fraction, dissolved organic nitrogen and soluble microbial
by-products.
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