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ABSTRACT
The objective of this study was to identify organic compounds that could serve as indicators of
potential human fecal contamination sources to the Kranji Reservoir in Singapore that could be
used as confirmation indicators along with bacteria indicators. The compounds chosen as
potential tracers were nonylphenol and nonylphenol ethoxyltes (NPEOs), as these are indicative
of sewage and have been found at measurable concentrations in rivers and streams elsewhere in
Asia.
Polyethylene devices (PEDs) were used as passive samplers to measure NPEOs in stormwater
drains in Kranji catchment. Fieldwork was conducted in the month of January 2010. PEDs were
deployed in different land use areas in order to obtain an overview of concentration ranges across
the Kranji catchment and thus provide an indication of where and why this family of compounds
could be found. Storm drains vary in design and since experience with PEDs in storm drains was
limited, different types of drains were selected for deployment. The PED deployment design
changed depending on the type of drain and the available tools and local conditions that were
found. Subsequent chemical analysis of the PEDs was done at MIT. PED deployment times in
Kranji were not long enough for mass transfer equilibrium between the water and the PED to be
reached, and thus a model for kinetic sampling was used to estimate concentrations in the water.
The results of fieldwork done for this study showed that survival of the PEDs was highly
dependent on type of drains and flow intensity. The results of the laboratory analysis showed
that NPEOs were present in non-residential areas of the catchment. The kinetic sampling model
produced results that, although highly uncertain, give an indication of potentially risky
concentrations in the water. These analyses lead to the recommendation that PEDs should be
deployed pre-loaded with tracers to better model equilibrium in stormwater drains. Deployment
should be considered at or near sites where human DNA factors and/or E. coli have been found.
More information is needed on household detergent ingredients in Singapore to further evaluate
using NPEOs as sewage indicators. Future studies should be done to confirm estimated NPEOs
concentrations in Kranji water to verify if there is a risk to the ecosystem's health.
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Chapter 1: Introduction: Singapore Background and Objectives
Sections A and B of this chapter were written as a collaborative effort with Kevin Foley, Erika
Granger and Amruta Sudhalkar.

A. Water Management in Singapore
The Singapore Public Utilities Board (PUB) is responsible for management of the water systems
of Singapore. This includes drinking water treatment and supply, wastewater treatment, and
storm water management. In an effort to reduce Singapore's dependence on external sources of
water, PUB has diversified its water sources extensively in the last decade.

Current Water Supply Strategy
PUB has adopted the 4 National Taps Strategy for ensuring a sustainable supply of water to its
population [1]:
e

Local Catchments:

Singapore currently has 15 reservoirs that collect rainwater, aided by a network of canals, drains
and river channels. Information on the larger reservoirs can be found in Table 1.1 [2].
e

NEWater (Reclaimed Wastewater):

Singapore currently has four wastewater reclamation plants with a fifth plant expected to be
completed by 2010. Together, these plants will meet 30% of Singapore's current water needs by
2010 [4].

Table 1.1: Singapore's Reservoirs and Storage Capacity (adapted from [3])
Name of Reservoir

Year Completed

Storage Capacity (106 M3)

MacRitchie
Lower Pierce
Seletar
Upper Pierce
Kranji/Pandan
Western Catchment
Bedok/SungeiSeletar

1867 (enlarged in 1894)
1912
1935 (enlarged in 1969)
1974
1975
1981
1986

4.2
2.8
24.1
27.8
22.5
31.4
23.2

Total

136

* Desalination:
Singapore has been operating a Desalination Plant in Tuas since 2005. This plant can produce
30 million gallons of water a day (136,000 m3 ) and is one of the region's largest seawater
reverse-osmosis plants. This plant meets 8%of Singapore's current water needs. A summary of
Singapore's domestic water statistics is provided in Table 1.2 [4].

Table 1.2: Domestic Water Statistics (adapted from [5])
Year 2002

Year 2003

Year 2004

Number of raw
water reservoirs in
Singapore
Number of NEWater
Plants (water

14

14

14

recycling)

-

2

3

1315

1360

1369

1259

1224

1203

165

165

162

Volume of used
water treated per
day (1000 m3 /day)
Sale of water in
Singapore (1000
m3/day)
Domestic water
consumption
(litres/day)

Import of Water from Malaysia:
An important source of water supply for Singapore comes from the neighboring country of
Malaysia.

Singapore imports water from Malaysia under two existing "Water Agreements"

signed by the two countries in 1961 (the Tebrau and Scudai Water Agreement) and 1962 (the
Johor River Water Agreement). Under these agreements, Singapore is allowed to draw up to 336
MGD (1.53 million m3 per day). In these agreements, Singapore pays Malaysia 0.03 Singapore
dollars for every 1000 gallons drawn from its rivers [6].

In addition to water supply management, PUB has adopted effective strategies for water demand
management, community involvement, private sector participation, governance, and continuous
improvement to develop a holistic approach to water management that addresses the entire water
cycle, and not just supply. Singapore's directives on water management at the national level

have been effectively translated to the local level. This is evident from the efficient management
of Singapore's reservoirs at the local level.

B. Objective: Water Quality Studies at Kranji Reservoir and Catchment
The Kranji Reservoir in the Kranji Catchment (Figure 1.1) is located within the Western
Catchment of Singapore, specifically in the northwestern corner of the island of Singapore
(1025"N, 103 043"E) [7]. It was created in 1975 by the damming of an estuary that drained into
the Johor Straits that separate the Malaysian mainland from Singapore. The reservoir and the
catchment have approximate areas of 647 and 6,076 hectares, respectively. The catchment has
four tributaries (Figure 1.1): Kangkar River, Tengah River, and Pengsiang River and the Pangsua
River [7]. The catchment has a variety of land uses, including agriculture, residential,
transportation, undeveloped land, and miscellaneous (commercial, social, educational and
recreational purposes).

..................................................................................................
......................................................
........... ......

Figure 1.1: Map of Kranji Catchment Area [8]

Management of Kranji Reservoir
PUB wants to use water resources from reservoirs such as Kranji not only for water supply, but
also for recreational purposes. To achieve this goal, PUB launched the Active Beautiful Clean
(ABC) Waters Programme in an effort to achieve national waters that are:
e

Active - open for different recreational activities

e

Beautiful - aesthetically pleasing in a way that the nation's inhabitants can enjoy

e

Clean - of sufficient quality for domestic, industrial (electronics, etc.), and recreational
uses

By improving the quality, aesthetics, and access to Singapore's waterways, PUB hopes to foster
a greater sense of ownership and respect for water in Singaporean communities. The program
has a variety of elements, one of which is using drinking water reservoirs for recreation.

The Kranji Reservoir is an important element in this plan, since it is located near some of the last
remaining undeveloped land in Singapore.

PUB intends to make the Kranji Reservoir

serviceable for recreational use under the ABC Programme. In preparation for these uses of the
reservoir, the PUB commissioned a study by Nanyang Technological University (NTU) in 2008
that sought to characterize the Kranji Reservoir and Catchment, and model the reservoir's water
quality [8]. Water quality in the reservoir may be affected by the different land uses in the
catchment. Before the reservoir was created, there were several pig farms located within the
catchment and these were relocated [9] but other farms (chicken, frog, fish) are still located
within the catchment. The raw water from this catchment is therefore considered to be of lower
quality than in the protected catchments [9].

This research aims to identify indicators of surface-water contamination by sewage or other
sources, which are appropriate to the climate and culture of Singapore. The traditional indicators
of surface-water contamination by sewage are coliform bacteria.

The use of bacteria as

indicators has been demonstrated to have limitations as fecal indicator bacteria has been proven
to be able to re-grow in aquatic environments in tropical areas and therefore E. coli
concentrations could be found to be higher than levels expected from fecal impacts alone [10,
11].

Recent research has focused on using alternative indicators or multiple indicators, including
domestic wastewater tracers such as caffeine, pharmaceuticals and personal care products,
detergents, human steroids and other chemicals [13, 14].

Nevertheless, most of this recent

research has originated in North America and Europe, where consumption patterns of food and
products are different from those of Singapore. Therefore, it is necessary to confirm that tracers
used in previous multitracer studies are likely to be found in the waters of Singapore.

