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ABSTRACT 

Most of the countries around the world including Singapore are becoming water scarce, 
Limited fresh water resources and growing demand of water in urban areas have intensified 
the search for non-conventional water resources, For countries like Singapore, which receives 
copious rainfall, the use of stormwater (rainfall which runs off urban areas such as roofs, 
roads, and vegetated surfaces) has the potential to enhance urban water supply, However, 
using urban landscape as catchments has its inherent challenges, Human activities introduce 
chemical and biological contaminants of different types into the urban runoff, affecting its 
quality significantly. Environmentally-friendly as well as cost-effective treatment 
technologies are needed to treat urban runoff at points of collection so that the treated 
storn1water can be used for a range of practical applications, 

In order to identify the most appropriate treatment technology, it is necessary to have detailed 
information on the physical and chemical characteristics of urban runoff collected at a 
network of urban sites, As these characteristics of urban runoff largely depend on land use 
patterns, stormwater samples have been collected in this study from various land use sectors 
using automated samplers and subsequently processed in the laboratory to establish their 
chemical characteristics mainly in terms of trace metals, and organic compounds. Results 
obtained from the chemical characterization work are presented followed by the discussion on 
the potential of enhancing urban runoff quality through chemical treatment with a strong 
oxidant having multiple functions including coagulation, flocculation, and disinfection. 
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I INTRODUCTION 

Water is indispensable for human health and well-being, Global consumption of water is 
doubling every 20 years, more than twice the rate of human population growth, The Earth's 
water system can support, at most, only one more doubling of demand, estimated to occur in 
less than 30 years, Currently, some 450 million people in 29 countries already face water 
stress/scarcity. Two-thirds of the world's population is predicted to be living with serious 
water shortages or absolute water scarcity by 2025, if the current growth rate in global water 
demand persists. In addition, the demand for potable water is centralized in and around urban 
areas, For the first time in history half of the global population is living in urban areas, 
compared to little more than one-third in 1970s. To add on to the already existing water 
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scarcity, the forecast that urban population is expected to grow by 2% per year during 2000-
15, and to reach an overall 65% urban by 2050 indicates the crunching demand on fresh water 
supplies in the days ahead. 

Limited fresh water resources, growing demand of water, environmental concern, and ever 
stringent water quality standards by the regulatory agencies have encouraged the scientific 
community to look for non-conventional water sources, and more effective, environmentally 
friendly treatment technologies. Technologies are now available by virtue of which waste 
water and even sea water can be converted to potable water, however, the excessive cost of 
these treatment processes and psychological barrier for the use of treated wastewater are the 
major constrains for implementing these technologies. A great deal of attention is now paid to 
alternative sources of water such as storm water catchment systems as they serve multi
purpose functions. 

The origin of urban stormwater runoff is the rainfall. Urban runoff is excess water, not 
absorbed by soil after heavy rains. It flows over surfaces such as roads, parking lots, building 
roofs, driveways, lawns, and gardens. Urban areas arc characterized by imperviousness, 
where a substantial fraction of the land is made impervious by construction of structures such 
as buildings, roads, pavements, etc. Thus, there is a potential to use urban runoff as a 
substitute and/or supplementary source of much needed potable water. However, during its 
movement through soils and impervious surfaces, stormwater can carry a wide range of 
potentially ham1ful environmental contaminants, such as metals, oil and grease, pesticides, 
and fertilizers. For this reason, even when there is scarcity of water in urban areas, the 
conventional practice has been directed towards discharging the urban storm water as soon as 
possible through a network of drainage systems. Now that there is a greater interest in 
utilizing the runoff from urban areas, the similar systems can be used to collect the urban 
runoff However, use of water from urban runoff is not straight-forward. Contradicting the 
traditional belief that the stormwater is contamination-free, recent studies have suggested that 
the stom1water could be a potential source of pollution and the concentrations of pollutants 
vary according to the location through which it passes [I, 2, 3]. Stom1water even from a 
visibly clean catchment can be a significant source of pollution [ 4, 5]. Even though the 
quantity of urban runoff makes it justifiable to consider it as an alternative source of water, 
the quality is questionable. Accurate knowledge of the quality and quantity of runoff is 
required to develop appropriate treatment technologies. To date, there is still a lack of 
comprehensive data concerning quality of stormwater, especially the chemical pollutants 
(inorganic and organic) in runoff water from impervious surfaces like roofs, commercial, and 
residential areas. 

