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ABSTRACT

Highway surface runoff contains pollutants such as total suspended solids (TSS), hydrocarbons, de-icing salts, and heavy metals. Treatment methods for highway runoff include storage/treatment facilities, such as constructed wetlands (CWs), detention ponds, or sedimentation tanks; stormwater infiltration facilities, such as soakaways, trenches, or basins; and filter strips and swales. These facilities are commonly referred to as SuDS – Sustainable Drainage Systems.The treatment of highway runoff using CWs is widely used in America, Australia and most of Europe. CWs are a suitable choice for the treatment of highway runoff, due to their relative low cost and good efficiency in treating contaminants such as TSS, organic matter, heavy metals, as well as hydrocarbons and inorganic salts. This review paper aims to characterise highway surface runoff, quantify the removal mechanisms of influent pollutants, evaluate the performance of CWs in the treatment of highway runoff, discuss their design criteria, and compare their performance with other treatment methods.
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1. Introduction

The Water Framework Directive (WFD) 2000/60/EC (EC, 2000) aims to achieve ‘at least’ good status of all surface and groundwaters by 2015. In Ireland, under the National Development Plan (NDP) 2000-2006, €6.75bn was invested in the roads network. This, coupled with the increasing number of second-hand vehicles and vehicles licensed for the first time during the same period (CSO, 2007), means that Irish waters are under increased risk of pollution. 
Highway surface runoff contains pollutants such as total suspended solids (TSS), hydrocarbons, de-icing salts, lead (Pb), copper (Cu), cadmium (Cd) and zinc (Zn). Many of these pollutants are due to the wear and tear of both the road and vehicles (Lee et al., 2005). Desta et al. (2007) measured the highway surface runoff characteristics from four sections of highway representative of drainage areas and drainage systems in Ireland and found significant quantities of metals and solids in the runoff (Table 1). 
Pollution of receiving waters from highways can be caused by direct runoff during rainfall and gully cleaning. In Ireland, highway runoff is usually discharged directly into nearby water courses with little or no treatment (Bruen et al., 2006). It can often be more damaging to receiving waters during summer months, where short and intense rainfalls can follow long, dry periods. During these dry periods, TSS and hydrocarbons, as well as metals such as Pb and chromium (Cr), build up on the road and in the verges (Murakami et al., 2007). A heavy summer rainstorm flushes all these pollutants from the roads into the receiving waters. More frequent, extensive rainfalls would have less of an impact on the environment, as there would be greater dilution of the surface runoff. 
As constructed wetlands (CWs) for the treatment of highway surface runoff are gaining in popularity, this paper aims to characterise highway surface runoff, review the design and performance of CWs, and briefly examine the performance of alternative treatment methods. 
2. Influent Pollutant Characteristics

Pollutant concentrations in surface runoff are dependent on factors such as the annual average daily traffic (AADT) (Barrett et al., 1998), the rainfall intensity, the length of the antecedent dry/wet period (Lee et al., 2002) and, to a lesser extent, the type of pavement (Pagotto et al., 2000). 

2.1. Total suspended solids

The accumulation, magnitude and pattern of TSS deposition are functions of roadway pavement, grade, traffic volume, maintenance, seasonal characteristics and adjacent landscapes. Traffic-related TSS pollution originates from abrasion of tyre and brake linings, leakage of hydrocarbons and residues of combustion. When these TSS are flushed from the roads they can have detrimental effects on the receiving waters, due to substrate smothering and increased turbidity. This results in a reduction in light penetration and lowering of the oxygenation potential (Revitt, 2004). 
On the road surface, solids usually collect in the verges and/or are held in pores on the road surface. Generally, highway deposits have a wider size range than highway surface runoff (Furumai et al., 2002). It has also been found that as TSS concentrations in surface runoff increase, the size fractions become coarser (Furumai et al., 2002), and the larger particles are mainly present in the first flush after a rainfall event (Li et al., 2006). In an analysis of eighteen runoff events from three study sites with catchment areas ranging from 0.39 to 1.28 ha, Li et al. (2006) found, in the first 20% of surface runoff, 28% of sediment ranged in size from 0.5 to 2 µm, greater than 30% ranged in size from 2 to 30 µm, and greater than 40% was greater than 30 µm. TSS concentrations during snowmelt can be up to eight times higher than concentrations measured during rain periods due to the lower runoff volumes during snowmelt (Westerlund and Viklander, 2006). 
The impacts that TSS can have on watercourses are a function of particle size (Westerlund and Viklander, 2006). This influences adsorption of chemical and organic pollutants that can be attached to the surface of the particulate material. Smaller particles have a larger specific surface area than larger particles and tend to adsorb more heavy metals and polycyclic aromatic hydrocarbons (PAHs) (Pontier et al., 2003; Lee et al., 2005). When these particles enter water bodies, the absorbed pollutants can be released into the aqueous phase and become more directly available for uptake by flora and fauna. 
2.2 Metals

Highway runoff is responsible for 35 to 75% of total metal pollutants in receiving waters (Ellis et al., 1987). The most common metals present in highway surface runoff are Cu, Cd, Pb and Zn (Revitt et al., 2004) and they are strongly correlated with TSS concentration (Aldheimer and Bennerstedt, 2003; Lee et al., 2005; Desta et al., 2007) and particle size (Bulc and Sajn Slak, 2003; Tuccillo, 2006; Westerlund and Voklander, 2006). Zn is associated with tyre-wear (Councell et al., 2004) and dust from break-pads (Zanders, 2005). Cu is low in tyres but is higher in break-pad dust (Zanders, 2005). Other metals present in highway runoff are Cr, cobalt (Co), as well as metals from the platinum group - platinum (Pt), palladium (Pd) and rhodium (Rh). 
Hallberg et al. (2007), measuring the surface runoff characteristics from a highway in Sweden, found that all metals were correlated with TSS concentration. Westerlund and Voklander (2006) examined the runoff characteristics from a highway in northern Sweden during snowmelt and rainfall-only periods and found that TSS with particle sizes greater than or equal to 1.6 µm were associated with the highest concentrations of heavy metals. This correlation was most pronounced during the snowmelt period, where particles with sizes ranging from 6-9 µm had the highest correlation with heavy metals. 
Metals can be present in soluble or particulate form. The soluble form is more 'bio-available' and, therefore, is more toxic, especially when the metal is present as either an ionic- or weakly-complexed species. Hallberg et al. (2007) examined the seasonal variation in metal concentration and found that dissolved aluminium (Al), Cd, Co, Cr, manganese (Mn), and nickel (Ni) were higher in winter than in summer, whereas dissolved Fe was lower in winter than in summer. 
Certain metals have been shown to have a stronger affinity to a particular phase. Furumai et al. (2002) monitored the metal concentration in runoff from an 8.4 ha highway in Switzerland and found that the particulate fractions of Zn, Cu and Pb accounted for 55-81%, 56-89% and 79-96%, respectively, of the total pollutant load.  
2.3 Inorganic salts

Inorganic salts, including nitrate (NO3), phosphate (PO4), chloride (Cl) and bromide (Br), can be present in highway runoff. Cl and, to a lesser extent, Br concentrations in highway runoff are generally high during winter and spring months due to winter de-icing activities, but Cl concentrations can also persist into and during the summer months, due to lower precipitation rates and increased evaporation and evapotranspiration. As Cl and Br are conservative ions, they can infiltrate into soils and groundwater (Marsalek, 2003; Thunqvist, 2004). This can potentially affect drinking water supplies and biodiversity.  
2.4 Hydrocarbons
Hydrocarbons are associated with products used in road construction and the incomplete combustion of oils and fuels. They are the biggest group of organic pollutants present in highway runoff. Herbicides, used to control the growth of weeds on highways, are also a source of hydrocarbons. Tyre debris is a major source of benzothiazolamines in highway runoff (Kumata et al, 2002). The main types of hydrocarbons are oil and grease (aliphatic hydrocarbons), aromatic hydrocarbons and PAHs, such as fluorathene and pyrene. PAHs are of particular concern as they are toxic to fresh water organisms (Bruen et al., 2006). Hydrocarbons attach to TSS (Lee et al., 2005; Aryal et al., 2005) and hydrocarbon-enriched TSS is mainly present in the early stages of runoff (Shinya et al., 2000). 

