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Introduction

Urban runoff is contaminated by a number of micropollutants, including trace metals (TM), polycyclic aromatic hyrdocarbons (PAH) and various endocrine disruptors (bisphenol-A or BPA, alkylphenols or AP, phtalates or PAE) (Zgheib et al., 2012). Managing this pollution is important to protecting ecosystems and, when stormwater reuse is intended, human health.

Biofiltration (also referred to as bioretention), wherein runoff water is filtered through a planted filter medium and either drained or exfiltrated into the surrounding soil (Liu et al., 2014), may be useful for managing these pollutant loads close to the source in sponge cities. Numerous studies have demonstrated the potential of this technique for treating traditional pollutants such as total suspended solids (TSS), nutrients and TM. In addition, two previous studies have shown biofiltration to effectively retain PAH from urban stormwater (David et al., 2015;DiBlasi et al., 2009). However, relatively few studies have distinguished the dissolved phase of pollutants (LeFevre et al., 2014) and no previous studies have studied the treatment of BPA, AP and PAE in situ.

The present work focuses on lessons learned from the monitoring of a wide range of micropollutants (TM, PAH, BPA, AP, PAE) in a biofiltration swale (BFS) treating runoff from a suburban highway.

Materials and Methods

Study site

The study site includes a biofiltration swale (BFS), which drains water from the RD 212, a suburban highway with 11,000 vehicles/day/direction traffic located in Compans, France in the Paris region. The system is both drained and lined and was constructed in March 2016. Water is collected from a drain beneath the filter media (a sandy loam) of this device at a depth of 50 cm. Water quality is compared to that of untreated road runoff (RR) collected from a reference catchment on the same road and with identical traffic, located 68 m from the BFS catchment (Fig. 1). Flow is measured in the BFS drain and RR manhole using tipping bucket flow meters; overflow from the BFS is measured using a V-notch weir. 

Sampling and analysis

Water was collected at each point in proportion to water flow in order to achieve an event mean concentration (EMC). 15 rain events were sampled between May 2016 (two months after the construction of the BFS) and July 2017. While simultaneous sampling of all points was attempted, due to technical difficulties, not all data is paired. Samples were collected within 24h of each rain event and sent to partner laboratories within 24h of collection where they were immediately filtered to distinguish between dissolved and particulate phases. They were analyzed for pH, conductivity, turbidity, suspended solids (TSS), organic carbon, nutrients, 12 trace metals, 9 major elements, total hydrocarbons (TPH), 19 PAH, BPA, 7 AP and 5 PAE. Results for all pollutants have been discussed thoroughly elsewhere (Flanagan et al., submitted); results for a selection of pollutants are presented here.

In addition, seven composite filter media cores were sampled in the BFS from zones with homogeneous Cu, Pb and Zn surface contaminations, as determined from a cartography produced by soil contamination at 90 points using X-ray fluorescence spectrometry.

Computational methods

Treatment efficiency is considered in terms of concentration reduction (E c ) in BFS compared to RR for each sampled event. In addition, inlet and outlet loads were evaluated at the annual scale using a stochastic approach for a selection of pollutants, as was the evolution in the mass stored in the filter medium over the same period (Flanagan, 2018). This enabled evaluation of annual load reductions in the BFS (E L ) as well as a comparison of intercepted pollutant mass with the mass accumulated in the filter media.

Results

Road runoff quality

Road runoff from the Compans site was found to be quite polluted, with concentration levels (Table 1) situated in the upper range of those previously reported in the scientific literature (Kayhanian et al., 2012). Many pollutants, including TM and PAH, were very particulate, with over 90% found to be associated with the particulate phase.

Treatment efficiency

This study demonstrated the ability of biofiltration to improve runoff quality with respect to micropollutants. The BFS very effectively retained total suspended solids (TSS) for most events (median concentration reduction E C50 >90%, Table 1); as many micropollutants were mainly associated with TSS in RR, this resulted in excellent removals of Zn and PAHs (E C50 >90%) and good removals of Cu, and octylphenol (E C50 >70%). BPA and nonylphenol were moderately well removed (E C50 56-57%), while performance for DEHP was poor (8%). During a winter period when deicing salt was frequently applied, high TSS concentrations were observed at the outlet of the BFS. Particle characterization demonstrated that poor filtration of RR particles rather than soil particle dispersion and erosion was responsible for this phenomenon. This was due to an exceptional abundance of fine (<10µm) TSS particles in RR during this period, combined with filter media cracking. Performance in the dissolved phase tended to be lower, with the highest E c50 observed for octylphenol (59%); dissolved concentration increases were observed for some pollutants (for example, DEHP for which E c50 =-202%).

For Cu and Zn, observed dissolved concentrations frequently exceeded those expected at equilibrium with the filter media, indicating that performance may be limited by the chemical speciation of dissolved metals. For organic pollutants, observed dissolved concentrations were compatible with or sometimes below those expected at equilibrium with the filter media. In the cases of BPA, octylphenol, nonylphenol and DEHP, the mass accumulated in the filter media over the first year of operation significantly exceeded that intercepted from runoff (Figure 3). Batch leaching tests demonstrated that construction materials (asphalt, geomembrane, drain, drain filter fabric) were potential sources of all of these pollutants. These emissions are likely responsible for elevated outlet concentrations of these pollutants during the first months of operation and contamination of the filter media, limiting its ability to sorb dissolved fractions of these contaminants.