2 EXPERIMENTAL METHODOLOGIES 

2.1 Site description 

Singapore is located at the southern tip of the Malaysian Peninsula, between latitudes I 009'N
0and l 29'N and longitudes 103 °26'E and 104 ° 25'E. The study area lies in the south western 

part of Singapore around I 000 meters away from open sea. Three sites representing different 
land use patterns were chosen in close proximity in order to reduce the impact of atmospheric 
variability over the sites. Roof runoff was collected from an outlet of a pipe, whereby, 
rainwater passes through roof, and the gutter and is collected before it touches the ground. 
Water samples from a commercial area were collected from a drain where some renovation 
works were also being carried out. Samples were also collected from a residential area, with 
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housing blocks, gardening, and basic facilities like parking and walkway shades (metal/plastic 

roofing for walkways from one block to another). 

2.2 Sample collection 

Samples were colleted from the three urban sites for a year from February 2005 to January 

2006. The pH of water samples were measured soon after they were brought to the laboratory. 

The samples were then filtered through OA5 µm nylon membrane filter (Whatman, Cat. 

No.7404-004). The conductivity of the filtered samples was measured prior to separating 

them into two fractions. One fraction was acidified with HNO3 (analytical grade, Fluoka, 

France) so as to keep the pH to less than 2, and was subsequently analyzed for trace metals by 

Inductively Coupled Plasma - Mass Spectroscopy ( ICP-MS). Acid blanks (2% HNO3 in 

Ultra-pure water) were used for every set of samples to account for contamination, if any, 

through acid addition of HNO3 . The other fraction was stored in amber colored glass bottle 

following the addition of thymol to preserve organic species in the samples. The organic 

compounds were analyzed using Gas chromatography- Mass Spectroscopy (GC-MS). 

2.3 Sample analysis 

ICP-MS (Perkin Elmer Elan 6100) was used for the analysis of trace metals in the samples. 

The instrument was operated as recommended by the manufacturer and was optimized daily. 

The detailed description on the ICPMS parameters is described in our previous reports [6], 

Seven point calibration (I, 5, I 0, 20, 40, 60 and I 00 µg/L) was performed for 13 trace metals, 

and the regression coefficients for all 13 trace metals were better than 0.999. Sample handling 

and preparation were carried out in a laminar flow hood equipped with a HEPA (High

Efficiency Particulate Air) filter to prevent contaminations. The final concentrations of metals 

in the urban runoff samples are reported after the acid blank correction. 

GC-MS (Model QP20 I 0, Shimadzu Inc, Kyoto, Japan) fitted with a DB-5MS 5%-phenyl

methylpolysiloxane 30 111 long x 0.2 111111 internal diameter x 0.25 111111 film thickness capillary 

column (J & W Scientific, CA, USA) was used. The GC-MS was operated under the 

following conditions: splitless injection of 2 ml, split opening after 30 seconds, and injector 
° ° ° ° 

temperature at 280 C; the oven temperature program was 50 C (hold 2 min); 50 C to 200 C at 
° 1 ° ° 10 C min- (hold I min); 200 ° 

C to 300 C at 5 C per minute (hold 8 min). The detector was 

run in electron impact mode with electron energy of 70 eY and ion source temperature of 

230 ° 
(, Helium at a constant flow rate of 0.8 ml per minute was used as carrier gas. PAHs 

were monitored using selected ion monitoring mode (SIM). 

