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Received 5 January 2012 sors. However, the presence of point or non-point pollution sources in watersheds may lead to increased
Received in revised form 8 March 2012 levels of DBP precursors which in turn form DBPs in the drinking water treatment plant upon chlorina-
Accepted 4 April 2012

tion or chloramination. In this study, water samples were collected from a lake used to obtain drinking
water for Istanbul as well as its tributaries to investigate the presence of the precursors of two disinfec-
tion by-products, trihalomethanes (THM) and N-nitrosodimethylamine (NDMA). In addition, the effect
of seasons and the possible relationships between these precursors and water quality parameters were
evaluated. The concentrations of THM and NDMA precursors measured as total THM formation potential
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LC-MS/MS (TTHMFP) and NDMA formation potential (NDMAFP) ranged between 126 and 1523 pg/L THM and <2
Organic nitrogen and 1648 ng/L NDMA, respectively. Such wide ranges imply that some of the tributaries are affected by
Watershed anthropogenic pollution sources, which is also supported by high DOC, ClI- and NH3 concentrations. No

significant correlation was found between the water quality parameters and DBP formation potential,
except for a weak correlation between NDMAFP and DOC concentrations. The effect of the sampling loca-
tion was more pronounced than the seasonal variation due to anthropogenic pollution in some tributaries

and no significant correlation was obtained between the seasons and water quality parameters.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Disinfection by-products (DBPs) are chemicals that are formed
during disinfection of drinking water to remove pathogens and
they include both halogenated and non-halogenated compounds
depending on the disinfectant used and the precursors present.
Trihalomethanes (THM) are the best known halogenated disin-
fection by-products and their concentrations have been detected
above the maximum allowable concentration in various drinking
water samples [1,2]. Natural organic matter (NOM) is the primary
source of THM precursors but the presence of wastewater-derived
organic matter contributes to the formation of THM, as well [3].
A suggested method for decreasing THM concentration is to use
an alternative disinfectant such as chloramines. However, chlo-
ramination may lead to the formation of another type of DBP,
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N-nitrosodimethylamine (NDMA) [4-6]. Dissolved organic nitro-
gen (DON) is the primary precursor of NDMA [7-11]. Similar to its
role as a THM precursor, NOM is assumed to play an important
role as an NDMA precursor as well [12,13]. Not only the amount of
organic matter, but also the characteristics of the NOM depending
on the drinking water source affect the formation of NDMA. For
example, the concentration of NDMA formed at water treatment
plants treating groundwater is reported to be smaller (<10 ng/L)
than the NDMA concentration formed at plants treating surface
water [14]. This finding suggests the presence of higher NDMA pre-
cursor concentration in surface waters. In addition, when surface
water is used as the source of drinking water, coagulation process
using polymers which have been shown to contain NDMA pre-
cursors (e.g., cationic polymers, [15]) may induce higher NDMA
concentrations at water treatment plant effluent. Moreover, con-
tamination of surface waters by treated or raw wastewater will
increase the concentration of nitrogenous organic matter [16,17],
which may act as NDMA precursors, thus increasing the concen-
tration of NDMA upon chlorination/chloramination at the water
treatment plant.

Although the presence of THM and its precursors in drinking
water sources have been studied extensively [18], there is little
information on the presence of NDMA and its precursors in sources
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that are used for the abstraction of drinking water. Also, there is a
lack of information on the occurrence of THM and NDMA precursors
simultaneously in a watershed as well as information on the effect
of seasons on the DBP precursor concentrations. To investigate the
presence and possible sources of THM and NDMA precursors in
a drinking water watershed, samples were collected both from a
lake used as a drinking water source of Istanbul and its tributaries.
Moreover, the effect of seasons on DBP precursors was investigated
by obtaining samples throughout the year in each season. Several
water quality parameters including anions, dissolved organic car-
bon (DOC), DON and Specific Ultraviolet Absorption (SUVA) were
measured to characterize the water bodies and investigate the pres-
ence of a correlation between DBP formation potential (DBPFP) and
the water quality parameters.