3. Removal mechanisms

3.1 Removal mechanisms for TSS

TSS are removed by settlement. Common removal mechanisms for TSS are sedimentation tanks or ponds (Aldheimer and Bennerstedt, 2003), CWs (Bulc and Sajn Slak, 2003) or filter strips (Bäckström, 2003; Ziegler et al., 2006). In a 130 m3-capacity sedimentation tank receiving influent water from a catchment area of 1.1 ha, Aldheimer and Bennerstedt (2003) measured median sedimentation removals of 84%. Bäckström (2003) reported TSS removals of approximately 50% when a 110 m-long filter strip was used to treat highway runoff with an influent TSS concentration of greater than 100 mg L-1, but performed poorly at lower TSS concentrations. 
For efficient operation, CWs need to be preceded by a sedimentation pond. This protects the CW against heavier sediments and reduces the possibility of clogging. Bulc and Sajn Slak (2003) used an 85 m2 free-water surface (FWS) CW, preceded by an 8.6 m2 sedimentation pond, and an oil, grease and silt trap to treat highway runoff from a catchment area of 0.75 ha and measured average TSS removals of 69%. Settleable solids reduced from 0.5 mg L-1 at the inlet to 0.03 mg L-1 at the outlet. Shutes et al. (2001) compared the TSS removal efficiencies of a CW, preceded by an oil trap, silt trap, grass filter, and settling pond, during dry weather conditions - defined as the conditions where negligible rainfall occurred during the 48 hours prior to monitoring - and following two storm events. During dry weather conditions, the CW effectively functioned as a horizontal subsurface-flow CW (HSSF CW) and, during storm events, overland flow occurred. Average TSS removals following the two storms were 40.3% and 75%, but during dry weather conditions, deposited sediment was easily entrained and removals were -75.8%.
3.2 Removal mechanisms for metals

In CWs, heavy metals are removed by physical (settling and sedimentation), chemical (cation exchange and adsorption, oxidation and hydrolysis, precipitation and co-precipitation) and biological processes (Nu Hoai et al., 1998). 
3.2.1 Settling and sedimentation

The settling efficiency of a CW is a function of the length of the wetland and the particle size. Smaller particles are associated with elevated concentrations of heavy metals (Zanders, 2005). As smaller particles have low settling velocities, they may be easily transported through a treatment system (Zanders, 2005). Consequently, the success of a treatment system relies largely on its ability to trap sediment. Table 2 illustrates the relationship between metal concentration and particle size in highway runoff. Some metals, such as Cu and Zn, are bimodal in their size distributions i.e., they are dissolved (<10kDa) or are associated with particles >5µm in size (Tuccillo, 2005; Table 2). Zanders (2005) characterised the metal concentrations in a larger particle size range than Tuccillo (2006) and found that Zn and Cu concentrations were higher for particle sizes below 250 µm compared with larger particle sizes (Table 2). Similar results were found by Sansalone and Buchberger (1997; Table 2). In addition, the amounts of metal associated with sediment is dependent on the soil type and is region-specific (Tuccillo, 2005). 
3.2.2 Cation exchange and adsorption
Heavy metals are adsorbed by either cation exchange or adsorption. In cation exchange, positively-charged metal ions in solution bond to negatively-charged sites on the adsorption material. The cation exchange capacity (CEC) of a material is a measure of the number of bonding sites per mass of the material. Adsorption is the binding of particles or dissolved substances to sites and represents a stronger and more permanent form of bonding than cation exchange. Pb and Cu are most strongly adsorbed and the absorbency varies with pH (Machemer and Wildeman, 1992). 

In CWs, heavy metals are removed by the vegetation, water and substrate. As reeds contain large amounts of lignin and cellulose (Lensssen et al., 1999), they can adsorb heavy metal ions from solution (Srivastava et al., 1994). Consequently, CW vegetation plays a critical role in contaminant removal. Southichak et al. (2006) examined the relationship between solution pH and the metal absorbency of Phragmites australis. In the experiment, 0.05g of reed biomass was mixed with 50ml of solution (initial heavy metal concentrations:  Pb, 0.84 mg L-1; Zn, 0.73 mg L-1; Cd, 0.54 mg L-1; Cu, 0.57 mg L-1; Ni, 0.62 mg L-1) for a 3 hour duration. For all metals (with the exception of Pb), an elevated solution pH increased the absorbency of the plant. Maximum absorbency occurred at a neutral pH and, for Pb, at a pH of 4. In water, metals are removed by evaporation, dilution, decomposition, microbial oxidation, ion exchange, precipitation and adsorption. In the substrate, metals are removed by microbial oxidation, ion exchange, precipitation and adsorption. Studies show that Zn and Pb tend to be readily adsorbed to substrate (Table 3). 
The CEC of the aggregate and media are important parameters in determining CW performance (Austin, 2006). Zeolites - naturally occurring alumino-silicate minerals that can accommodate a wide variety of positively-charged ions or cations, including sodium (Na), potassium (K), calcium (Ca) and magnesium (Mg) - can provide additional stormwater treatment by replacing any toxic heavy metal cations in the runoff with other cations, such as Na, Ca or Mg (Pitcher et al., 2004). Pitcher et al. (2004) compared the metal removal efficiency of a natural zeolite (mordenite) and a synthetic zeolite (MAP) in the treatment of highway runoff. Samples of highway runoff were mixed with both zeolites in a shaker and the supernatant solutions were tested after 10 minutes. The synthetic zeolite demonstrated better heavy metal removal efficiency than the natural zeolite. Pb, Cu, Zn and Cd removals varying between 91.6 – 100% and 6-44% were attained by the synthetic and natural zeolites, respectively. The increased levels of Na and solution pH mean that their use in highway runoff may be questionable.   
3.2.3 Oxidation and hydrolysis

Fe, Al, and Mn form insoluble compounds by hydrolysis and/or oxidation. Fe removal is dependent on pH, oxidation-reduction potential and the presence of anions. The most important Fe removal mechanism is Fe-oxidation. This is followed by the precipitation of iron oxyhydroxide (Fe (OH) 3). This reaction is expressed by (Metcalf and Eddy, 2003):
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Fe3+ removal is achieved by raising the pH to 3.5 (Stark et al., 1994) and Al precipitates at pH 5 (Hedin et al., 1984). At low redox potentials and low pH, Mn is mainly present as Mn(II). In this form, it can be readily oxidised by bacteria to manganic hydroxide (Mn(OH3)). 
3.2.4 Precipitation and co-precipitation