3 RES UL TS AND DISCUSSION 

3.1 Heavy metals 

Heavy metals are one of the major concerns in urban runoff because of their potential toxicity 

and widespread presence. Sources of trace metals in urban stonmvatcr runoff are numerous 

and complex. Metals cannot be chemically transformed or destroyed, thus making them 

persistent [2]. Though some metals are present in trace levels, they are still of concern 

because of their potential toxicity. The International Agency for Research on Cancer (!ARC) 

classifies As and its compounds, Cd and its compounds, Cr (VI) compounds, Ni compounds 

as Class I agents (carcinogenic to humans), Pb compounds as Class 2A agents (probably 

carcinogenic to humans), and Pb and Ni as Class 2B agents (possibly carcinogenic to 

humans). Some metals are necessary for vital metabolic processes, for example, Fe and Cu 

are required for the synthesis of hemoglobin; Mn and Fe are constituents of some enzymes; 
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Zn is required for proper functioning of enzymes, growth of tissue and healing of wounds; 
Cr3+ 

is necessary for production and functioning of insulin. However, even the essential 
metals, if present in higher concentration, are toxic. The study reports the concentration of 13 
trace metals (Al, As, Cd, Cu, Co, Cr, Fe, Mn, Ni, Pb, Ti, V and Zn) in runoff from roof, 
residential, and commercial areas in Singapore. 

Figure I compares the average concentration of trace metals for the three sites; roof runoff, 
runoff from residential and commercial areas. Since the variation in concentrations among 
various trace metals is quite large, the data are presented in log-graph. Al, Fe, and Zn are the 
three most abundant metals in all runoff samples accounting for more than 80% of the total 
metals. 

Variations were noted in the concentration of trace metals from one sample to another in each 
land use categories and among the categories. However, the variations among the different 
categories were dominant. Various factors are reported to influence the concentration of 
metals in urban runoff which include: number of days antecedent to rainfall, intensity of 
rainfall, atmospheric deposition, surface over which the runoff passes, anthropogenic activity 
in the area considered, etc [2, 4, 7]. In this study, as the sampling locations were in close 
proximity, the most probable reason for this variation is the land use change. 

The concentrations of Pb and V in roof runoff were particularly elevated by more than an 
order of magnitude compared to the rain water concentration. Leaded gasoline has been 
phased out from Singapore since 1998, thus resulting in lower concentration of lead in 
rainwater. The excess concentration of Pb in roof runoff could be due to the wash out of the 
settled dust particles on the roof, or the leaching of Pb from freshly painted building surfaces; 
Davis et al. [2] suggested that lead could predominantly come from building walls. On the 
other hand, the main sources of V include combustion of fossil fuels, steel industry emissions, 
dyes, inks and paints [8], As the study area is located at a downwind direction of a major 
industrial area in Singapore, wet and dry deposition of pollutants emitted from the local 
industries such as petroleum refineries is most likely the major contributor of V in the runoff 
samples. The concentration of some trace metals (Cu, Fe, Pb, Zn, and V) was lower in 
residential areas compared to those in the roof runoff The major factors that could be 
responsible for this trend could be dry deposition of coarse particulate matter on the roof that 
is easily washed off [9, I 0, 1 1  ]. 
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Figure I. Average concentration of trace metals in residential and commercial site. 

In the case of the residential area, Cu, Mn, and Zn arc found to decrease in concentration even 
as compared to rain while the rest of the trace metals were elevated by certain factors, highest 
being Pb (6.9), Al (5.2), V (2.9), and Cr ( 1.7). As the substantial fraction of runoff passes 
through vegetated areas (soil) in residential areas, it is likely that soil/vegetation acts as a sink 
for some of these trace metals, while it leaches out other metals [9], The enrichment of Pb 
could also be because of its leaching out the ones that was deposited onto the soil during the 
earlier days of use of leaded gasoline [3] in addition to building walls. 

The quality of stom1water in commercial areas showed some distinct patterns. As compared 
to rain water around the same location, the stormwater from commercial areas had Co and Cr 
concentrations higher by an order of magnitude while Cd was higher by three orders of 
magnitude. Cobalt oxides are used in paints, and can also be leached out from corrosion of 
high-strength alloys; sources of chromium include corrosion of welded metal plating, wear of 
bearings and brushings, dyes, paints etc; and cadmium is leached out from corrosion of 
galvanized metals [8]. These sources were present in minor or major form in commercial 
areas as the renovation works were in progress during the sampling period, thus, the rise in 
the above mentioned trace metal concentrations. 