This research explored alternative tracers, focusing on organic chemicals. In order to decide on
the indicator(s) to be used in the Kranji catchment to trace potential sources of contamination,
consumption trends in Singapore were evaluated, and chemical and physical properties and
potential measurement techniques were identified. Two compounds were found to be of interest:
NPEOs (nonylphenol and nonylphenol ethoxylates) and triclosan. Both are indicative of sewage
and both have been found at measurable concentrations elsewhere in Asia, where consumption
patterns are more likely to be similar to those of Singapore [12]. Both have been used before as
indicators of sewage [13, 14]. In the end, a decision was made to use NPEOs as tracers for this
project, with triclosan left for future water quality studies.

C. Nonylphenol polyethoxylates (NPEOs): Background, consumption and fate
Background on surfactants
Surfactants are organic compounds containing both hydrophobic and hydrophilic groups in the
molecule [15]. The hydrophilic portion of a surfactant may carry a negative or positive charge
(anionic or cationic), both positive and negative charges (dual-charge), or no charge at all
(nonionic). NPEOs are nonionic surfactants.

Nonionic surfactants, as the name implies, have a nonionized hydrophilic component [16].
Worldwide annual production of nonionic surfactants totals 2 million metric tonnes with at least
50% of these being alkoxylated alcohols [15]. Ethoxylated nonylphenols account for 20% of the
market and alkoxylated fatty acids 15% with the balance consisting of fatty acid amides, sugar
esters and other specialty chemicals [15]. In general, nonionic surfactants are easy to make,
relatively inexpensive and derived from a variety of feedstocks.

Nonionic surfactants have a number of advantages over anionic surfactants.

Nonionic

surfactants are more hardness tolerant (not neutralized by, for example, calcium in water, as is
the case with anionic surfactants) and are milder with respect to delicate textiles and dyes [16].
Also, nonionic surfactants tend to be more compatible with enzymes than are anionic surfactants
[18].

These advantages, as well as other factors including restrictions on phosphates,

introduction of detergent softeners, and the use of heavy-duty liquid detergents, resulted in the
replacement of anionic with nonionic surfactant in the 1970s and 1980s [17]. NPEOs constitute
a large portion of the nonionic surfactants but recent studies have shown that the biodegradation

products are very stable and toxic to marine and freshwater species [22], which has prompted
countries to consider banning their use. The indicators used in this study (NP, NPEO1 and
NPEO2) are biodegradation products of the NPEOs.

Nonylphenol and nonylphenol ethoxylates
A number of recent studies indicate the widespread occurrence in the environment of
nonylphenol (NP) and nonylphenol ethoxylates (NPnEOs or NPEOns, where n indicates the
number of ethoxy units) [13, 14, 19-21]. Figure 1.2 shows the molecular structure of NPnEO.
These compounds present significant research interest due to their extensive use in several
consumer and personal care products, as well as their toxicological and physicochemical
properties.

.n

Figure 1.2: Nonylphenol polyethoxilate with n indicating number of ethoxy units

Nonylphenol polyethoxylates are nonionic surfactant mixtures widely used in commercial and
household products, including detergents, pesticides, cosmetic products, water-based paints and
textiles.

Throughout wastewater treatment processes and normal environmental fate of the

chemical compounds, the hydrophilic ethoxylate chain of these compounds is shortened and then
transformed to diethoxylate

(NPEO2) and monoethoxylate

(NPEO1) through aerobic

biodegradation [22]. Under aerobic conditions nonylphenol (NP) is eventually formed [22]. NP
is more hydrophobic and toxic and more resistant to biodegradation than long-chain ethoxylates

[21]. NP, NPEO 1 and NPEO2 have been reported to cause estrogenic responses in aquatic
organisms and thus have been classified as endocrine disrupting compounds (EDCs) [22, 23].

D. Conclusion: objectives of this study
The objective of this study was to identify indicators (organic compounds) of potential
contamination sources to the Kranji reservoir that could be used in the future as confirmation
indicators along with bacteria indicators. The primary objective of the fieldwork component of
this study was to detect the presence and measure the concentration of short-chained NPEOs
(NPEO 1 and NPEO2) and NP in order to evaluate how robust an indicator of contamination they
would be.

Secondly, another objective was to determine probable sources of human fecal

contamination, which may pose health risks to humans using the Kranji reservoir for recreation.
NPEOs are known endocrine disruptors and knowledge of their concentrations in the water can
also contribute to the overall assessment of the water quality of the reservoir, the health risk
posed to recreational uses, and health of the ecosystem.

Detecting the presence of these

compounds in the environment also allows the PUB to assess the feasibility of using Kranji for
recreational purposes or if more prevention work is needed.

Furthermore, PUB can now

consider whether policies concerning detergent ingredients and usage should be revised or
implemented.
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Chapter 2: Methodology for Measurement of Hydrophobic Organic
Contaminants (HOCs) in Stormwater Drains

A. Introduction
Polyethylene Devices (PEDs) were chosen to measure the selected HOCs in the Kranji Reservoir
catchment (please refer to Chapter 3 for further details on PEDs). PEDs were deployed at
different locations within the Kranji catchment in storm drains in order to test the feasibility of
using an organic tracer to detect possible sources of sewage. PEDs were deployed in different
land use areas in order to obtain an overview of concentration ranges across the Kranji catchment
and thus provide a sense of where and why this family of compounds could be found.

PEDs were prepared/cleaned through a series of extractions prior to deployment to remove
HOCs and non-polymerized plastics (pieces of monomers that do not get bonded into the
polymer). The presence of HOCs in the PEDs could result in false blanks and the presence of
non-polymerized plastics in PEDs may cause interference during analysis as these plastics may
leach out during the extraction process and provide additional signal.

In order to avoid

contaminating the PEDs after preparation and prior to deployment, these were kept in water
before transportation to Singapore and handling was done carefully using metal forceps.

The Kranji Reservoir has four main tributaries but also many storm drains that may contribute to
the overall water quality of the reservoir. Storm drains in Singapore, like in other countries, vary
in design (from small drains to big drains, from covered to uncovered) and since experience with
PEDs in storm drains was limited, different types of drains were selected for deployment. The

PED deployment design changed depending on the type of drain and the available tools and local
conditions that were found (please refer to Chapter 4 for deployment designs).

Extraction of the PEDs was done and analyzed using Gas Chromatography/Mass Spectrometry
(GC/MS) (please see below for instrument calibration and standard run specifications).

B. Methods and Materials
All solvents used for rinsing, as standards, and for extractions were JT Baker Ultra-ResiAnalyzed (Phillipsburg, NJ). All low-density polyethylene (PE) sheeting used for sampling was
25.4 [tm thick, and manufactured by Covalence Plastics, Inc., Minneapolis, MN. M-terphenyl
surrogate recovery standard was purchased in the solid form and p-terphenyl d14 used as an
injection standard was purchased dissolved in solvent (dichloromethane) from Ultra Scientific,
North Kingston, RI. Nonylphenol surrogate spike standard was purchased dissolved in methanol
from Accustandard, New Haven, CT. Nonylphenol diethoxylate standard was purchased
dissolved in nonane from Cambridge Isotope Laboratories, Andover, MA. Clean water used was
reverse-osmosis pretreated and run through an ion-exchange and activated carbon filter system
(Aries Vaponics, Rockland, MA) until a resistance of 18 MOhm was achieved.

C. Preparation of PEDs
Low-density PE purchased in large sheets was cut into strips of 30 cm x 5 cm of known mass
(0.175 g). An organic solvent cleaning sequence (described below) was then applied to prepare
the polyethylene to ensure that non-polymerized plastic and other HOCs that may be present in
the environment were removed from the PE prior to use. All solvent extractions were performed
sequentially in the same container, a 1-L screw-capped jar.