Precipitation depends on the solubility product of the metal, pH of wetland waters, the concentration of metal ions and anions (Kadlec and Knight, 1996). Cu, Ni and Zn are co-precipitated in Fe oxides, whereas Fe, Ni, and Zn are co-precipitated in manganese oxides. Sulphate-reducing bacteria are implicated in the removal of metals from solution by the production of sulphide in anaerobic conditions. Metals are precipitated from solution as metal sulphides (Woulds and Ngwenya, 2004):
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(2) 
Woulds and Ngwenya (2004) examined the geochemical processes governing the performance of a CW treating acid mine drainage from a mining spoil heap. Measuring the Fe and sulphate concentrations in the pore water of soil cores taken at the inlet and outlet of the wetland, they found that, in samples collected at the wetland outlet, Fe and sulphate pore water maxima occurred at a depth of approximately 4.5 cm below the surface, before declining in step with sulphate. This suggested that sulphate reduction leads to precipitation of the Fe sulphide minerals. 
3.2.5 Biological processes

Some wetland plant species, such as Typha latifolia, have a high tolerance to heavy metals and do not accumulate these metals to toxic levels (Zhang et al., 2004). Other plants such as P. australis have acid and metal-type ecotypes that make them suitable for highway runoff treatment and acid mine drainage treatment (Ye et al., 2003). In a HSSF CW, Shutes et al. (2001) found that Zn had the highest ability to be accumulated in P. australis and T. latifolia, but Pb was low in plant roots, rhizomes and leaf tissues. Generally, metal uptake by vegetation decreases in the order of roots > leaves > rhizomes (Table 4).
3.3 Removal mechanisms for inorganic salts 

The main nitrogen (N) removal mechanism in CWs is nitrification and denitrification (Healy et al., 2007). Nitrifying bacteria oxidises ammonia (NH4) to NO3. NO3 is converted to nitrogen gas (N2) by denitrifying bacteria in the anoxic zones. Oxygen (O2), needed for nitrification, is supplied by diffusion from the atmosphere and by radial oxygen loss (ROL), i.e. the transfer of oxygen from the shoot to the rhizosphere. Plant uptake also aids in the removal of N. Other removal mechanisms include adsorption and volatilisation, but nitrification and denitrification are the main removal mechanisms. In CWs, removal efficiencies are very dependent on average hydraulic residence time (HRT) and water temperature (Kadlec, 1999). Research performed by Bachand and Horne (2000) show that water temperature and organic carbon (C) availability affect denitrification rates. Longer retention times also result in enhanced settlement of particulate organic N within the wetland. 
Unlike N, there is no gaseous loss in the removal of phosphorus (P) from a system. The only removal mechanism is through short-term or long-term storage. Uptake by biota, including bacteria, algae and duckweed (Lemma spp.), as well as macrophytes, provides an initial removal mechanism (Kadlec, 1997). However, this is only a short-term P storage as 35%-75 % of P stored is eventually released back into the water upon dieback of algae and microbes (White et al., 2000). Anaerobic conditions which exist at the soil/water interface may also cause the release of P back into the water column (Patrick and Khald, 1974). The only long-term P storage in the wetland is via peat accumulation and substrate fixation. The efficiency of long-term peat storage is a function of the loading rate and also depends on the amount of native Fe, Ca, Al, and organic matter in the substrate (Shatwell and Cordery, 1999).

3.4 Removal mechanisms for hydrocarbons
In CWs, microorganisms remove hydrocarbons by adsorption and assimilation (Schipper et al., 2007). These microorganisms are widely distributed in the soil, sediment and water. The addition of N and P-rich fertilisers has been shown to increase the rate at which hydrocarbons are degraded (Pratt et al., 1999). Machate et al. (1997) examined the removal of phenanthrene in a series of 5 cascading vertical subsurface flow CWs (VSF CWs). Each VSF CW was 2.3 m-wide and 2.5 m-long, and was filled with lava material with a grain size of 2 – 8 mm. An aqueous solution of phenanthrene, a non-ionic detergent and tap water was continuously applied to the surface of the first VSF CW at a rate of 3 L min-1. The number of PAH-degrading bacteria and the formation of 1-hydroxy-2-naphthoic acid (HNA) indicated that 98% of phenanthrene was removed within the first tank. Supplementary testing also indicated that adsorption onto humic substances, plant material, biofilm and filter media was also a major removal pathway, but was temperature-dependent; in the uppermost layer, phenanthrene concentrations were 35.4 µg kg-1 and 672 µg kg-1, respectively, at water ambient temperatures of 7oC and 1.5oC, respectively. 
4. Treatment methods

Treatment methods for highway runoff include storage/treatment facilities, such as CWs, detention ponds, or sedimentation tanks; stormwater infiltration facilities, such as soakaways, trenches, or basins; and filter strips and swales. These facilities are commonly referred to as SuDS – Sustainable Drainage Systems (Ellis et al., 2003). The performance of these systems should be judged against relevant EU directives, such as Council Directive, 75/440/EEC (EEC, 1975). Some relevant discharge parameters from this directive are tabulated in Table 5. In Ireland, oil interceptors, followed by silt traps, ponds, filter strips, swales and soakaways are the most common treatment methods employed (Bruen et al., 2006). While the focus of this paper is on the performance of CWs in the treatment of highway runoff, attention will also be given to alternative treatment methods, such as those mentioned above. It is not the intention of this paper to focus on systems for the treatment of urban runoff, which has a different land use pattern to highway runoff. Dissimilar to conventional wastewater treatment systems, systems designed for the treatment of highway runoff have variable influent loads and may sometimes have long periods with no inflow. Consequently, their performance is difficult to quantify over a single storm event (Revitt et al., 2004).  
4.1 Constructed wetlands

CWs are mainly used to treat municipal and industrial wastewater. Recently, considerable research has been conducted into their use in the treatment of urban runoff (Shutes et al., 1997; Scholes et al., 1998; Shutes et al., 2005; Lee and Scholz, 2006; Pankratz et al., 2007, amongst others). However, relatively few studies examine the use of CWs primarily designed for the treatment of highway runoff (Mungur et al., 1995; Shutes et al., 2001; Sriyaraj and Shutes, 2001; Aldheimer and Bennerstedt, 2003; Farrell and Scheckenberger, 2003; Revitt et al., 2004; Scholz, 2004). This paper will focus on the results from these studies. 
4.1.1 Free-water surface constructed wetland (FWS CW)

FWS CWs comprise shallow basins partially filled with substrate media that support emergent vegetation. The design of a FWS CW usually includes areas of open water as well as vegetated areas. Water flows through the FWS CW above the substrate media (Healy et al., 2007). The near-surface layer of water is aerobic, while the deeper waters and the substrate media are anaerobic (Healy et al., 2007). FWS CWs are usually densely vegetated and have water depths less than 0.4 m. 