3.2 Metals in sequential urban runoff samples 

Investigation of temporal variation of pollutants for longer sto1111 events was done using an 
automated sampler in the residential area. The sampler was programmed to take samples 
every 15 minutes. It can be seen that crustal metals like Al and Fe are found to be much 
higher in concentration up to an order of magnitude as compared to rain water concentration. 
Even if the solubility of crustal metals is relatively low, the acidity of rain water (average pH 
4.2 in Singapore, Hu et al., [ I 2] is expected to enhance the solubility of these metals. Other 
factors include soil characteristics such as soil pH, total carbon content, total metal content 
etc. [ 13], The results also revealed that most of the metals showed f irst flush phenomenon 
(rising of pollutants in the initial part of a storm event) in majority of storm events. However, 
the time at which highest concentration appeared differed from one metal to another, Figure 2 
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shows pollutograph for some of the trace metals for a stonn event. Factors such as physio

chemical fom1 of metal particle association, and the travel time for the metals from the point 

of origin to the sampling site could be responsible for the variations. In addition, changes in 

anthropogenic activity during the storn1 event, and other variables play a part in differential 

leaching of trace metals. Most importantly, as the intensity of rainfall is not the same 

throughout the stonn event, the fluctuation of concentration of trace metals in the natural 

system is not unusual. 
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Figure 2. Trace metal concentration in urban stormwater mnoff 

3.3 Polycyclic aromatic hydrocarbons 

As the concentration of Polycyclic aromatic hydrocarbons (PAHs) are in trace levels, 

sensitive analytical methods were used for the extraction and analysis with the use of internal 

standards. Solid phase micro-extraction (SPME) was used to extract the organic pollutants 

from the environmental matrix and analyzed using GC-MS. The PAHs observed in this study 

were the 16 priority compounds listed by USEPA [14]: naphthalene (Nap), acenaphthylene 

(Acy), acenaphthene (Ace), fluorene (Flu), phenanthrene (PA), anthracene (Ant), fluoranthene 

(Flt), pyrene (Pyr), benz[a]anthracene (BaA), chrysene (Cry), benzo[b]fluoranthene (BbF), 

benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), dibenz[a,h]anthracene (OBA), 

indeno[ 1,2,3-c,d]pyrene (IND) and benzo[g,h,i]perylene (BghiP). 

The average concentrations and the range (minimum and maximum) of the PAHs in the 

dissolved phases of the stom1water are given in Table I. The sum of concentrations of 16 

PAHs of individual stonn events ranged from 506 to 1940 ng/L with an average concentration 

of 1143 ng/L. Although these values are relatively lower than the values reported in the 

literature [15, 16, 17, 18], they are still much higher than the drinking water standards of 200 

ng/L. Thus, sufficient care should be exercised while using the urban runoff for portable 

purposes by selecting proper treatment technology to remove the dissolved organic pollutants. 

In addition, the six carcinogenic PAHs, as described by the International Agency for Research 

on Cancer IARC (I:6 PAHcARc = BaA, BbF, BkF, BaP, OBA, IND) ranged from 49 to 887 

ng/L, with an average value of 318 ng/L, which is again higher than the drinking water 

standard, thus demanding special attention during treatment. 
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Table I. Concenlralion of PAHs in Dissolved phase ofs1on11water. 

Dissolved Phase 
Compound 

Average (ng/L) Range ( ng/L) 

Naphthalene (Nap) 365 20 - 98a0 
Acenaphthylene (Acy) 111 3 - 340 
Acenaphthcne (Ace) 26 8 - 61 

Fl uorene (Flu) 29 27 - 116 
Phenantherene (PA) 100 32 - 244 

Anthracene (Ant) 10 3 - 95 
Fluoranthene (Flt) 8 3 - 131 

Pyrene (Pyr) 11 7 - 40 
Benzo[a ]anthracene ( Ba A) 19 2 - 5 9  

Chrysene (Cry) 12 4 - 38 
Bezo[b ]fluoranthene ( BbF) 33 2 - 120 

Benzo[k] fluoranthene (BkF) 6 6 - 18 
Benzo[a]pyrene (BaP) 10 5 - 34 

Indeno( I ,2,3-cd)pyrene (IND) 116 13 - 3 79 
Dibenz[a,h]anthracene (OBA) 231 12 - 796 
Benzo[g,h,I]perylene (BghiP) 5 5  8 - 174 