In the first step of the solvent extraction, dichloromethane (DCM) was placed into the extraction
vessels and PE strips were immersed in the container and soaked for 24 hours. The DCM was
then safely discarded and a second DCM extraction was performed, again for 24 hours. This
final DCM extract was safely discarded and replaced by methanol. Again the PE strips were
soaked for 24 hours. The initial methanol (MeOH) extract was safely discarded followed by a
second methanol extraction for 24 hours. The final methanol extract was safely discarded and
then the strips were rinsed three times with clean water (inside the extraction vessel) and
subsequently submerged in clean water and allowed to soak for 24 hours. The first water
solution was discarded and the PE was left to soak for several weeks. PE strips were later taken
out of the container, blotted dried with lint-free paper wipes and immediately covered with
aluminum foil, pre-baked at 450'C

D. Field Sampling
Prior to deployment, PE strips were taken out of the aluminum foil and cut in half lengthwise to
30 x 2.5 cm dimensions. This was performed at the NTU laboratory, which was considered the
cleanest location (filtered air and clean surfaces) available to perform this operation without
contaminating the PE strips. Each pair of PE strips was placed in an amber jar in which they
remained until deployment.

Recent studies have suggested [3, 4] that PEDs should be loaded with a performance reference
compound (PRC) prior to deployment in order to determine the equilibration time necessary to
ensure uniform PE loading. It was suspected that the PEDs would be deployed for times that are
short compared to those needed for PE-water equilibration and impregnating the PEDs with
PRCs would have characterized the extent of partitioning disequilibria. Unfortunately, due to a
lack of timely availability of an appropriate PRC from the supplier, this was not possible.
Instead, two strips were deployed for different durations at each sampling point in order to
evaluate whether the compound of interest in the water was in equilibrium with the PE strip. For
example, if two strips deployed together at the same site were collected ("harvested") at different
times and showed to have the same concentration, then it would be deemed that equilibration
time was reached.

In contrast, if the two strips showed different concentrations, then

equilibration time would not have been reached and the equilibrium concentrations in the PE and
in the water would need to be extrapolated using a laboratory-determined PE-water mass transfer
constant (please refer to Chapter 3 for methods and results).

Prior to deployment at each site, a fishing weight was tied to one end of a length of fishing line
and one loop made in the line for attachment of each PED (refer to Chapter 3 and 4 for more
details on the PED deployment design). Each clean PED was then removed from an amber vial
and stapled twice to a loop in the fishing line. The remaining end of the fishing line was then
tied to either a nail, a gauge or another object deemed stable enough for the setup to stay in place
(refer to Appendix A for more details on deployment setups and locations). PEDs were deployed
for 6 or 8 days (first harvest) and 13 or 15 days (second harvest) at each site.

Eleven sampling sites were chosen for PE deployment. The Kranji catchment has three main
land areas with very different land uses (horticulture and military; frog, chicken and tropical fish
farming; and residential and urban development) and the sampling sites were distributed among
these land areas, concentrating on urban areas as increased exposure to the compound of interest
was assumed in those areas (Table 2.1 and Figure 2.1). Upon recovery, each PED was stored in
a glass amber jar with an aluminum foil-lined screw lid. Each jar was carefully sealed using
Teflon tape and labeled using masking tape and marker. PED pairs (different deployment times)
from the same site, each in an individual amber jar, were then packed together in a clear plastic
bag and a separate label was placed on the bag. Duplicates were packed separately and also
placed in labeled clear plastic bags. Each set of duplicates was packed in a separate container.
Two different persons then transported these two containers to the US in order to increase the
likelihood of arrival of at least one set of duplicates.

Table 2.1: PED Deployment Sampling Sites Location Coordinates and Description

Sampling Site Name

Coordinates

Location

Land Use

KC5.4

1.4198120 N
103.716530 E
1.4175430 N
103.7176750 E

Drain left of Bollywood
restaurant entrance
Drain right of
Bollywood restaurant
entrance
Lin Chu Kang Road near Sunnyville in front
of military area
Large covered drain
near Farmart fish farm
and close to the

Horticulture, animal
farming and military
Horticulture, animal
farming and military

F5

KC6.2

1.4034530 N
103.7013820 E

Fl

1.3834090 N
103.7313320 E

F2

1.3833970 N
103.726140 E

F3

1.3964620 N
103.7318320 E

Small open drain
adjacent frog farm

KC 1.1

1.3772090 N

Bricklands Road and

Animal farming (frog
farm and orchid
nurseries)
Residential and urban

103.7347950 E

Choa Chu Kang

development

KC2.3

1.3776150 N
103.740860 E

Avenue 3
Covered drain (access
trough manhole) corner
of Choa Chu Kang

Residential and urban
development

KC2.4

1.3846850 N
103.7466950 E

KC2.6

1.3787920 N
103.748560 E

KC7

1.3945250 N
103.7525420 N

Horticulture, animal
farming and military
Animal farming

reservoir

Small open drain
outside of Farmart fish

Animal farming (fish
farm)

farm

Avenue

1 and

Avenue 3

Covered drain (access
trough manhole) corner
of Choa Chu Kang

Residential and urban
development

Drive near Avenue 4

Covered drain (access
trough manhole) corner
of Choa Chu Kang Way

Residential and urban
development

and Avenue 3

Large open drain
between Woodlands Rd
and Choa Chu Kang
_North

6

Residential and urban
development
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Figure 2.1: Map of Kranji catchment with PED deployment sites

E. Quality Assurance and Quality Control: Field sampling
Two PEDs were used as trip sample blanks. A trip sample blank will reflect any chemical
changes that take place as the sample is prepared or transported. These two PEDs went through
the same steps as the PEDs used for sampling. They were prepared the same way, went to
Singapore, were cut in half in the NTU laboratory at the same time as the other PEDs, were
packaged and transported the same way as the other samples and were analyzed the same way as
well.

F. PED Extraction Procedure
After returning from Singapore, each PED was subjected to a laboratory extraction procedure.
Prior to extraction, each PED was wiped with a lint-free laboratory wipe to remove any
biofouling and debris. There was significant biofouling and debris in the PEDs as can be seen in
Figure 2.2. Each PED was then placed in a pre-cleaned amber glass vial and then m-terphenyl in
DCM (25 [tL of 50 [tg/10 mL DCM solution) was dripped onto each PED before extracting
(soaking) in DCM (enough to cover the strips in the extraction vials) for a week. M-terphenyl
was added as a surrogate recovery standard. A surrogate standard is a compound extremely
unlikely to be found in any environmental sample. It is added to a sample aliquot in known
amounts before the extraction process and is measured with the same procedures used to measure
other sample components. A surrogate is assumed to behave similarly to the target compound
(in this case nonylphenol and mono- and di-ethoxy nonylphenol). A recovery standard is used to
estimate how much of the target chemical was lost/recovered in the extraction process.

Figure 2.2: PEDs from sites F2 (left) and KC2.4 (right) showing significant debris and
biofouling

Each DCM extract was transferred to a separate amber glass vessel. Each strip was then rinsed
three times with DCM to ensure total mass transfer into the amber vial, as the DCM from each
rinse was added to the initial DCM extract in the amber vial.

The extracts were then

concentrated by placing the amber vials in a warm water bath and reduced under a gentle stream
of nitrogen to suitable volumes (approximately 1 to 0.5 mL) for GC/MS analysis. In addition,
d14-p-terphenyl (10 [tL of 100 Rg/mL DCM solution) was added as an injection standard.
GC/MS analysis was finally performed.

G. GC/MS Analysis
All extracts were analyzed on a GC/MS (Agilent 6890 Series GC; JEOL MS, model GCMate I).
Splitless 1 pL injections were made using an auto-injector onto a 30-m J&W Scientific DB-5MS
capillary column (0.25-mm internal diameter with a 0.25 um film thickness). The injection port
temperature was 280'C. The column temperature began at 70'C and was raised 20'C/min to
180'C (zero hold time). The temperature was then ramped at 20"C/min to 300'C and held for
9.5 min. The MS was operated in full scan mode with a mass range of m/z 50 to 350 with a scan
speed of 300 amu/2 seconds.

A continuous scan over a range of masses (SCAN mode) is used mainly for identification of
(unknown) compounds [1]. The selected scan mass range was selected to be above 50 m/z to
avoid traces of water (18 m/z), nitrogen (28 m/z), oxygen (32 m/z), carbon dioxide (44 m/z) and
other common compounds that could be found in any air residues [2].