4.1.2 Subsurface-flow constructed wetland (SSF CW)

SSF CWs are constructed using a porous material, such as gravel, as substrate for the growth of rooted wetland plants in addition to various microbes. SSF CWs are designed so that influent runoff flows horizontally or vertically through the substrate and below the ground surface (Healy et al., 2007). 
Flow is maintained either by a sloping bottom or an adjustable outlet structure that allows the water head to be lowered at the end of the bed. The adjustable outlet structure provides greater flexibility and is easier to control. SSF CWs usually have a bed depth of less than 0.6 m and flow depths can vary from 0.5-0.8 m (Healy et al., 2007).
SSF CWs can be classified into two basic flow systems: (1) HSSF CWs and (2) VSF CWs. Both types of system have similar contaminant removal mechanisms but different hydraulics. In HSSF CWs, water flows horizontally through the substrate and, therefore, should have no continuous free surface water. In VSF CWs, water moves vertically through the substrate. This maintains anaerobic conditions and provides a hydraulic head to encourage flow. 
4.1.3 The role of vegetation

Aquatic plants established in the CW influence the nutrient uptake, permeability and biochemical capacity of the filtering media (Shutes et al., 1999). The most popular types of plant are P. australis, Typha spp., rush (Juncus spp.) and bulrush (Scirpus spp.) (Scholz et al., 2002). P. australis has the ability to pass DO down through its leaf and stem structure into the rhizomes by ROL (Armstrong et al., 2006). The amount of oxygen released by the plant is relatively small and cannot compete with the wastewater load. For this reason anaerobic conditions usually predominate within a CW substrate (Healy et al., 2007). 
4.1.4 The role of soil

For highway runoff, a combination of organic clay-based soils, sands, gravels and crushed rock should be used for the substrate media in a SSF CW (Shutes et al., 1999; Ellis et al., 2003). For FWS CWs, an organic-rich soil is recommended (Ellis et al., 2003). These media types provide support for plants and surfaces for microbes to attach themselves to. They also provide reactive surfaces for complexing ions and other compounds. 
It is important to choose a suitable substrate media, as the right substrate will have an effect on the hydraulic conductivity and, therefore, the overall efficiency of the SSF CW. The hydraulic conductivity of a SSF CW should be high enough so that runoff passing through the system is allowed to flow freely through it (Ellis et al., 2003). Gravel provides the most suitable substrate for SSF CWs, as it provides adequate root growth support. It is important for CWs to have suitable rooting depths to prevent physical damage during storm flow conditions or during freezing. Sands and gravels with low capillarity may require irrigation if drying out of the roots is to be avoided in cases of low influent discharge. To prevent contamination of groundwater, it is recommended to use a high density polyethylene (HDPE) liner at the base of the CW (Healy et al., 2007). Impermeable layers such as these also help retain water during dry periods (Shutes et al., 1999)

4.1.5 Design

The performance of CWs treating highway runoff is a function of the wetland size, time of year, microbial activity, hydraulic retention time (HRT), type of inlet structure and flow patterns through the CW. In addition, factors such as local geology, current and future traffic loadings, cost and size of receiving water bodies need to be considered. Consequently, no definitive design exits for CWs treating highway runoff and their design tends to be site-specific. Other factors complicating the design of CWs are the episodic nature of the loading and the possibility of successive storm events. 
Before designing a CW for the treatment of highway runoff, the following factors need to be considered:

· Existing and future water quality objectives

· Diluting capacity of the receiving watercourse

· The design storm to be retained

· The HRT

Highway runoff must undergo some form of pre-treatment before it is allowed to enter a CW. Certain pollutants, such as oil and phytotoxic chemicals, can have a damaging effect on the performance of CWs. An integrated treatment system should include an oil separator and silt trap, spillage containment, settlement pond, CW, a final settlement tank and outfall (Shutes et al., 1999; Revitt et al., 2004). In addition, a period of 1-3 years should be allowed for the wetland to become established (Shutes et al., 1999). If insufficient time is allowed, the vegetation does not become established (Healy and Cawley, 2002). 
Ellis (1991) recommends that the surface area of the settlement pond should be 2-3% of the catchment area to achieve maximum pollutant removal. For best performance, Shutes et al. (1999) recommends a HSSF CW. Therefore, the following comments relate to this CW type. The design storm to be retained will determine the wetland size and volume. Ideally, the CW should be sized on the basis of a 10-year design storm (Shutes et al., 1999; Ellis et al., 2003). The CW should be designed so as storms with magnitudes greater than the design storm are diverted to a receiving watercourse. A HRT of 3-5 hours will normally reduce the coarser sediment, although a larger HRT of greater than 24 hours is needed for microbial and metal removal (Ellis et al., 2003). This design is advantageous as the ‘first flush’ in a storm event will have high pollutant concentrations (Lee et al., 2002). For SSF CWs, Shutes et al. (1999) and Ellis et al. (2003) recommend an width : length ratio of 1:1 to 1:5, a maximum bed slope of 1%, a substrate depth of 0.6 m and a substrate hydraulic conductivity of 10-3 to 10-2 m sec-1. Once the design storm and HRT have been decided, Darcy’s Law is used to size the SSF CW. In addition, hydraulic loading rates (HLRs) and flow velocities should not exceed 1 m3 m-2 d-1 and 0.5 m sec-1 (Shutes et al., 1999; Ellis et al., 2003). Where land availability is not limited or where there are sensitive receiving waters, a final settlement tank is recommended (Ellis et al., 2003). This should have a minimum capacity of 50m3 (Shutes et al., 1999).