2. Materials and methods
2.1. Chemicals

All chemicals used in the experiments were of analytical grade
and were purchased from either Sigma-Aldrich or Merck except
for dg-NDMA, which was purchased from C/D/N Isotopes, Inc. All
glassware used in the experiments was rinsed with deionized water
and baked at 550°C for 4 h prior to use.

2.2. Sampling and analysis

Buyukcekmece Watershed (Istanbul, Turkey) includes
Buyukcekmece Lake and its five tributaries (Ahlat, Beylikcayi,
Hamza, Karasu and Tahtakopru). The climate of the watershed area
is moderate with average temperatures for winter and summer 4°
and 27°, however, the temperature can drop below zero in winter.
The average annual rainfall is approximately 500 mm with the
majority of rainfall occurring during fall and winter. In addition
to the lake which covers approximately 5% of the total area, the
watershed consists of mainly residential and agricultural areas
(23 and 67% of the total area, respectively) whereas forests and

industrial areas account for approximately 2 and 3% of the total
area, respectively [19].

Samples were collected from the lake and its tributaries (Fig. 1)
at different time intervals (12/2009, 3/2010, 4/2010, 7/2010 and
10/2010). Buyukcekmece Lake has an average area and depth of
27.5km? and 6.3 m, respectively. Grab samples were collected in
12-L Teflon-lined polypropylene containers (Nalgene) to prevent
any contamination with NDMA precursors. Samples were brought
to the laboratory of Istanbul Technical University and filtered
through 0.2-pm cartridge filters (AS75 PolyCap, Millipore Corp.)
upon arrival to the laboratory on the same day. The filter-sterilized
samples were stored in 4 °C for less than a week, until the analyses
were conducted. Measurements of DBPFP in filtrates from 0.2-pm
cartridge filters indicated that these filters are not sources of DBP
precursors (results not shown).

To characterize water quality, pH was measured with a Thermo
Scientific ORION 4 Star Series pH-meter. DON and ammonia con-
centrations were measured using the macro Kjeldahl (4500-Norg
B) and the phenate colorimetric method (4500-NH;3 F), respec-
tively [20]. Nitrate and nitrite concentrations were measured with
an ion chromatograph (Dionex, ICS 1500, AS14A column, 8 mM
Na,CO3/1 mM NaHCO3 mixture with a flowrate of 1 mL/min). Dis-
solved organic carbon (DOC) was measured using high temperature
combustion method (3510B) [20] with a TOC analyzer (Shimadzu
TOC-5000A). UV;,54 measurements were conducted with a Perkin-
Elmer Lambda-14 UV-Vis spectrophotometer.

THM analysis was performed with an Agilent 6890N Gas Chro-
matograph equipped with a micro Electron Capture Detector
(GC-ECD) according to EPA Method 551.1 of liquid-liquid extrac-
tion (LLE) with pentane [21]. The THM precursors were measured
by the THM formation potential (THMFP) test (5710B) in which the
concentrations of THMs that form during chlorination in 7 days are
measured [20].

NDMA concentrations were measured using a Thermo Electron
Cooperation TSQ Quantum Access triple quadruple mass spectrom-
eter coupled with Accela Ultra Performance Liquid Chromatograph
(UPLC) with a Thermo Hypersil Gold column (100 mm x 2.1 mm,
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Fig. 1. Sampling points in Buyukcekmece watershed. The unlabeled dots indicate industries within the watershed.
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1.9 wm) [22]. Briefly, 1L of sample was spiked with dg-NDMA
and was extracted through 1 g pre-packed activated spherical car-
bon SPE cartridges (Bakerbond Activated Spherical Carbon SPE
Cartridges, Netherland). NDMA and dg-NDMA were eluted using
separate additions of 2 x 2 mL of acetonitrile and acetone. Final
volume of the sample was made up from approximately 0.75 mL
to 1 mL with DI water after evaporation under N, gas (TurboVap
I, Caliper Life Sciences). Acetonitrile, water and 1% formic acid
were used as mobile phase with a gradient program at 200 p.L/min
flowrate. NDMA and dg-NDMA measurements were performed
by using electrospray ionization positive mode and single reac-
tion monitoring (SRM) mode. SRM transitions for quantification
were 75.4 — 43.7 and 81.4 — 46.7 for NDMA and dg-NDMA, respec-
tively, and the transitions for confirmation were 75.4 — 58.5 and
81.4— 64.4 for NDMA and dg-NDMA, respectively. Ionizations
were established with protonation of molecules. The concentra-
tions of NDMA precursors were obtained by the NDMA formation
potential (NDMAFP) test which consists of the measurement of the
NDMA concentrations that form during chloramination in 10 days
[7].