H. Quality Assurance and Quality Control: GC/MS
The MS was calibrated daily using the internal standard perfluorokerosene (PFK) and checked
periodically during each day's runs. Measurements were calibrated using two standards, one
containing nonylphenol and mono-ethoxy nonylphenol and one containing the recovery and
injection standards, m- and p-terphenyl dl4, respectively. These standards were run between
every 3 to 5 sample measurements to monitor instrument stability, and were used to determine a
response factor (integrated peak area/unit mass) for each compound measured. Repeated
measurements of the calibration standard were also used to calculate the measurement
uncertainty for the instrument. This uncertainty was calculated to be approximately + 10% (±1
ca) for nonylphenol and nonylphenol monoethoxylate.

Three samples, one from each land area in Kranji (horticultural/military, animal farming and
residential), and having a deployment time of two weeks, were first analyzed along with two
standards: nonylphenol diethoxylate standard and nonylphenol spike standard (nonylphenol and
nonylphenol monoethoxy) in order to have an "overview" of what compounds would be found.
Only nonylphenol monoethoxylate was found in the three samples. Therefore, it was decided
that calibrating every sample with the nonylphenol diethoxylate standard was not necessary.
Nevertheless, every sample was checked for possible nonylphenol diethoxylate presence (based
on quantitation and confirmation ions and expected retention times obtained from the standard
run).

P-terphenyl dl4 added to each extract was used to calculate the total mass of target or recovery
standard (compound of interest) in an extract. A ratio of the mass of a compound of interest to

the mass of p-terphenyl d14 was calculated as the quotient of the integrated peak of the
compound of interest divided by its response factor, over the integrated peak of p-terphenyl d14
divided by its response factor. This ratio was then multiplied by the known mass ofp-terphenyl
d14 added to each extract, resulting in the total mass of compound of interest present in an
extract. This method eliminates the need to know exact volumes of extracts or injections.
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Chapter 3: Polyethylene Devices: Passive Samplers for Measuring
Hydrophobic Organic Contaminants in the Environment and
Deployment Design

A. Introduction
Hydrophobic organic contaminants (HOCs) are present in aquatic environments.

These

compounds are mainly anthropogenic and can therefore serve as tracers of point (e.g. discharge
from a sewage pipe) or non-point (e.g. runoff, atmospheric deposition, etc) source
contamination.

Furthermore, many HOCs are toxic and pose a risk to aquatic biota and,

ultimately, to humans. Therefore, it is important to be able to measure HOCs in the environment
in order to identify possible pollution sources and to understand the fate and effects of HOCs in
the environment.

Measurement of HOCs in the environment has traditionally involved sampling large volumes of
water and multiple phase separations due to their low dissolved concentrations in the aquatic
environment. Water would have to be extracted using organic solvents and extracts would need
to be evaporated to suitable volumes for analysis. If the water were turbid, additional interim
steps would be needed such as filtration and centrifugation. These separation steps are difficult
and time-consuming. Furthermore, results of these samples provide concentrations of HOCs at
one point in time and do not provide the average concentration that people or organisms in
general are exposed to.

As an alternative to measurement in water, "living samplers" or Biomonitoring Organisms
(BMOs), namely mussels and other bivalves have been used in the past few decades in order to
monitor pollutants in the coastal environment [1]. There are various reasons that make bivalves
ideal for the purpose of measuring contaminants: bivalves are widely distributed geographically,
they are sedentary and therefore better than mobile species in measuring pollutants in a given
area, and finally, they concentrate many chemicals by factors of 102-105 compared to seawater,
making measurements of chemicals in their tissues easier than in seawater. Nevertheless, there
are several limitations to these biomonitoring organisms (BMOs) including the fact that not all
bivalve species are found in all environments [2] and other environmental conditions that add to
the variability of contaminant measurement.

Passive sampler is the name given to man-made "devices" that sample in a passive way [4], i.e.
ideally without disturbing the surrounding environment. Several passive samplers exist that can
measure HOCs in aquatic environments. Among these samplers, two non-living samplers (other
than the one used in this study) have been thoroughly researched to measure HOCs in aquatic
environments: semipermeable membrane devices (SPMDs) and solid phase microextraction
(SPME) [3].

The former consists of lipid-containing polyethylene tubes and the latter of

chemically modified fused silica fibers that need to be thermally extracted in an analyzing
instrument [4]. SPMDs work by accumulating chemicals in the lipid (triolein), as well as in the
polyethylene tubes, allowing for the recovery of large quantities of these HOCs, in a way
mimicking BMOs. Petty et al. [5] concluded that SPMDs pose the following difficulties: if
tearing occurs, loss of the lipid makes it difficult to calculate HOC concentrations, separating the

lipid from the HOCs requires additional time, solvent and consequently money, and deployment
times can be long (14-30 days).

SPME does not require any solvent (no extraction step) and thus allows for a more simplified
sample analysis. On the other hand, SPME fibers are fragile and deployment in the environment
can be challenging [6]. Moreover, the quantity of HOC-absorbing polymer on the fibers is so
small that detection limits are generally low as compared to SPMDs [7].

Since HOCs also absorb to the PE in the SPMDs, some researchers concluded that SPMDs could
be simplified by eliminating the lipid and focusing on the PE-water partitioning, as a method for
passive sampling [3, 8, 9]. This research has resulted in a third type of passive sampler called
the polyethylene device or PED (also called a PE strip), which simply consists of low-density
polyethylene (LDPE) strips that are placed in situ to measure HOCs in the aquatic environment.
PEDs provide some advantages over SPMDs and SPMEs: if tearing occurs there is no risk of
HOC measurement inaccuracies (no lipid loss), extraction procedures are simplified as there is
no lipid involved and PEDs are simpler and less expensive.

The concentration of an HOC in the PED can be related to the concentration in the aquatic
environment to which it was exposed, as PEDs sample by diffusive uptake. In order to model
the PED-water exchange of NP and NPEO1, theory about equilibrium and non-equilibrium
uptake was explored and an experiment was performed (both described in the following
sections).

B. Theory
The presence of a particular HOC in the PEDs provides a good indication that the HOC was in
the water where the PED was deployed. Even though partitioning between the water and the
PED has not been well researched for these compounds, mass transfer theory was applied to
develop a reasonable model of the transfer from water to the PED before reaching equilibrium.

The transfer of NP and NPEO1 from the water to the PED is the key process that needs to be
modeled in order to approximate the concentration of NP and NPEO 1 at equilibrium in the PED
and ultimately, in the water. In order to be able to determine the concentration in the water
surrounding the PED (Cw; mass/volume) from the concentration in the PED (CPE; mass/mass),
the distribution of the HOC between the water and the PED needs to be known.

Equilibrium is reached when Cw and CPE do not change over time. The equilibrium situation can
be described by an equilibrium partition coefficient (KpEw), the concentration in the PED at
equilibrium (CPE,.) [mol/kgPED], and the concentration of the HOC in the water (Cw,.) [mol/L
water]:
KPEW

)PE,
CW,x

If the value of KPEw is known, it is possible to find Cw using the measured CPE, if the system is at
equilibrium. PED deployment times in Kranji are assumed to be not enough for equilibrium to
be reached, and thus the following equations are aimed at estimating mass uptake during
"kinetic" sampling rather than at equilibrium.

PE-water exchange has been approximated as a first-order process [8]. The concentration rate of
change can be modeled using the following equation (in units of mass/volume/time):
dCPE = ke(KPEWCW
dt

-

(2)

CPE)

where ke is the exchange rate coefficient [l/T]. In the experiment performed (described in the
following section) the mass of PE in the water was very small compared to the mass of water,
and thus CPE can be considered negligible in equation 2.
dCPE =

k, (KPEWCw

dt

(3)

Researchers studying the uptake of nonpolar compounds by organisms use water-immiscible
organic solvents like olive oil or n-octanol as a surrogate for organisms and for organic phases in
general [11]. As such, n-octanol has been widely used as a surrogate for many natural organic
phases.

The octanol-water partition constant Kow of most compounds has been found

experimentally and/or can be estimated using structure-activity or linear free energy relations
[11].

Kow can be used to predict or estimate KPEw. In this study, the NP and NPEO I Kow values were
used instead of KPEW values. Previous studies on PAHs and PCBs for example have shown that
both partition constants tend to correlate closely [9, 10]. The partition coefficient ke can then be
calculated using the following equation (from Equation 3).
ke = dCPE

dt

x (KOwCw)_

(4)

Values of ke were calculated from the results of the experiment described later in this chapter and
Equation 4.