4.1.6 Treatment efficiency

FWS CWs are commonly used for the treatment of highway runoff in Europe (Vynazal, 2005). As the main removal mechanism is sedimentation, CWs need to be preceded by sedimentation ponds (Bulc and Sajn Slak, 2003). Sriyaraj and Shutes (2001) investigated the performance of a 5.2 ha pond and wetland system receiving influent water from a highway and agricultural land. Prior to entering the system, the highway runoff was filtered through gravel and soil. Over the duration of a 5-month study (January to June), the system demonstrated good nutrient and metal removal capacity (Table 6). The influent sulphur concentration increased to a maximum value of 130 mg L-1 during the winter, due to de-icing activities, and was non-detectable during the summer. The main removal pathway for Cu and Zn was the emergent vegetation. Maximum Cu concentrations measured in the roots of the T. latifolia and Glyceria maxima were approximately 20 µg g-1 and 30 µg g-1, respectively, and Zn concentrations – also measured in the roots – were approximately 100 µg g-1 and 170 µg g-1, respectively. The main accumulation mechanism for Cd was the substrate, where maximum substrate concentrations of 44 µg g-1 were measured at the outlet. 
Farrell and Scheckenberger (2003) found that CWs with an elevated HRT do not have enhanced performance once a threshold HRT has been achieved. In a 5-year study, they compared the performance of two CW systems: a system comprising two CWs (Wetland 1 and Wetland 2) in series draining a highway and a CW (Wetland 3) draining a highway and residential area. Wetlands 1 and 2 drained an area of 5.84 ha, had a combined permanent pool and extended detention volume of 515 m3 ha-1, and their average inlet and outlet concentrations over the study duration are tabulated in Table 5. Wetland 3 had a cumulative drainage area of 23.07 ha and a permanent pool and extended detention volume of 92 m3 ha-1. The extended HRT in Wetlands 1 and 2 provided a higher removals of total Kjeldahl Nitrogen (TKN), faecal streptococci, and Escherichia coli, but both systems were comparable in biochemical oxygen demand (BOD), TSS, TP, Cu, Fe and Pb removals.    
Road gritting and salting activities during winter may have an adverse effect on metal removal in CWs and other treatment systems (Norrström, 2005). Sodium chloride (NaCl), commonly used as a de-icing salt (Howard and Maier, 2007), promotes metal leaching from metal-enriched CWs (Marsalek, 2003). Scholz (2004) applied gully pot effluent artificially contaminated with copper nitrate (Cu(NO3)2) and nickel nitrate (Ni(NO3)2) to pilot 83 cm-deep VFCWs planted with P. australis. The filters were operated in batch flow mode (loading rate not given) and had HRTs varying between 2 and 7 days. Of the heavy metals measured (Cu and Ni), Cu removals of greater than 97% were reported (Table 6). However, the addition of salt to the filters deteriorated their filtration performance, leading to leaching of Ni. Prior to road gritting and salting, Ni removals were between 93% and 94%, but reduced to between 48% and 53% after gritting. 
Bulc and Sajn Slak (2003) used an 85 m2 FWS CW, preceded by an 8.6 m2 sedimentation pond, and an oil, grease and silt trap to treat highway runoff from a catchment area of 0.75 ha. From summer to autumn, TSS was removed by 69%, and greater than 94% of the heavy metals (Cu, Zn, Cd, Ni, Pb and Fe) were removed (Table 6). As the metals were associated with the TSS, most of the treatment occurred in the sedimentation pond. In a similar set-up, Shutes et al. (2001) measured heavy metal uptakes varying between 7% for Pb and 87% for Ni, but noted that the heavy metal removal performance during storm events superseded the performance during dry weather conditions. Similar trends have been noted by other researchers (Scholes et al., 1998; Revitt et al., 2004; Table 7). Scholes et al. (1998) studied a 3-cell SSF CW with a total length of 250m and comprising 3 separate cells, each preceded by a control weir and settlement chamber. During dry weather conditions, with the exception of Pb and Cu, removals varied from 13% to 52%. During a storm event, with the exception of Ni (which had a removal of 17%), heavy metal removals varied from 79% to 100% (Table 7).  Revitt et al. (2004) studied two CWs treating highway runoff from a 13.5 km dual carriageway in England over a 33-month study period. Based on the analysis of grab samples, good removal efficiencies of Ni (73%), Cr (47%), and Zn (5%) were obtained during low flow events. Analysing corresponding inlet and outlet water samples, Revitt et al. (2004) also investigated the CW performance during five storm events. Consistent positive removals of Cd (85%), Cr (42%), NO3 (66%) and TSS (58%) were achieved but Ni (78%), Zn (66%) and SO4 (44%) removals showed variability, due to flush-out of solids, accumulated as a result of de-icing activities (Table 7). 
4.2 Detention/retention ponds 

Detention and retention ponds are basins designed to intercept storm water. Detention ponds are normally dry, whereas retention ponds are permanently wet. Both ponds can limit downstream scour and loss of aquatic habitat by reducing peak flow rate and energy of storm water discharges to receiving waters. Accumulated sediments in these ponds have a high heavy metal content (Clozel et al., 2006) and migration of pollutants may lead to groundwater contamination. However, sediments can become re-suspended if they are not removed between storm events. Lundberg et al. (1999) studied three retention ponds in Sweden and found that TSS and most of the metals were reduced in the ponds (Table 6). Starzec et al. (2005) investigated twenty-six detention ponds in Sweden and concluded that much of the sediment was transported through the ponds. This was due to lack of pre-treatment facilities, such as pre-settlement trenches. 
4.3 Sedimentation tanks

Sedimentation tanks – frequently including oil separators – are also used to treat highway runoff waters. Usually, they are used to pre-treat water prior to entering a CW (Bulc and Sajn Slak, 2003). They have a short HRT and, depending on the catchment area they serve, require de-sludging every 2 – 3 years. In a 7.5 month study of a 130 m3-capacity sedimentation tank used for the treatment of runoff from a 1.1 ha catchment, comprising a 0.45 ha bridge, a 0.56 ha parking lot and a 0.1 ha roof, Aldheimer and Bennerstedt (2003) reported median TSS and metal removals of 84% and 60-76%, respectively (Table 6).  

Lee et al. (2005) used a modified sedimentation tank, comprising inflow, up-flow filtration and outflow collector sections, to treat highway runoff from a catchment area of 140 m2 in Japan. The up-flow filtration system comprised 1-3 mm-diameter porous polypropylene (PPL) particles, packed at a density of 0.65 g cm-3. Through the processes of sedimentation, filtration and adsorption, the system achieved TSS, PAH and heavy metal removal efficiencies of greater than 60%, 40% and 60%, respectively (Table 6). However, by the end of the study period, the PPL particles were clogged. 

4.4 Infiltration systems

Infiltration systems include soakaways, infiltration trenches and infiltration basins. Treatment occurs through the processes of sedimentation, filtration and adsorption of surface runoff. Soakaways comprise a stone-filled basin, into which water enters. In infiltration trenches and basins, water is allowed to pond and gradually percolate through the soil surface. Soils in infiltration facilities are metal-rich (Dechesne et al., 2004) and this may lead to groundwater contamination problems when de-icing salts are applied to highways during winter (Norrström, 2005). De-icing salts can affect the efficiency of metal adsorption in these systems, as they form water-soluble complexes with metals and promote metal mobilization. Norrström (2005) used reconstituted soil from an infiltration trench in a laboratory column experiment. Two columns were alternatively loaded with 0.1 M NaCl and de-ionized water to simulate the application of de-icing salt and the subsequent occurrence of snowmelt/rainfall, respectively. In comparison to columns loaded with de-ionized water only, the NaCl-loaded columns produced elevated Fe, total organic carbon (TOC) and Pb concentrations. 
4.5 Filter strips and swales
Filter strips and swales are grassed channels over which highway runoff flows. Ideally, they should have a flow length ranging from 6-30m and have a low slope (New Jersey Dept. of Environmental Protection, 2003). Due to their variability in performance, they are recommended as a primary treatment mechanism (Bäckström, 2003). Their performance depends on the particle size and particle density, as well as the runoff volume. Deletic (2001) found that particles greater than 125 µm are easily trapped in grassed areas, but their trapping efficiency decreases when the particle size is below 6 µm. In a study on highway runoff, Zanders (2005) found that particles with sizes less than 125 µm had densities of less than 2200 kg m-3, which may affect the ability of filter strips and swales to entrap them. 
Han et al. (2005) used a 7.3 m-wide by 16.7 m-long grassed filter strip, inclined at a 4o slope and preceded by a 6 m3 settlement basin and a ‘level spreader’ to treat runoff from a catchment area of 3500 m2. Over two monitored rainfall events with mean runoff volumes of 46.8 and 163 m3, TSS removals of 89 and 90%, respectively, were measured.  Bäckström (2003) used a 110 m-long grassed swale to treat highway runoff but found that it performed poorly when the influent TSS was less than 40 mg L-1. In these conditions, the swale acted as a source of heavy metals – possibly due to the accumulation from previous runoff events. The performance improved when the influent TSS was greater than 100 mg L-1 or when it received snow and melt water. The good performance in the former case was mainly due to sedimentation, whereas in the latter case, it was due to the binding of particles to snow. 