2.3. Quality assurance and quality control (QA/QC)

For water quality parameters, duplicate samples were analyzed
and the values reported represent the average concentra-
tions £+ standard deviation. The detection limit for TTHM was
3 pg/L. Strict QA/QC was implemented to ensure the identifica-
tion and accurate quantification of NDMA. The performance of
the NDMA measurement method was tested by analyzing NDMA
and dg-NDMA spiked surface water samples. Recoveries of the
spiked samples were 115+2.8% (average +standard deviation).
The method detection limit was 2 ng/L for NDMA.

3. Results and discussion

Concentrations of water quality parameters for samples col-
lected during five trips from the lake and its 5 tributaries are
provided in Supplementary Information except for THMFP and
NDMAFP which are provided in Fig. 2. The results are assessed for
the tributaries and the lake in Sections 3.1 and 3.2, respectively.

3.1. Water quality parameters in tributaries

The repeatability in water quality measurements is always
within 5% except ammonia for which it was <20%. The concentra-
tions of TKN and DON ranged between 0.1 and 15.4mgN/L and
between below detection limit and 4.7 mg N/L, respectively. The
highest concentrations for TKN and DON were observed in July,
2010 in Beylikcayi and in March, 2010 in Ahlat samples, respec-
tively. The wide range of concentrations could be attributed to
anthropogenic pollution in the tributaries rather than the effect
of seasonal variation.

No seasonal trend was observed for the anions except for chlo-
ride. In summer samples, there was a two fold increase in chloride
concentrations in all river samples. The highest median concentra-
tion for chloride and sulfate was observed in Ahlat samples which
were approximately 5 and 10 times higher than the concentrations
obtained in the lake sample. The median nitrate concentration was
also highest in Ahlat sample. Nitrate concentrations varied widely
from <0.2 to 5.9 mg NO3-N/L depending on the location and time
of sampling.

Similar to anions, the change in the THMFP and NDMAFP con-
centrations did not show a seasonal trend, either. In the 29 samples
collected, the NDMAFP concentrations ranged from <2 to 1648 ng
NDMA/L with one sample below the detection limit (<2 ng/L), 22
samples below 20 ng/L and three samples between 20 and 50 ng/L.
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Fig. 2. The seasonal change of the precursors of THM and NDMA (measured as
THMFP and NDMAFP) in samples collected from the tributaries and the lake.

Three samples had concentrations above 100 ng/L which are similar
to NDMAFP in wastewater treatment plant effluents [23-26] rather
than in surface water. The concentrations of NDMA in all samples
were below detection limit.

For NDMAFP concentrations, the effect of sample location was
more pronounced than any seasonal effect. The limited litera-
ture on the effect of seasonal variation on NDMA formation is
non-conclusive. There are studies where no statistically significant
difference was observed among samples [27], studies where win-
ter samples had higher NDMA concentration than summer samples
[28] as well as studies with fall samples having approximately 50%
less NDMA concentrations than summer samples [29].

Even if there was a seasonal trend in NDMAFP, the influence
of possible anthropogenic sources to tributaries might have hin-
dered the observation of the trend. NDMAFP can be used to evaluate
wastewater impact on drinking water sources [30] and wastew-
ater discharge to the river with a low flowrate may lead to an
effluent-dominated stream where the constituents of the wastewa-
ter discharge have a serious impact on the water quality parameters
oftheriver[31]. Therefore, the exceptionally high NDMAFP concen-
trations (106, 344 and 1648 ng/L) obtained in this study could be
explained by wastewater discharges to Beylikcayi and Ahlat tribu-
taries. In fact, the sample with the highest NDMAFP concentration
has also the highest TKN and DOC concentrations among all samples
(Beylikcayi summer sample: 15.4 mg TKN/L and 16.4 mg DOC/L).
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Fig. 3. The relationships between (a) THMFP and DOC, (b) THMFP and DON, (c¢) NDMAFP and DOC, (d) NDMAFP and DON, (e) NDMAFP and SUVA for lake samples.