In order to find the concentration in the PED at equilibrium, the solution to Equation 2 is needed:
CPE,t

=

[(CPEO

-

(5)

* exp(-ket)] + CPE,.

CPE,)

where the subscripts t, 0 and oo denote time t, time 0 and infinite time, respectively. At the
beginning of the experiment, there was no NP or NPEOl in the PE and thus CPE,0 is equal to zero
and Equation 5 reduces to:
CPEt

cPEo[1

- exp(-kt)]

(6)

or
C
CPE,

=

-kPt
e1

(7)

With this calculated CPE. value, equilibrium Cw (or Cws) values can be estimated using Kow
(from Equation 1 assuming Kow

KpEw):

W

Kow

(8)

In summary, ke values for both NP and NPEO 1 were found using Equation 4 and the measured
value of CpE,, in the experiment described below, the time t at which CPE, was measured and the
respective Kow values. In Chapter 4, ke values are used to find the concentrations at equilibrium
(CPE,o) in the PEDs deployed in Kranji (using Equation 7) by using measured CPE values.

The

calculated CPE,o values are then used to estimate the concentrations of the water at equilibrium
(Cw,).

C. Materials
Materials used are the same as those described in Chapter 2 under Materials and Methods

D. PE-Water Partitioning Experiment
A clean carboy was filled with 5.5 L of clean water spiked with 2 [tg/L nonylphenol standard
(350 [tL of 32-tg/mL solution of both nonylphenol and nonylphenol monoethoxylate) resulting
in total masses of 11 [tg of both NP and NPEO1.

Two pieces of clean PED (prepared as

described in Chapter 2) of approximately known mass (~10 mg) were suspended in the carboy
using a stainless steel wire, making sure that the pieces of PE remained in the water. After the
experiment was completed, the masses of the PEDs were confirmed by letting them dry and
weighing them. The carboy was darkened with aluminum foil to avoid photodegradation of
chemicals and stirred with a glass-covered stir bar for 15 days at room temperature
(approximately 2 1C).

The two pieces of PE were removed at the end of the two weeks. Each piece was then extracted
in approximately 4 mL of dichloromethane (DCM) for more than a week (mainly for
convenience). M-terphenyl was added to each extract as a recovery standard (25 RL of 50 [tg/10
mL). Each DCM extract was transferred to a separate amber glass vial. Each piece of PE was
then rinsed three times with DCM to ensure total mass transfer to the amber vial, and the extract
from each rinse was added to the amber vial containing the initial DCM extract.

One liter of the aqueous solution was also removed from the carboy and m-terphenyl was added
as a recovery standard and extracted with 100 mL of DCM three times in a separatory funnel.

Each DCM extract (two from the two pieces of PE and one from the solution in the carboy) was
concentrated by placing the amber vials and reduced under a gentle stream of nitrogen to suitable
volumes (approximately 500 tL) for GC/MS (Gas Chromatography/ Mass Spectrometry)
analysis. After concentration, d14-p-terphenyl (10 [tL of 100-tg/mL DCM solution) was added
as an injection standard. GC/MS analysis was finally performed.

GC/MS analysis was

performed as described in Chapter 2.

E. Results
The masses in the PE and water extracts were calculated by manually integrating the area of the
ion m/z 107 peak (main ion found in the standard as described in Chapter 4) that is present in the
expected retention time. Then, the ratio of the mass of the compound of interest (NP or NPEO I)
to the mass of p-terphenyl d14 (the injection standard) was calculated as the quotient of the
integrated peak of the compound of interest divided by its response factor, over the integrated
peak of p-terphenyl d14 divided by its response factor. This ratio was then multiplied by the
known mass ofp-terphenyl d14 added to each extract, resulting in the total mass of compound of
interest present in an extract. This method eliminates the need to know exact volumes of extracts
or injections.

M-terphenyl was added at the beginning of the extraction process and was monitored for
recoveries as described in Chapter 2. Recoveries ranged from 100+50% and consequently, NP
and NPEO 1 masses were not corrected for losses.

Results are presented in Table 3.1. CPE of NP was found to be 2146 ± 128 pg/kg and of NPEO1
3002 ± 320 pg/kg.

Table 3.1: CPE and Cw experiment results, log Kow and calculated k, values
Results and Calculations for NP
CPEin PE piece
1 (ug/kg)

CpE in PE piece
2 (ug/kg)

C"
(ug/L)

NP log Kow

ke (day-)

2100

2200

0.7

5.76

6.8 x 10-4

Results and Calculations for NPEO1
CpEin PE piece
1 (ug/kg)

CPE in PE piece
2 (ug/kg)

C"
(ug/L)

NPEOl log Kom

ke (day-)

3200

2800

0.7

5.58

1.4 x 10 3

The masses of NP and NPEO 1 in the two PE pieces and in the water were used to do mass
balances in order to check if the masses were approximately conserved (Table 3.2). According
to this mass balance, there were significant losses. Surfactants, as the name implies, partition
easily to surfaces and these compounds may have been lost to the carboy surface. In order to
account for losses to the carboy surface, future experiments should include a control carboy [3],
which would consist of a carboy with the same concentration as the experimental carboy but
without any PED. This carboy would basically model the partitioning of the surfactant between
the water and the carboy surface (see Adams [3] for procedure and modeling).

Future studies should be done to find the appropriate KPEw of NP and NPEO 1 if PEDs are to be
used to measure the concentration in the water. Finding the appropriate KPEW will be a challenge
since, as mentioned in Chapter 2, NP and NPEOl are present as groups of isomers and each

isomer has a different KPEW. To do this, technical mixtures should be used in future experiments
to calculate an average KPEW for the whole mixture. Future experiments should be run for longer
times, using research done on similar compounds (similar molecular weight, Kow, molecular
volume and structure) in the past as references. For example, Adams [3] found the KPEW of
2,2',5,5'-tetrachlorobiphenyl (PCB #52), which has a molecular weight of 292 g/mol (NP and
NPEOl have molecular weights of 220 and 264 g/mol respectively) and LeBas molecular
volume of 268 cm 3/mol (NP and NPEO1 have LeBas molecular volume 318 and 355 cm 3/mol
respectively), after a 71-day experiment. The Kow (log KOW=5.8) value for PCB#52 is also very
similar to those of NP and NPEO 1.

Table 3.2: Mass balance for NP and NPEO1 in KPEw experiment
Total mass
NP added
(ug)

Mass NP
found in PE
(ug)

Mass NP
found in
water (ug)

Total mass NP found
(ug) (=mass in
PE+mass in water)

Mass NP lost
(ug) (=mass
added-mass

11.2

0.04

5.0

5.0

6.2

Total mass
NPEO1
added (ug)

Mass
NPEOE
found in PE
(ug)

Mass
NPEOi
found in
water (ug)

Total mass NPEO1
found (ug) (=mass in
PE+mass in water)

Mass NPEO1
lost (ug) (=mass
added-mass
measured)

11.2

0.06

4.0

4.1

7.1

measured)

F. PED Deployment Design
The PED deployment design was adapted from previous work done at MIT [3,8,9]. The main
objectives of the design were to ensure the PEDs would remain in the water for the time of
deployment, minimizing exposure to the air.

The PED deployment design consisted of attaching the PEDs to a fishing line with regular
staples. The PEDs needed to be attached in a way that staples would not slip or move along the
fishing line. Letting staples slip to the top of the fishing line for example could end up exposing
PEDs to the air. One way of achieving the immobilization of the staples along the fishing line
was to make loops with knots in the fishing line and stapling the PEDs to the loops (Figure 3.1).
Furthermore, in order to ensure that the PEDs would remain in the water, a fishing weight was
attached to one end of the fishing line. The other end of the fishing line was then attached to
either a nail or any local immovable object that would be able to hold the apparatus in place
(Figure 3.2).