Ziegler et al. (2006) used a 30m-long naturally occurring riparian buffer to treat runoff from a 165 m-long road in Thailand and found that TSS were reduced by 34-87% during monsoon rain events. They quantified the effectiveness of the buffer zone by conducting measurements with and without the buffer. Final TSS concentrations with and without the buffer ranged from 39-581 mg L-1 and 94-2302 mg L-1, respectively.  
5. Conclusion
The impact of highway runoff depends on factors such as the traffic volume, the antecedent wet/dry period, and the rainfall intensity. CWs are a suitable method for the treatment for highway runoff as the contaminant removal processes in CWs such as plant uptake, microbial action, sedimentation and filtration help to eradicate the main pollutants present in highway runoff such as TSS, organic matter, heavy metals as well as organic and inorganic salts. Although sedimentation is a critical removal process in highway runoff treatment, it is difficult to remove soluble forms of metals. For this reason, pre-treatment structures such as oil separators, silt traps and settlement ponds should be an integral part of CW systems.
Acknowledgements

The authors acknowledge the encouragement of the late Dr. John Mulqueen, NUI Galway.

References

Aldheimer, G.; Bennerstedt, K. Wat. Sci. Tech. 2003, 48(9), 113-121.  
Aryal, R.K.; Furumai, H.; Nakajima, F.; Moller, M. Wat. Res. 2005, 39, 5126-5134.

Armstrong, J.; Jones, R.E.; Armstrong, W.  New Phytol.2006, 172, 719-731.

Austin, D. Ecol. Eng. 2006, 28, 35-43.

Bachand, P.A.M.; A.J. Horne. Ecol. Eng. 2000, 14, 17-32.

Bäckström, M. Wat. Sci. Tech. 2003, 48 (9), 123-132.

Barrett, M.; Malina, J.J.; Charbeneau, R.; Ward, G. J. Env. Eng.1998, 124, 131-137.

Bruen, M.; Johnston, P.; Quinn, M.; Desta, M.; Higgins, N.; Bradley, C.; Burns, S. (2006). Impact assessment of highway drainage on surface water quality. Synthesis report. http://www.epa.ie/downloads/pubs/research/water/.  
Bulc, T.; Sajn Slak, A, Wat. Sci. Tech. 2003, 48 (2), 315-322.
Clozel, B.; Ruban, V.; Durand, C.; Conil, P. Appl. Geochem. 2006, 21, 1781-1798.
Councell, T.B.; Deckenfield, K.U.; Landa, E.R.; Callender, E. Env. Sci. Tech. 2004, 38, 4206-4214.

CSO. (2007). Vehicles licenced for the first time. Ref 79/2007. http://www.cso.ie/releasespublications/documents/transport/current/vehlicm.pdf. 
Dechesne, M.; Barraud, S.; Bardin, J.P. J. Cont. Hydrol. 2004, 72, 189-205.

Deletic, A. J. Hydrol. 2001, 248, 168 – 182.

Desta, M.B.; Bruen, M.; Higgins, N.; Johnston, P. J. Env. Monit. 2007, 9, 366-371.

EC (2000). http://ec.europa.eu/environment/water/water-framework/index_en.html 
EEC (1975). http://eur-lex.europa.eu/  
Ellis, J.B.; Revitt, D.M.; Harrop, D.O.; Beckwith, P.R. Sci. Tot. Environ. 1987, 59, 339-349.

Ellis, J.B. Procedures of the 3rd standing conference on stormwater science control; Coventry Polytechnic: Coventry, UK, 1991. 

Ellis, J.B.; Shutes, R.B.E.; Revitt, M.D. Constructed wetlands and links with sustainable drainage systems; R&D technical report P2-159/TR1; EPA: Bristol, UK, 2003; pp. 41-56.
Farrell, A.C.; Scheckenberger, R.B. Wat. Qual. Res. J. Canada. 2003, 38, 283-315. 

Furumai, H.; Balmer, H.; Boller, M. Wat. Sci. Tech. 2002, 46 (11-12), 413-418.

Hallberg, M.; Renman, G.; Lundbom, T. Air Soil Poll. 2007, 181, 183-191.
Han, J.; Wu, J.S.; Allan, C. J. Env. Sci. Heal. 2005, 40, 1637-1649.

Healy, M.G.; Cawley, A.M. J. Env. Qual. 2002, 17, 1739-1747.
Healy, M.G.; Rodgers, M.; Mulqueen, J. Biores. Tech. 2007, 98, 2268-2281.
Hedin, R.S.; Nairn, R.W.; Kleinmann, R.L.P. The passive treatment of coal mine drainage; US Bureau of Mines, 1994. 

Howard, K.W.F.; Maier, H. J. Contamin. Hydrol. 2007, 91, 146-170.

Kadlec, R.H., Knight, R.L., 1996. Treatment wetlands. Boca Raton, Lewis. 

Kadlec, R.H. Ecol. Eng. 1997, 8, 145-172.

Kadlec, R.H. Wat. Sci. Tech. 1999, 40, 37-44.

Kumata, H.; Yamada, J.; Masuda, K.; Takada, H.; Sato, Y.; Sakurai, T.; Fujiwara, K. Env. Sci. Tech. 2002, 36, 702-708.
Lee, J.; Bang, K.; Ketchum, L.; Choe, J.; Yu, M. Sci. Tot. Environ. 2002, 293, 163-175.
Lee, B.C.; Matsui, S.; Shimizu, Y.; Matsuda, T.; Tanaka, Y. Wat. Sci Tech. 2005, 52(12), 225-232.

Lee, B.H.; Scholz, M. Wat. Res. 2006, 40, 3367-3374.

Lenssen, J.; Menting, F.; van der Putten, W.C. Aquat. Bot. 1999, 64, 151-165.

Li, Y.; Lau, S.-L.; Kayhanian, M.; Stenstrom, M.K. Wat. Sci Tech. 2006, 54 (11-12), 21-27.

Lundberg, K.; Carling, M.; Lindmark, P. Sci Tot. Environ. 1999, 235, 363-365.
Machate, T.; Noll, H.; Behrens, H.; Kettrup, A. Wat. Res. 1997, 31, 554-560.

Machemer, S.D.; Wildeman, T.R. J. Cont. Hydrol. 1992, 9, 111 – 131. 

Marsalek, J. Wat. Sci. Tech. 2003, 48(9), 61-70.
Metcalf and Eddy. Wastewater engineering: treatment, disposal and reuse (4th ed.); McGraw-Hill: Boston, MA, 2003; pp. 517.
Mungur, A.S.; Shutes, R.B.E.; Revitt, D.M.; House, M.A. Wat. Sci. Tech. 1995. 32(3), 169-175.

Murakami, M.; Nakajima, F.; Furumai, H.; Tomiyasu, B.; Owari, M. Chem. 2007, 67, 2000-2010.

New Jersey Department of Environmental Protection. (2004). http://www.njstormwater.org/tier_A/pdf/NJ_SWBMP_9.10.pdf.
Norrström, A.C. Appl. Geochem. 2005, 20, 1907-1919.

Nu Hoai, V.N.; Farrah, H.E.; Lawrance, G.A.; Orr, G.L. Sci. Tot. Environ.  1998, 214, 221-237.

Pagotto, C.; Legret, M.; Le Cloirec, P. Wat. Res. 2000, 34, 4446-4454.

Pankratz, S.; Young, T.; Cuevas-Arellano, H.; Kumar, R.; Ambrose, R.F.; Suffet, I.H. Wat. Sci Tech. 2007, 5(3), 63-69.

Patrick, W.H.; Khald, R.A. Sci. 1974, 186, 53-55.

Peverly, J.H.; Surface, J.M.; Wang, T. Ecol. Eng. 1995, 5, 211-35.
Pitcher, S.K.; Slade, R.C.T.; Ward, N.I. Sci. Tot. Environ. 2004, 334-335, 161-166.
Pontier, H.; Williams, J.B.; May, E. Wat. Sci. Tech. 2003, 48(5), 291-298.