In addition, the chloride concentration, another possible indicator
of wastewater discharge and the DON concentrations were rather
highin the same sample (113 mg Cl~/Land 2.3 mg N/L). Similarly, at
Ahlat, another location where wastewater discharge is suspected
the median NDMAFP was approximately 40 ng/L and the median
DOC concentration was as high as the median of Beylikcayi sample
(e.g., 6.7 mg/L).

The total THMFP concentration measured as duplicates dur-
ing five sampling trips at five tributaries ranged between 126
and 1523 pg/L with five of the samples having a concentration of
900 pg/L or higher. The highest concentration of TTHMFP at all
sampling locations was obtained either in the October or in the
December sample suggesting a seasonal trend. A study conducted
in Buyukcekmece Lake also obtained similar results where the high-
est TTHMFP concentrations were observed in winter samples [1].
However, other studies carried out in water sources in Turkey have
claimed that fall or summer samples had the highest TTHMFP con-
centration [32,33]. The concentrations of THMs in all samples were
below detection limit.

To sum up, for all of the water quality parameters including
the precursors of DBP, the highest concentrations were observed
either in Beylikcayi or in Ahlat samples suggesting the importance
of sampling location within the watershed. The impact of sampling
location being more important than the sampling time could be
explained by the presence of a pollution source such as domes-
tic and/or industrial wastewater discharge or diffuse pollution.
Although Buyukcekmece Watershed is used as a drinking water

watershed, about 260 industrial facilities (mainly food, petroleum
and coal-based [34] exist within the watershed and more than
120 of them are located in the vicinity of Beylikcayi and Ahlat
tributaries. Moreover, after 1995, the residential and agricultural
land use expanded in the eastern and southern parts of the water-
shed [19,34], where these tributaries are located. The presence
of industries as well as agricultural areas could lead to point and
non-point pollution in the watershed. Moreover, caffeine concen-
trations, which can be used as an indicator of contamination with
untreated wastewater [30], ranged between 21 and 20,000 ng/L in
Buyukcekmece Watershed samples [35]. Caffeine concentrations
were high in all samples collected from Ahlat, implying a domes-
tic wastewater discharge to the tributary throughout the year. A
domestic wastewater discharge could also explain the substantially
high NDMAFP, TKN, DOC and DON concentrations in these sam-
ples. Similarly, the highest concentration of THMFP was observed
at Beylikcayi sample collected in December and this sample has
the second highest caffeine concentration (5525 ng/L), suggesting
a domestic wastewater discharge. The highest NDMAFP concen-
tration (1650 ng/L) was detected in Beylikcayi sample collected in
July, but the low caffeine concentration in this sample (e.g., 48 ng/L)
excludes the possibility of a domestic wastewater discharge. Never-
theless, as the concentrations of several water quality parameters
including TKN, NH3, and TOC were the highest in July in Beylik-
cayi sample (Fig. 2), it is believed that an industrial wastewater
discharge could be the reason of the unusually high concentration
of NDMA precursors. Also, since agricultural runoff could include
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NDMA precursors such as the herbicide diuron [8], diffuse pollution
from agricultural land may contribute to the NDMA precursors in
Beylikcayi sample.

3.2. Water quality parameters and their relationship with DBPFP
in Buyukcekmece Lake

In recent years, the studies on the formation of DBPs have
focused on finding surrogate parameters for DBPFP and on
establishing relationships between DBPs and other more easily
measurable water quality parameters [36]. TOC/DOC, UVA,s4 and
SUVA are widely used for the characterization of DOM [37]. More-
over, SUVA has been suggested as a surrogate parameter for DBPs
since chlorine and other oxidants tend to react with the aromatic
functional group [38]. Recently, relationships between NDMAFP
and water quality parameters such as DON have been studied
[39,40].