Some of the deployment sites coincided with stream gauging stations originally installed by PUB
(Figure 3.1). Deploying PEDs at sites with gauging stations provided two advantages:

the

fishing line could be tied to a gauging station tube and thus the location of deployment was easy
to find when collecting the PEDs. Unfortunately, sites with gauging stations had the highest
flows during and after rain events and PEDs either did not optimally deploy (PEDs were found
outside the water) or did not survive at all.

The small and covered drains where PEDs were deployed were usually dark and a fishing bobber
was attached to the fishing line in order to make it easy to spot when collecting the PEDs (Figure
3.2). Bobbers were not used at other sites as it was thought that a bobber would attract attention
to the PEDs from animals and humans, which would have jeopardized the survival of the PEDs.
Furthermore, if the fishing line was attached to a visible object such as a gauging station or an
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overpass, or was installed in a specific location such as under a tree, a bobber was not deemed
necessary.

Figure 3.1: Fishing line shown attached to the tubing that connects to the gauging station
(left) and PED deployment design consisting of fishing line with loops, PEDs stapled to
loops and fishing weight (right).

Figure 3.2: PED design with bobber (right) and without bobber (left).

Due to the irregularity of storm drains, every deployment design apparatus was different. Future
work in storm drains will require having the right tools in-hand when deploying PEDs (hammer,
nails, bobbers, fishing gear, etc). Other design considerations may include using something
other than staples to attach PEDs to the fishing line, attaching hooks to the bottom of drains and
attaching the fishing line to these, and hammering nails through the PED and into the bottom of
drains.
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Chapter 4: PED Deployment and HOCs Measurement in
Stormwater Drains

A. Introduction
PEDs were deployed in stormwater drains of Kranji at different locations, as described in
Chapter 2. Deployment success was dependent on various factors, including size and flow of the
drain, and whether it was covered or uncovered. Deployment success was evaluated on the basis
of survival of PED duplicates and on status of survival (in or out of the water).

Subsequent analysis of the PEDs was done at MIT. As mentioned in Chapter 1, the nonylphenol
polyethoxylates (NPEOs) are branched nonionic surfactants that can contain up to 20 ethoxy
units. After degradation, most NPEOs present in the environment have fewer than four ethoxy
units or degrade into corresponding NP isomers. NPs and NPEOs are present in the environment
as a group of isomers and therefore pose a challenge when measuring their concentrations in the
water or PEDs as, depending on their structure, each isomer elutes at a different retention time in
the GC/MS. For example, it is known that the ortho-NPs elute prior to the para-NPs [1].

This research used a gas chromatography-mass

spectrometry method for measuring

multicomponent mixtures. Compounds were identified in the total ion chromatogram by using to
their characteristic ions [1]. The standards used in this research consisted of the structurally
linear

compounds para-n-nonyl phenol

diethoxylate

(NPEO2), para-n-nonyl phenol

monoethoxylate (NPEO 1) and para-n-nonyl phenol (NP). The method used by Zaugg et al. [1]
provided guidance for the identification and quantification of these compounds.
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B. Results: Fieldwork
As mentioned in Chapter 2, the PEDs were set up in many different types of drains. These drains
were classified according to two simple parameters: open or closed (covered by a concrete
structure in some way or not) and large (a channel that can handle high flows) or small (no more
than 1 ft wide with shoulders).

Figure 4.1: Small drain (left) and large drain (right) in the Kranji Catchment

An analysis based on drain characteristics and PED survival was made in order to evaluate PED
deployment design related to site characteristics. Table 4.1 provides the site names with their
respective characteristics (refer to Table 2.1 for exact locations) and survival status.

The

different survival statuses were: optimal (all of the PEDs survived), semi-optimal (first harvest
found outside water but damp), non-optimal (all four PEDs found outside water) and no survival
(none or almost none of the PEDs survived). Table 4.2 provides statistics based on survival type.

Table 4.1: Sampling sites with respective characteristics and survival
Sampling Site Name
KC5.4
F5
KC6.2
F1
F2
F3
KC1.1

Open or Closed
Open
Open
Open
Closed
Open
Open
Open

Large or Small
Small
Large
Large
Large
Small
Small
Large

Survived
Yes
Yes
Yes
Yes
Yes
Yes
No

KC2.3
KC2.4
KC2.6
KC7

Closed
Closed
Closed
Open

Small
Small
Small
Large

Yes
Yes
Yes
No

Survival Status
Optimal
Optimal
Non-Optimal
Non-Optimal
Optimal
Optimal
No PED
survived
Optimal
Optimal
Semi-Optimal
No PED
survived

Table 4.2: Survival types statistics
Survival type

% sites

Optimal

55%

Semi-optimal
Non-optimal
No PE survival
TOTAL

9%
18%
18%
100%

Survival of PEDs deployed at large drains was 70% while that of PEDs deployed at small drains
was 100%. Only 50% of PEDs deployed in large/open drains while all of those deployed in
closed/small drains survived.

Overall, PED deployment was optimal at 55% of the sites. Of these sites, 83% were small drains
(5 out of 6). The large drain where deployment was optimal (site F5) had a different deployment
design than the other large drains. The design of the rest of the large drains consisted of tying
the fishing line to a nail or some other object. At F5, the design consisted of tying the fishing
line to an overpass and thus letting the weight and PEDs hang vertically (Figure 4.2). This drain
was also more like a channel and the water level seemed to be more or less constant.
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Figure 4.2: F5 deployment site. PED deployment design consisted of tying the fishing line
to an overpass and letting the fishing weight touch the bottom of the stream while ensuring
the PEDs stayed in the water.

The only small drain where deployment was not optimal but semi-optimal was KC2.6. The
design of this drain did not differ from the other small/closed drains, other than the PEDs may
have been too close to the outlet of a side drain. This may have caused the PEDs to drift out of
the main drain as flow from that side drain increased during and after a rain event.

All of the closed drains had optimal survival except for the only large/closed drain. Large
increases in flow during storm events result in the PEDs being dragged out of the main drain by
the flow. In general, in large drains flow increases dramatically during and after a rain event
(Figure 4.3) and it is difficult for PEDs to stay in place. When the flow recedes, the PEDs often
stay outside the main drain and when the water level goes down, the PEDs are often left outside
the water.
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Figure 4.3: Before (left) and during (right) a rain event in a large open drain. In dry
weather the PEDs would be installed in the main drain (left center) and during a rain event
they would be dragged out of the main channel.

C. Laboratory Results: Calibration
Multicomponent compounds such as NPs, NPEOI and NPEO2 (having between 10 and 20
discernible isomers) should be calibrated with multicomponent technical mixture standards.
Calibration is achieved by integrating the area of the respective quantitation ion peaks (Table
4.3) present in the expected retention time window range [1]. Multicomponent standards were
not available for this research, but they should be used for future research on NPEOs.
Nevertheless, using the method of Zaugg et al. [1], the following approximate approach allowed
a single component (isomer) standard to be used to identify multiple components in samples:
The main ion identified in the standard was m/z 107 for both NP and NPEO1, which is
not the main ion that would be found in typical NPs and NPEOs mixtures. Others have
found good quantitation ions for NP and NPEO1 in commercial mixtures are m/z 135 179
[1], respectively, since these isomers have branching at the benzyl carbon position. This
again has to do with the fact that the standard consisted of a linear isomer, while typical
mixtures are usually branched and not linear [3].
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Therefore, instead of using selected ions, calibration was achieved by integrating the area
of the total ion chromatograph (TIC) peak present at the retention time (RT) of the
quantitation and confirmation ions (Table 4.3) and calculating the relative response factor
(RRF, integrated peak/unit mass) of each compound.

Table 4.3: NP, NPEO1 and NPEO2 quantitation and confirmation ions [1]
Compound
NP

Quantitation
ion (m/z)
135

Confirmation
ion (m/z)
220

Confirmation
ion (m/z)
107

NPEOl
NPEO2

179
237

193
223

207
279

D. Calculation of Results: Qualitative Identification
In order to make sure the target compound is in the sample being analyzed, there are two
qualitative indicators that confirm the presence of the compound: the RRT of the quantitation ion
for the compound of interest should be close to the expected RRT of the calibration standard and
the confirmation ions should also peak in the same scans [1]. Therefore, a visual comparison of
the compound spectra to the reference standard was done each time to ensure that the compound
of interest was present.