Finally, annual load reductions in this study were lower than the total E C50 for most pollutants. This was mainly due to frequent overflow, which accounted for about 38% (34-40%, 95% confidence interval) of water volume, while only about 20% of water volume was retained in the biofilter and lost to evapotranspiration. One exception to this was DEHP, which had very poor total concentration removal (E c50 =8%), most likely due to dissolved-phase emissions from construction materials. In this case, the annual load reduction was higher than E c50 , mainly due to water volume reduction. 

Discussion and practical implications

Several practical implications and operational lessons can be taken from these results.

First, as biofiltration is generally effective at particle capture, it is particularly well adapted for treating water from catchments producing high TSS concentrations and thus highly particulate micropollutants. This was the case for the road studied in the present study (median TSS in RR = 291 mg/L) and is likely to be the case for other roads with significant traffic. Concentration reductions in biofilters are likely to be lower in catchments producing less particulate matter (for example, rooftops).

Particle capture was shown to be reduced when particle sizes were smaller, a phenomenon observed in the present study only during winter. Smaller particle sizes in road runoff have also been observed in winter in previous studies (Hilliges et al., 2017;Monrabal-Martinez et al., 2016). Whether this is an effect of deicing salt application, temperature or another factor, it indicates that biofiltration performance may vary seasonally, although further research is required to prove this effect.

Filter media cracking was also seen to reduce filtration efficiency in the present study. Limiting clay content in filter media may reduce the formation of such cracks.

With respect to the dissolved phase of pollutants, the present study demonstrates two different cases where concentration reduction may be difficult to achieve. One such case occurs when chemical speciation (complexation or association with colloidal particles) limits pollutant reactivity, as appears to be the case for Cu and Zn in the present study. Another is when filter media contamination is on the order of that expected at equilibrium with dissolved concentrations in RR, demonstrating the importance of selecting a filter media which is relatively uncontaminated with respect to the pollutants to be treated. On the other hand, achieving dissolved concentrations below those expected at equilibrium with typical soil concentrations in a given region may not be a realistic objective; when dissolved concentrations in runoff are close to this level, concentration reductions are likely to be limited. In this case, loads of dissolved pollutants may be reduced most effectively by optimizing volume reduction in the system.

The study also demonstrated that biofiltration construction materials may be significant sources of organic micropollutants, leading to both degraded water quality improvement performance and filter media contamination. As such, when treatment of organic micropollutants which are ubiquitous in synthetic materials (such as AP and PAE) is an objective, the authors strongly recommend avoiding the use of synthetic materials in system design wherever possible. When these materials are absolutely necessary, the least polluting materials should be selected. Regulatory bodies could facilitate this selection by developing of standard protocols for considering pollutant emissions and by establishing archives of pollutant emission data from various types of materials.

Finally, the excessive overflow observed in the present study, leading to lower annual load reductions compared to concentration reductions highlights the importance of good hydraulic and hydrologic design. In the case of linear devices located beside even slightly sloped roadways, overflow may be minimized by separating the system into sections using check dams. System design may also be improved by using long-term, continuous simulations with a simple hydrologic model to select a configuration for which a desired proportion of water will be treated.

Conclusions

In order to consider the performance of biofiltration for treating road runoff as well as the processes responsible for this performance, a large range of micropollutants (TM, PAHs, BPA, AP, PAE) were monitored in water drained from a biofiltration swale treating road runoff and in untreated road runoff in both the total and dissolved phases. This work demonstrated excellent concentration reductions of particles and highly particulate pollutants. Performance was more limited for the dissolved phase of pollutants and for total concentrations of less particulate pollutants.

A number of operational lessons were drawn from this experience. In particular, biofiltration appears to be particularly well adapted to reducing concentrations from catchments producing large amounts of particles, though its efficiency may be subject to seasonal effects due to variable particle sizes.

Filter media cracking was also seen to degrade filtration performance, underlining the importance of minimizing clay in filter media composition. Removal of the dissolved fraction of some pollutants may be their chemical speciation in road runoff or by background filter media concentrations; when this is the case runoff volume reduction may be the best strategy for reducing pollutant loads. Synthetic construction materials (asphalt, geomembrane, drain, drain filter fabric) were shown to be potential sources of organic micropollutants within the biofiltration swales, capable of contaminating the filter media and degrading water quality performance and should thus be avoided. Finally, high levels of overflow from the present system underlined the importance of good hydraulic and hydrologic design in limiting pollutant loads.

Figure 1 :

 1 Figure 1: The Compans study site

Figure 2 :

 2 Figure 2: Total suspended solid particle size distribution by volume in road runoff. Events with degraded filtration (in Winter 2017) are shown in blue, while events with normal filtration (in Spring 2017) are shown in orange.

Figure 3

 3 Figure 3 (a-d): Net mass balance terms associated with water fluxes (difference between mass entering and exiting the system -Mintercepted) and soil (difference between initial and final masses stored in soil -ΔMsoil) for (a) bisphenol-A, (b) octylphenol, (c) nonylphenol and (e) DEHP. Bars represent medians, while error bars represent the 95% confidence interval.

Table 1 :

 1 Partial presentation of pollutant concentrations in RR and concentration and load reductions in the biofiltration swale (BFS), median (min, max) observed at the event scale for concentrations and concentration reduction, median and 95% confidence interval fromstochastic calculations of annual load reduction.

	Parameter	RR Concentrations Total Dissolved	Concentration reduction (E c ) Total (%) Dissolved (%)	Load reduction (E L ) Total (%)
	Water Volume	.	-	-	-	20 (15, 23)
	TSS					

(70, 933) mg/L -92 (11, 95) -
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