To investigate the presence of possible relationships between
DBP precursors and a number of water quality parameters, the rela-
tionships between TTHMFP and DOC, TTHMFP and SUVA, NDMAFP
and DOC, NDMAFP and DON, and NDMAFP and SUVA were assessed
in lake water samples (Fig. 3a—e). The use of lake water eliminated
the possible effect of anthropogenic sources which may influence
not only the concentration of DOC but also the types of DBP pre-
cursors in the samples.

A correlation between the DOC concentration and the NDMAFP
was observed in this study. A weak but significant correlation
between DOC and NDMA has also been stated for both surface and
groundwater samples [41] in the literature.

Although a previous study suggested an inverse proportional
relationship between NDMAFP and SUVA [42], no relationship
between NDMAFP and SUVA was found in this study. Also, there are
studies in the literature where no relationship between NDMAFP
and SUVA has been reported in surface or groundwater samples
[41].

No correlation between DON concentration and NDMAFP was
observed in this study, although DON pool should include the
nitrogenous NDMA precursors such as dimethylamine (DMA),
diuron, ranitidine, benzyldimethyltetradecylamine and 3-(N,N-
dimethyloctyl-ammonia) propanesulfonate [8,10,11,43-45]. The
lack of such a correlation could be due to two factors. The first
factor is the analytical problems associated with the measure-
ment of DON [9,46] in which DON is determined by subtraction
of the sum of the inorganic nitrogen species from total dissolved
nitrogen. It might be possible to overcome this problem by using
a pretreatment method such as ultrafiltration or dialysis [46,47]
to remove the inorganic nitrogen species prior to DON analy-
sis. The second factor could be the low concentration of NDMA
precursors which in turn might have no significant effect on the
DON concentration. For example, the presence of 25 nM DMA or
ranitidine will result in significant NDMAFP concentrations (14
and 300 ng/L NDMAFP, respectively) upon chloramination [44,48],
whereas their concentrations as mg N/L would be too low to detect
as DON (3.5 x 1074 and 1.4 x 10-3mgN/L for DMA and ranitidine,
respectively).

Although no relationship was observed between TTHMFP vs.
DOC and TTHMFP vs. SUVA in this study, several results indicating
such relationships have been published for a variety of waterbod-
ies [49,50]. Nevertheless, there are also several studies which fail to
find a correlation between TTHMFP vs. DOC and TTHMFP vs. SUVA
[51,52]. Particularly, in waters with low SUVA values (<2.0 L/mg/m)
the TTHMFP cannot be correlated with SUVA [53]. Therefore, the
lack of a relationship between SUVA and TTHMEFP in this study
is attributed to the low SUVA values (median: 1.7 L/mg/m) in our
samples.

4. Conclusions

The seasonal occurrence of two disinfection by-product precur-
sors was studied in a drinking water watershed. In the samples
collected from Buyukcekmece Lake and its tributaries, the concen-
tration of TTHMFP and NDMAFP ranged between 126 and 1523 pg
THM/L and <2 and 1648 ng NDMA/L, respectively. The concentra-
tions of water quality parameters in lake samples did not change
considerably among samples collected over a year, probably due to
dilution within the lake. On the other hand, the samples collected
from the tributaries had a wide concentration range depending on
the sampling point and time. For example, in Beylikcayi samples,
there was an order of magnitude difference between the high-
est and lowest concentrations of both TTHMFP and NDMAFP. This
wide range of concentrations is probably due to point or diffuse
anthropogenic pollution sources such as discharge of domestic or
industrial wastewater and agricultural runoff.

No significant correlation was found between the DBPFP and
water quality parameters except for a weak correlation between
NDMAFP and DOC. Although the NDMA precursors are included in
the DON pool, it is possible that the low concentrations of NDMA
precursors and the analytical problems related to the DON mea-
surement did not enable the relationship to be observed even
if one existed. The use of pretreatment methods such as ultra-
filtration or dialysis could be useful for obtaining a relationship
between DON and NDMAFP. The lack of a relationship between
DPBs and water quality parameters suggests that more information
is needed on the formation of DBPs to establish models. Fractiona-
tion techniques such as molecular weight fractionation and division
into hydrophilic/hydrophobic fractions may further be used to
understand the relationship between DBPFPs and water quality
parameters as well as the fate of DBP precursors in natural and
treatment systems.
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