As NPEOs are multicomponent compounds, it is expected that compounds elute within a time
relatively narrow window range [1]. Figure 4.4 is an example of a total ion chromatogram of the
NP standard (one isomer) from this study and Figure 4.5 is an example of a total ion
chromatogram of a technical mixture from Zaugg et al. [2]. In Figure 4.5, it is clear that multiple
peaks occur within about a 1-minute time window. These peaks were taken to represent isomers
as long as quantitation and confirmation ions co-eluted with each other.
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Figure 4.4: Total ion chromatogram (TIC) of NP and NPEO1 standard solution (1 uL injection
from a 9.6 sig/mL standard solution); the compound eluting first is para-n-nonyl-phenol (NP) at
about 19.5 minutes, while para-n-nonyl-phenol monoethoxylate (NPEOl) eluted at 22.4 minutes
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Figure 4.5: Ion chromatograms for the quantitation ion (m/z 135) of para-nonylphenol from a 2
ng/pL calibration solution from Zaugg et al. [2]. Note coinciding elution of the quantitation (ion
135) and confirmation (220 and 107) ions. Each set of coinciding peaks represents an isomer or
group of isomers eluting together at a specific retention time within the expected time window
range.

E. Quality Assurance and Quality Control
M-terphenyl was added at the beginning of the extraction process and was monitored for
recoveries as described in Chapter 2. Recoveries ranged from 100±50% and consequently, NP
and NPEOl masses were not corrected for losses.

F. Results: Qualitative Analysis
Total ion chromatograms (TICs) of samples from the agricultural areas were found to have a
wide range of peaks, meaning that a large number of different HOC compounds were in the
water and accumulated in the PE samplers (Figure 4.7). TICs of samples from the residential
area had only one main peak (Figure 4.6). Figure 4.9 shows the elution times of NP (19.5
minutes), NPEO1 (22.4 minutes) and NPEO2 (25.2 minutes). Note that the NPEO2 quantitation
ion peak is very small compared to the other quantitation peaks and there is no visible peak in the
TIC eluting at the same time. NPEO2 appeared to be present, but at levels at the detection limit
of 100 ng/g PE.
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Figure 4.7: Animal farming and horticulture area (site KC5.4) chromatogram
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Figure 4.8: a. Total ion chromatogram (TIC, full scale = 15,000,000) of sample KC5.4;
b. NP quantitation ion (m/z ratio 135); c. NPEO1 quantitation ion (m/z 179); d. NPEO2
quantitation ion (m/z 237)

G. Results: Quantitative Analysis
Using the identified isomeric peaks, quantitation was performed for PED concentration

(CPE)

values for NP and NPEOI (Tables 4.4 Table 4.5).
Table 4.4: Measured concentrations of NPs in PEDs deployed at field sites for one and two
week deployment times
Sampling Site
Name

CPE

(9g/g)

Land use

One week deployment
F2
F3
KC5.4

2900

± 290

N.D. *

Horticulture and
animal farming

N.D.*

Horticulture, animal
farming and military
N.D.*
F5
Two week deployment
F2
1800 ± 870
Horticulture and
F3
120 ± 100
animal farming
KC5.4
1200 ± 470
Horticulture, animal
F5
160 ± 4
farming and military
*Not detected 100 [tg/g
Table 4.5: Measured concentrations of NPEO1s in PEDs deployed at field sites for one and
two week deployment times
Sampling Site
Name

CPE

(t&g/g)

Land use

One week deployment

F2

1800 + 1800
Horticulture and
animal farming
N.D.*
F3
KC5.4
N.D.*
Horticulture, animal
N.D.*
farming and military
F5
Two week deployment
F2
710
34
Horticulture and
74
86
animal farming
F3
KC5.4
1000
610
Horticulture, animal
farming and military
F5
81 + 24
*Not detected 30 [tg/g

NPs and NPEO Is were only found in PEDs deployed for 1 week at site F2 (Farmart fish farm)
and in general uncertainties of measurements were high.

The PED continuously changes

concentration to equilibrate with the water that it is in. Therefore, if the concentration in the
water goes up (i.e. from a release) or down, the concentration of the PED will move up or down
(respectively) with a certain time lag.

The re-equilibration to changing environmental

concentrations creates a potential source of variability in sampling temporally heterogeneous
conditions, in addition to uncertainties associated with normal field and laboratory practices.
Nevertheless, as storm drains are dynamic systems, reported NP and NPEO1 concentrations
provide an overview of possible concentrations in the water.

Maps of the measured concentrations of NP and NPEO 1 in the PEDs were completed to show an
overall view of the geographic distribution of the NP and NPEOl presence in the Kranji
catchment (Figures 4.9 and 4.10).

In general, NPs concentrations in PEDs are consistently

higher than those of NPEOls at all sites. Moreover, concentrations of both compounds in both
areas are fairly similar. Refer to Appendix A for more detailed aerial views of these sites as well
as additional site photographs.

...........

Figure 4.9: Map of Kranji showing measured NPs concentrations (tg/L) in PEDs after 2
weeks of deployment
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Figure 4.10: Map of Kranji showing measured NPEOls concentrations (ttg/L) in PEDs after 2
weeks of deployment

As discussed in Chapter 3, the concentrations in field PE samplers are not considered to be in
equilibrium after only one or two week deployment. The exchange rate coefficients (ke) from
Chapter 3 were used to calculate the equilibrium concentrations in the PEDs (Tables 4.6 and 4.7)
by approximating the PE-water exchange as a first-order process and by using Equation 7 from
Chapter 3.
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Table 4.6: Calculated concentrations at equilibrium of NPs in PEDs deployed at field sites
for one and two weeks deployment times
Sampling Site
Name

CPEo (pg/g)

Land use

One week deployment
F2 (fish farm)
F3 (frog farm, plant
nurseries)
KC5.4
F5
F2
F3
KC5.4
F5
*Not detected

540000

+ 54000

N.D.*
N.D.*

Horticulture and
animal farming
Horticulture, animal
farming and military

N.D.*
Two week deployment
Horticulture and
210000 ± 98000
animal farming
14000 ± 11000
Horticulture, animal
130000 ± 53000
farming and military
18000 ± 400

Table 4.7: Calculated concentrations at equilibrium of NPEOls in PEDs deployed at field
sites for one and two weeks deployment times
Sampling Site
Name
F2
F3
KC5.4
F5
F2
F3
KC5.4
F5
*Not detected

CPE,o (pg/g)

One week deployment
160000 ± 160000
N.D.*
N.D.*
N.D.*
Two week deployment
38000 + 1800
4700
4000
56000 ± 33000
4300 + 1300

Land use
Horticulture and
animal farming
Horticulture, animal
farming and military
Horticulture and
animal farming
Horticulture, animal
farming and military

H. Estimation of concentrations in the water
In general, there is more uncertainty associated with concentrations of HOCs measured with
PEDs that have not equilibrated with the surrounding water than with PEDs that have
equilibrated with surrounding waters.

This can be corrected by loading the PEDs with

Performance Reference Compounds (PRCs) [8,9] and is recommended for future studies.
Having acknowledged that there is a high degree of uncertainty in the extrapolated PED
concentrations and in subsequent calculations in the absence of a PE-water partition constant
KPEW,

concentrations in the water can nevertheless be estimated by using Equation 8 from

Chapter 3, repeated here for convenience:

CW~

PE8)
Kow

where CW, is the equilibrium concentration in the water, CPE, is the equilibrium concentration
in the PED (Tables 4.6 and 4.7) and Kow is the octanol-water partition coefficient, which will be
used in the absence of KPEw as explained in Chapter 3. Results are presented in Tables 4.8 and
4.9.
Some of the estimated concentrations in the water are high compared to previous observations in
the literature [4, 5, 6], but some are within range if uncertainty is taken into account.

For

nonylphenol, concentrations found in the world in rivers and streams range from 0.1 to 59 tg/L
and for NPEOl concentrations range from 1 to 31 [tg/L. Some of the highest concentrations in
this study, for instance at site F2, may be due to deployment very near a source. Foaming was
seen at this site, which also provides proof that values may not be far from reality.