Pratt, C.J.; Newman, A.P.; Bond, P.C. Wat. Sci. Tech. 1999, 39(2), 103-109.
Revitt, D.M.; Shutes, R.B.E.; Jones, R.H.; Forshaw, M.; Winter, B. Sci. Tot. Environ. 2004, 334-335, 261-270.

Revitt, D.M. Iss. Environ. Sci. 2004, 20, 81-109.
Sansalone, J.J.; Buchberger, S.G. Wat. Sci. Tech. 1997. 36(8-9), 155-160.

Schipper, P.N.M.; Comans, R.N.J.; Dijkstra, J.J.; Vergouwen, L. Wat. Sci. Tech. 2007, 55(3), 87-96.

Scholes, L.; Shutes, R.B.E.; Revitt, D.M.; Forshaw, M.; Purchase, D. Sci. Tot. Environ. 1998, 214, 211 – 219. 

Scholz, M. J. Chem. Technol. Biotechnol. 2004, 79, 153-162.
Scholz, M. Wetland systems to Control Urban Runoff; Elsevier: Amsterdam, The Netherlands.  

Scholz, M.; Höhn, P.; Minall, R. Biotech. Prog. 2002, 18, 1257-1264. 

Shatwell, T.; Cordery, I. Nutrient storage in urban wetlands; Publ. 259; IAHS: Wallingford, UK, 1999, pp. 339-347. 
Shinya, M.; Tsuchinaga, T.; Kitano, M.; Yamada, Y.; Ishikawa, M. Wat. Sci. Tech. 2000, 42(7-8), 201-208.

Shutes, R.B.E.; Revitt, D.M.; Mungur, A.; Scholes, L. Wat. Qual. Int. 1997, 3, 35-38.
Shutes, R.B.E.; Revitt, D.M.; Lagerberg, I.M.; Barraud, V.C.E. Sci. Tot. Environ. 1999, 235, 189-197.

Shutes, R.B.E.; Revitt, D.M.; Scholes, L.N.L.; Forshaw, M.; Winter B. Wat. Sci. Tech. 2001, 44(11-12), 571-578.
Shutes, R.B.E.; Revitt, D.M.; Scholes, L.N. Wat. Sci. Tech. 2005, 51(9), 31-37.

Southichak, B.; Nakano, K.; Nomura, M.; Chiba, N.; Nishimura, O. Wat. Res. 2006, 40, 2295-2302. 
Srivastava, S.K.; Singh, A.K.; Sharma, A. Env. Sci. Tech. 1994, 15, 353-361.

Sriyaraj, K.; Shutes, R.B.E. Env. Int. 2001, 26, 433-439.
Stark, L.R.; Williams, F.M.; Stevens, S.E.; Eddy, D.P. Proceedings of III International conference on the abatement of acidic drainage; SP 06A-94; Bureau of Mines: Pittsburgh, PA, 1994, pp. 89-98. 

Starzec, P.; Lind, B.B.; Lanngren, A.; Lindgren, A.; Svenson, T. Wat. Air Soil Poll. 2005, 163, 153-167.

Swedish Environmental Protection Agency. Annual report;1991; pp. 32. 
Thunqvist, E-L. Sci.  Tot. Environ. 2004, 325, 29-37.

Tuccillo, M.E. Sci. Tot. Environ. 2006, 355, 288-300.
Vymazal, J. Ecol. Eng. 2005, 25, 478-490.
Westerlund, C.; Viklander, M. Sci. Tot. Environ. 2006, 362, 143-156.

White, J.S.; Bayley, S.E.; Curtis, P.J. Ecol. Eng. 2000, 14, 127-138.

Woulds, C.; Ngwenya, B.T. Appl. Geochem. 2004, 19, 1773 – 1783. 

Yang, B.; Lan, C.Y.; Yang, C.S.; Liao, W.B.; Chang, H.; Shu, W.S. Env. Poll. 2006, 143, 499-512.

Ye, Z.H.; Baker, A.J.M.; Wong, M.H.; Willis, A.J. Chem. 2003, 50, 795-800.

Zanders, J.M. Sci. Tot. Environ. 1998, 339, 41-47.

Zhang, Y-W; Tam, N.F.Y.; Wong, Y.S. Pl. Sci. 2004, 167, 869-877.

Ziegler, A.D.; Negishi, J.; Sidle, R.C.; Preechapanya, P.; Sutherland, R.A.; Giambelluca, T.W.; Jaiaree, S. J. Env. Qual. 2006, 35, 151-162.
Table 1. Highway runoff concentrations in Ireland measured from December, 2003 to August, 2005 (adapted from Desta et al., 2007)

_____________________________________________________________________________________________________________________

Location




















Kildare bypass


Monasterevin bypass


Maynooth bypass


Maynooth bypass
Drainage area (m2)















14184






9760










1100









9600

Drainage system
















Kerb and gully


Filter drain







Over-the-edge




Filter drain

Average concentrations

Units

TSS











mg L-1







762








49











194










74

Total Cu









mg L-1







0.12







ND











0.03









0.04

Total Pb









mg L-1







0.14







ND











ND










ND
Total Zn









mg L-1







0.66







0.07










0.12









0.15

Naphthalene







µg L-1







0.30







0.21










ND










2.28

Acenaphthylene





µg L-1







0.02







0.18










ND










0.31

Acenaphtene







µg L-1







0.06







ND











ND










1.35

Fluorene









µg L-1







0.06







ND











ND










2.04

Phenanthrene






µg L-1







1.73







0.41










ND










5.43

Anthracene








µg L-1







0.36







0.14










ND










3.77

Fluoranthene







µg L-1







2.42







0.12










ND










0.81

Pyrene










µg L-1







1.70







0.17










ND










0.93

Benzo[a]anthracene



µg L-1







0.97







0.13










ND










1.10

Chrysene









µg L-1







1.31







0.38










ND










1.15

Benzo[b] + Benzo[k]

fluoranthene







µg L-1







0.81







0.08










ND










0.58

Benzo[a]pyrene





µg L-1







0.53







ND











ND










0.74

Indeno-1,2,3-[cd]pyrene

µg L-1







0.27







0.06










ND










0.42

Dibenzo[ah]anthracene

µg L-1







0.15







0.11










ND










0.26

Benzo[ghi]perylene



µg L-1







0.29







0.07










ND










0.60


_____________________________________________________________________________________________________________________


ND – not detected. 

Table 2. Relationship between heavy metal concentration and particle size in highway surface runoff.
_________________________________________________________________________________________________________________________________
















































Chemical parameter
Reference






Location




Units of 

Particle size range



Cu



Zn




Pb




Fe

Al


Si





Cd




















analyses
Sansalone and 



USA






µg g-1



25 µm – 45 µm




304-691

851-2691

208-541















15-19
Buchberger, 1997

















45 µm – 150 µm




277-612

752-2519

203-712















13-18


























150 µm - 850 µm



38-663

199-886


33-212















8-12




























850 µm - 9500 µm



7-66


14-280


6-225
















7-66
Tuccillo, 2006




USA






%





<10kDa








<1-40


50-79



ND-22

ND-0

9-65

32-37



























10kDa-0.45 µm




0-11


0-4




ND



1-2


0-<8

0


























0.45 µm - 5 µm




0




0-3




ND



10-14

16-18

20-23


























> 5 µm








35-49


43-63



ND



84-88

73-76

45-58
Zanders, 2005




New Zealand


µg g-1



<250 µm







181-212

1073-2080
251-334


























250 µm -500 µm




85



507




193


























500 µm – 1000 µm 


26



268




323


























1000 µm – 2000 µm 


21



226




36
_________________________________________________________________________________________________________________________________

ND – not detected. 
Table 3. Binding of heavy metals to substrate.