3.4 Potential chemical treatment of urban stormwater 

As urban stormwater contains various types of pollutants, it would be ideal to use the 
treatment technology that has versatile capabilities. In addition, to protect the environment, 
the technology must be environmentally friendly. In this regard, ferrate technology appears to 
be one of the potential candidates. Ferrate is basically an iron atom with hexa-valent charge, 
which makes it very reactive with high oxidation/reduction potential. The high oxidation 
power of ferrate (VI) can be utilized in developing new technologies for urban stom1water 
treatment. When ferrate is used for water treatment, it delivers superior oxidation, 
coagulation, dewatering, deodorization, and disinfection properties, during the process of its 
reduction from hexa-valent to tri-valent state. The by-product of ferrate treatment is Fe (Ill) or 
ferric oxide (rust), which is non-toxic in nature, thus making the use of ferrate very 
environmentally friendly. Recently, US EPA has recognized ferrate technology as an emerging 
technology for a variety of pollutant removal. This technology is described to be in its 
embryonic stage with high potential for practical application in water and waste water 
treatment. 

Preoxidation of ferrate has been reported to enhance its coagulation potential, thus requiring 
low dose of ferrate to as much as 0.a5 to 1.a0 mg/L Other studies have shown that ferrate 
technology can inactivated 99.9% of E, coli. Some micro-organisms that are Fe (VI) resistant 
can be inactivated using Fe (V) [19]. Ferrales also have been shown to have an affinity to 
react with odor-producing compounds like sulfides, mercaptans and alkyl amines [20]. Ferrate 
can also treat metals (e.ag.a, Pb2+, Cd2', Cr3 ", Hg2+ , Cu2+ 

, and Mn2+ ). Total organic carbon, a 
measure of organic pollutants is found to decrease by more than 95a% with the use of ferrate 
technology [21], Ferrate (YI) has also shown its effectiveness in oxidizing emerging 
pollutants, estrogens and pharmaceuticals in water [22, 23, 24, 25 ]. 
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Sodiumferrate ( Na2 FeO4 ) and potassiumferrate ( K2 FeO4 ) are two types of fcrrates, which are 
being considered to be used for water treatment. Potassiumferrate is indefinitely stable when 
kept dry, As a liquid, ferrate can be inj ected into the process stream without the addition of 
special mixing equipment. E xperiments are currently being conducted in our laboratory to 
investigate the effectiveness of ferrate in order to decontaminate urban stormwater runoff. 

4 CONCLUSIONS 

A comprehensive analysis of stom1water collected from three different urban locations was 
carried out in this study, I n  comparison to rainwater, the concentration of most of the trace 
metals was higher in roof runoff, and in runoff over residential and commercial areas, bu t 
with varying amplitude, The concentration data fu rther suggest that anthropogenic activities 
taking place at specifiac sites do have signifiacant impacts on the quality of storamwater runoff 
Stom1water samples collected sequentially revealed that the concentrations of pollutants like 
metals are much higher during the initial phase of storamwater events as compared to those 
collected at a later time of stom1 events, This implies that special care should be exercised 
while planning to use water samples collected during early parts of storm events. The average 
concentrations of water soluble PAHs in urban runoff samples are found to be in exceedance 
of water quality standards. 

Ferarate ( VI )  being a very powerfu l oxidant has the potential to treat urban stonmvaater runoff 
loaded with various pollutants. This technology has advantages in treating heavy metals, 
suspended particles, synthetic/natural organic matter ( present as TOC, BOD and COD), 
microorganisms ( e. g. ,  bacteria and virus), without producing ham1fu l by-products and 
mutagenic by-products. I n  addition, Ferrate perforams distinctly different treatment fu nctions 
( oxidation, coagulation, flocculation, and disinfection) from the application of a single dose, 
thus providing a simplifiaed and cost-effective process to treat urban storamwater. Lab-scale 
experiaments are currently underway in testing the effectiveness of this technology in real 
stonnawater samples. 
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