Table 4.8: Calculated concentrations at equilibrium of NP in surrounding waters deployed
at field sites for one and two weeks deployment times
Sampling Site
Name

Cw. (pg/L)

Land use

One week deployment

F2 (fish farm)
F3 (frog farm, plant
nurseries)
KC5.4
F5

F2
F3
KC5.4
F5

930

94

N.D.*
N.D.*

Horticulture and animal
farming
Horticulture, animal
farming and military

N.D.*

Two week deployment
360 ±
170 Horticulture and animal
farming
19
24 ±
93
230 ±
Horticulture, animal
farming and military
1
31 +

Table 4.9: Calculated concentrations at equilibrium of NPEO1 in surrounding waters
deployed at field sites for one and two weeks deployment times
Sampling Site
Name

Cw (p g/L)

Land use

One week deployment

F2
F3
KC5.4
F5

420 ±
N.D.*

420

Horticulture and animal
farming

N.D.*

Horticulture, animal

N.D.*

farming and military

Two week deployment

F2
F3
KC5.4
F5

100
11
150
11

±
±
±
±

5
12
87
3

Horticulture and animal
farming
Horticulture, animal
farming and military

Estimated concentrations in the water are exceedingly high if these are compared to the Final
Acute Value (FAV), 56 pg/L, and Final Chronic Value (FCV), 5.9 pg/L for nonylphenol in
freshwater, as reported by the U.S. Environmental Protection Agency [6]. FAV and FCV are
concentrations measuring risk to aquatic life.

The FCV is a measure of the minimum

concentration that could cause long-term impacts in aquatic life while FAV is the minimum
concentration that would result in an immediate impact to aquatic life. Although measured
concentrations are not necessarily representative of the whole catchment or reservoir, future
studies should focus on determining if concentrations in the reservoir are higher than the FCV
and FAV values. The ecosystem health could be at risk, as well as human health.
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Chapter 5: Conclusions and Recommendation

A. Conclusions
This study assessed the feasibility of using organic tracers to trace potential sources of
contamination in the Kranji Catchment.

The fieldwork and analysis were not intended to

accurately map the distribution of contaminants, but rather evaluate the prospects for using
hydrophobic organic compounds (HOCs) as a tracers for contamination sources in Kranji
catchment and to demonstrate the use of Polyethylene Devices (PEDs) as passive samplers for
the purpose of measuring such HOCs in storm water drains.

The organic compounds chosen as tracers in this study were the nonionic surfactants, NPEOs
(nonylphenol ethoxylates) and their breakdown product, nonyl phenol (NP). A number of recent
studies indicate the widespread occurrence in the environment of these compounds [4,5,6].
These compounds are on the U.S. Environmental Protection Agency (USEPA) Toxic Substance
Control Act Priority Testing List [1] as they are known endocrine disruptors and thus toxic to
aquatic life [2,3].

Kolpin et al. [4] found that the average concentrations of NP, NPEO1 and

NPEO2 in 139 streams in the US were 0.8, 1.0 and 1.0 [tg/L respectively, with maximum
concentrations found of 40, 20 and 9 Rg/L. Hyer et al. [5] found concentrations in raw sewage of
NP, NPEO1 and NPEO2 to be up to 59, 31 and 24 [tg/L, respectively.

Sharma et al. [6]

summarized the concentrations of NP river water from different regions of the world and
reported a level of 0.006-32.8 Ig/L. The results of this study, , although somewhat preliminary,
compare favorably with measurements of NP and NPEO1 in other parts of the world.

PEDs were used to sample stormwater drains in Kranji catchment for NP and NPEO 1 and
reported results show that this family of compounds was found to be present in the catchment.
Concentrations in the water were approximated using a kinetic sampling mass transfer model.
Although these results have a high degree of uncertainty, it must be noted that values of
estimated NP water concentrations are much higher than the Final Acute Value (FAV), 56 y g/L,
and Final Chronic Value (FCV), 5.9 y g/L.

NPs and NPEO is were found in the non-residential areas of the catchment, while NPEO2s were
only suggested to be present in small quantities at some of the sites. None of the NPEOs were
detected in the residential areas. Reasons for this finding may include that concentrations are too
low to be measured or that there was no potential sewage contamination at or near the sites
where PEDs were deployed.

PED deployment in stormwater drains poses the challenge of producing a deployment design
that can withstand high variability in flow. In this study, large increases in flow during storm
events resulted in the PEDs being dragged out of the main drain by the flow, especially in larger
drains. When the flow receded, the PEDs often stayed outside the main drain and when the
water level goes down, the PEDs were often left outside the water. Nevertheless, deployment
was optimal (the four PEDs deployed at the sampling site were found in the water) at more than
half of the sites.

B. Recommendations
The concentrations of NPEO in deployed PEDs were well short of partitioning equilibrium after
only one or two weeks of deployment. The need to reach equilibrium is eliminated if PEDs are
pre-loaded with PRCs [8, 9]. It is recommended that in future studies in Kranji, PEDs are loaded
with PRCs in order decrease deployment times and increase accuracy of measurements,
especially if deploying for short periods of time.

More work is required to further evaluate the feasibility of using NPEOs as indicators of
potential contamination in Kranji.

It is not clear whether these compounds are the main

surfactants used in household detergents in this country. NPEOs were found in non-residential
areas, which may suggest their presence in industrial detergents. Future studies could involve
doing a more complete survey of detergents formulations in Singapore to confirm the use of the
possible presence of these compounds in sewage. Other considerations should include deploying
PEDs at or near sites where the Human Factor or E. Coli has been detected [7].

Although NP and NPEO I estimated water concentrations are not necessarily representative of
the whole Kranji catchment or reservoir, future studies should focus on determining if
concentrations in the reservoir are higher than the FCV and FAV values. NPEOs are known
endocrine disruptors and knowledge of their concentrations in the water can also contribute to
the overall assessment of the water quality of the reservoir, the health risk posed to recreational
uses, and health of the ecosystem.

Detecting the presence of these compounds in the

environment also allows the Public Utilities Board (PUB) to assess the feasibility of using Kranji
for recreational purposes or if more prevention work is needed. Furthermore, PUB can now

consider whether policies concerning detergent ingredients and usage should be revised or
implemented.

This study showed that NPEOs are difficult to measure for one main reason: individual NPEOs
are present in the environment as a group of isomers. Measuring one compound as a group of
isomers is challenging, especially when standard technical mixtures are not available or do not
resemble mixtures present in the environment.

Future work could be done on using more

defined compounds (e.g., one isomer) such as triclosan. Triclosan is a common antimicrobial
compound found in many cosmetic products.

It has a molecular structure similar to

polychlorinated biphenyls (PCBs). This fact may provide an advantage for future work since
PEDs have been studied and modeled for sampling of PCBs in sediments [8, 9]. Future work
involving triclosan could be compared to work done on PCBs for reference and correlations
based on molecular structure (molar volume, etc.) could be drawn.

Future work on organic tracers as indicators of contamination should include the use of PEDs as
their use provides many advantages to students: it involves real analytical laboratory work, it
increases the understanding of partitioning processes in the environment, there is great support
and research done in Professor Gschwend's lab at MIT and it is a great opportunity to be
exposed to research on the fate and transport of pollutants in the environment.

The main

disadvantage of using PEDs is that preparation and processing (extraction) processes are very
labor intensive for the time being.

Future PED deployment design considerations in stormwater drains may include using
something other than staples, such as metal frames, to attach PEDs to the fishing line. The
fishing line could also be attached to hooks installed in the bottom of drains. The deployment
design demonstrated in this study appears to be appropriate for less turbulent waters as well and
could be used for future studies done in the reservoir itself.

Overall, using an organic tracer as an additional indicator to bacteria to trace potential
contamination sources in the Kranji catchment seems a viable option. Moreover, water quality
studies on synthetic organic compounds are becoming increasingly important as little is known
about the extent of their presence in the environment and or their ultimate fate. Lack of data is
partly due to the few sampling techniques available to measure low concentrations of these
HOCs in the environment [4] and thus the use of PEDs provides for an inexpensive method for
measuring concentrations in water. More data on the presence and fate of toxic compounds such
as NPEOs would be helpful in environmental decision-making and on water quality control of
valuable water resources such as the Kranji Reservoir in Singapore.
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Appendix A: Field locations and photos
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