______________________________________________________________________________
Reference










Treatment 



Heavy metal concentration

















mechanism



Cd



Cu



Pb




Zn




Ni


























_________________ µg g-1 _________________
Mungur et al., 19951





Natural wetland





373



929




583







Scholes et al., 1998





FWS CW



3-10


17-178

38-332


21-830


23-187

















FWS CW



3-9



25-122

41-350


39-675


17-147

Sriyaraj and Shutes, 20011


Pond






12



10



27




40





Unpolluted sediments

Kadlec and Knight, 1996


FWS CW



0.1-2


4-20


4-40



23-50


2-23






Guideline values

Swedish EPA, 1991



Low




















0.2-0.7

10-25

5-30



70-175





Moderate/high















0.7-2


25-50

30-100


175-300




High




















2-5



50-150

100-400

300-1000


1 Average concentration.
Table 4. Removal pathways in CW vegetation.

_________________________________________________________________________________________________________________________________

Reference















Plant type







































































Phragmites australis










Typha latifolia












Glyceria maxima




















__________________________________ % of total metal uptake by plant __________________________________




















Zn

Pb

Ni

Cu

Cr

Cd



Zn

Pb

Ni

Cu

Cr

Cd


Zn

Pb

Ni

Cu

Cr

Cd

Peverly et al., 1995



Leaves



17

4





9





14

















Rhizome


16

4





15




21


















Root




67

92




76




64





Scholes et al., 1998



Leaves



14

6


ND

9


10

16



6


5


9


6


7


3


(new figs – mention to editor)













Rhizome


13

4


ND

36

29

13



52

20

38

13

18

18
















Root




73

90

ND

55

61

71



42

75

53

81

75

79



Sriyaraj and Shutes, 20011
Leaves























20

15




15




9



28

6





26




3













Rhizome






















27

20




20




9



28

29




26




6













Root
























53

65




65




82


44

65




48




91

Yang et al., 20061




Leaves



13

13















25

14

















Rhizome


34

17















40

43















Root




53

70















35

43


___________________________________________________________________________________________________________

1
Values estimated from reference source. 
Table 5. Extract from EC directive EEC/440/EEC (EEC, 1975) concerning the quality required of surface water for the abstraction of drinking water. 

_________________________________________________________________________________________________________________________________

































A11













A21












A31
































G
2




I2








G





I







G





I

Parameter


















unit

Total suspended solids












mg L-1





25

Nitrates (NO3)
















mg L-1





25




50













50












50

Dissolved iron
















mg L-1





0.1




0.3







1





2







1

Manganese 

















mg L-1





0.05












0.1












1

Copper



















mg L-1





0.02



0.05






0.05











1

Zinc




















mg L-1





0.5




3








1





5







1





5

Nickel



















mg L-1
Cadmium


















mg L-1





0.001



0.005






0.001



0.005





0.001



0.005

Total chromium















mg L-1











0.05












0.05











0.05

Lead




















mg L-1











0.05












0.05











0.05
Sulphates


















mg L-1





150




250







150




250






150




250

Chlorides


















mg L-1





200













200












200

Phosphates
 (P2O5)













mg L-1





0.4













0.7












0.7

Dissolved or emulsified hydrocarbons





mg L-1











0.05












0.2






0.5




1

Polycyclic aromatic hydrocarbons






mg L-1











0.002












0.0002










0.001

Total pesticides 















mg L-1











0.001












0.0025










0.005
_________________________________________________________________________________________________________________________________

1 Categories:  A1 – Simple physical treatment and disinfection; A2 – Normal physical treatment, chemical treatment and disinfection; A3 – Intensive physical and chemical treatment, extended treatment and disinfection. 
2 G = guide; I = mandatory. 
Table 6. Performance of facilities for the treatment of highway runoff. Values quoted are concentration ranges and average values. 
________________________________________________________________________________________________________________________________________________

Reference





Location

Treatment


Inlet




























Outlet
















mechanism


______________________________________________ µg L-1 __________________________________________________























Cl



Cd


Cu



Pb


Zn



TSS





Cl


Cd


Cu


Pb


Zn

TSS
 
Aldheimer and 



Norway

Sedimentation





0.6


155



72


970



710,000







0.3


50


14


295

76,000

Bennerstedt, 20031






pond

Bulc and Sajn Slak,

Slovenia

Sedimentation





30


230



170


500



42,000








<10


5



<10


3


11,000


2003












pond/FWS CW

Farrell and 





Canada

FWS CW











1.9-228

1.5-60.3
20-311


5000-












1.8-


0.8-


3-


7,000

Scheckenberger, 2003



































15,500












24


19.2


409

185,000

Lee et al., 20052



Japan


Modified 







0.1


22



3.3


180



9,000








0.01


5.4


0.4


42.8

700















sedimentation 
















pond

Lundberg et al., 1999
Sweden

Wet detention

111,000

0.36


17



9



167



46,000




141,000
0.23


7



3.1


27

10,000

















ponds




49,000


0.16


8




6.2


24



80,000




50,000

0.12


7.4


5.4


27

80,000
























27,000


0.17


22



6.6


446



20,000




158,000
0.08


12


4.5


124

6,000
Scholz, 2004




UK



VFCW3












1,037











324,600











ND-31








139,578 - 







































































262,926
















VFCW4












1,027











9,561,700










ND-21








2,007,957-







































































3,633,446
Sriyaraj and Shutes, 

UK



Pond




144-320

0.5-0.6

1.4-2.4


3.3-5.7

1.7-8.4









66-177

0.5-1.7

0.05-0.9
3.7-4.9

1.2-1.9



________________________________________________________________________________________________________________________________________________

1
Median values reported.
2
Values quoted are for average initial runoff concentrations in eight storm events.

3  Pre-road gritting and salting.
4  Post road gritting and salting.

Table 7. Treatment efficiency (in terms of inlet and outlet pollutant loadings) of CWs in dry weather conditions versus storm weather conditions.

_________________________________________________________________________________________________________________________________
Reference







Wetland type














Dry weather conditions









Wet weather conditions




































Zn

Cd

Pb

Cu

Ni

Cr




Zn

Cd

Pb

Cu

Ni

Cr

Revitt et al., 2004



SSF CW




Inlet conc. (µg L-1)

























% removal






5


0


0


4


73

47




66

85

9


-40

78

42


Scholes et al., 1998


FWS CW




Inlet
 conc. (µg L-1)


65

3


8


11

70

4





632

10

32

35

31

5
























% removal






13

53

-180
-171
52

43




100

100

79

92

17

99

Shutes et al., 2001



SSF CW




Inlet conc. (µg L-1)


























% removal






12

24

-9


-16

66

50




60

99

98

-88

85

24

_________________________________________________________________________________________________________________________________

� Corresponding author. Tel: 353 91 495364; Fax: 353 91 494507; e-mail: mark.healy@nuigalway.ie
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