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Abstract

Studies on urban stormwater runoff quality indicate the presence of many different pollutants such as metals, toxic organics, and nutrients.  These pollutants are derived from different sources, and many factors are involved in their origin and transport.    Heavy metals such as cadmium, copper, lead, and zinc are among these pollutants.  

Because of environmental concerns over high metal levels in stormwater runoff, the regulatory agencies in many developed countries have required cities and large jurisdictions to monitor the water quality of stormwater discharges.  In this study, to treat stormwater pollutants before discharge to receiving waters a management and treatment facility has been investigated.  The facility consists mainly of sandy loam soil and a thin layer of mulch on the top.  Some typical plants/shrubs are established in the soil.  This facility is known as a bioretention system.  Bioretention systems can be constructed in a close proximity to imperious surfaces such as the parking lots of shopping malls, office buildings, or institutional areas.  

In this research study, the performance of bioretention for the treatment of stormwater runoff was investigated.  Both laboratory and field studies were conducted.  In laboratory studies, a small bioretention box was constructed with dimensions of 3.5 ft L x 2.5 ft W x 2.5 ft D and a large bioretention system had dimensions of 10 ft L x 5 ft W x 3.5 ft D.  The field study was performed on a facility located at Beltway Plaza Shopping Mall, Greenbelt, Maryland.  In all studies, synthetic stormwater runoff was prepared in 50-gallon PVC drums and applied to the bioretention systems at the rate of 1.6 in/hr for six-hour periods.  

Results of investigations for treatment of stormwater runoff by bioretention indicate excellent metal retention and some nutrient uptake by the system.  Very good agreement was found among results from the two laboratory scales and the field study.  The removal of copper, lead, and zinc by the system was over 95%.  The removal efficiency of nutrients via bioretention for phosphorus was 50 to 70%, ammonia and TKN removals were 79-92% and 52-68%, respectively.  Little removal of nitrate was found (0-20%) and in several instances, nitrate in excess of input was noted.  This apparently resulted from conversion of other nitrogen compounds to nitrate.  
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INTRODUCTION
Land development for residential, commercial, and industrial purposes results in  increased storm water runoff at the expense of infiltration.  This becomes more apparent in short duration, high intensity storms, where almost all the rainfall volume run off.  According to a US EPA study, a typical city block generates 9 times more runoff than a woodland area of the same size.  Depending upon the land-use pattern, storm water runoff encounters a variety of pollutants.  Most of these pollutants are toxic substances which may pose health concerns. 

Since toxic metals such as Cu, Pb, and Zn are commonly found in urban runoff and they are the most prevalent priority pollutant constituents of urban runoff, removal of these metals as well as other pollutants in urban runoff is needed in order to protect the quality of natural water systems.  To remove metals and other pollutants and to improve storm water runoff quality, a treatment system is required. A number of engineered and managed natural systems are receiving increased attention for storm water runoff treatment.  Detention basins are commonly used for storm water quality improvement.  In addition to water quality improvements, also of interest is maximizing the infiltration of storm water to reuse this water to recharge the surface aquifer.  As a result, an  impoundment known as bioretention is suggested as a simple, but effective method to control storm water runoff from small developed areas.  Bioretention systems are proposed as an improvement to storm water detention ponds.  A bioretention system will have minimal storage of storm water runoff, but will be designed to handle the first-flush runoff from any rainfall event, with a design capability to infiltrate runoff from  a typical storm of 0.5 to 0.7 inches of  rainfall over 6 hours.  They are designed to handle runoff from small (0.25-1 acre) development areas, being sized approximately at 5-7% of the drainage area (Dept. Environ. Resources 1993b).  Bioretention systems consist of sandy planting soil, an optional sand bed for infiltration, organic mulch as a surface layer, and plants and shrub species.  The soil used in bioretention systems should be able to effectively infiltrate the water; loam, loamy sand, or sandy loam are the types of soils which can be used in bioretention systems.  Often under drains are employed to control filtration rates where underlying soils do not allow infiltration.  
METHODOLOGY 

The soil used in this  study was a sandy loam type soil. Two prototypes were used in the bioretention studies.  The small prototype was 3.5 ft long by 2.5 ft wide with a depth to hold up to 24 inches of materials, plus a 6-inch freeboard (Figure 1).  The large prototype was 10 ft long by 5 ft wide with a depth to hold up to 36 inches of materials, plus a 6-inch freeboard (Figure 2).  To each prototype, simulated runoff was applied at the design flow of 1.6 in./hr for 6 hours.  This flow rate is based on a 0.6 in. rainfall over 6 hours.  the sizing rule for the bioretention area is based on infiltrating the precipitation, and represents 5% of the drainage basin area (Dept. Environ. Resources 1993b).  Assuming that 80% of the rain water enters the bioretention area, the rational method “c” coefficient would be 0.8, and the flow rate to the bioretention area is determined as:  ((0.6 in/6 hrs)/0.05)*0.80 = 1.6 in/hr.                      
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Figure 1.  Photograph of Bioretention small experimental box.
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Figure 2.  Photograph of Bioretention large experimental box.
The required chemicals to make synthetic runoff were added and mixed thoroughly with the water.  50-gallon PVC drums were used for preparation of synthetic rain water runoff.   Each bioretention box was loaded with this runoff at the top using a calibrated pump at a flow rate of 1.6 in/hr.  The total volume of runoff applied to the small

prototype in a 6-hour cycle was approximately 200 liters, and to the large prototype, 1000 L.
EXPERIMENTAL RESULTS 
Over sixty experiments were performed with bioretention systems to evaluate the  effects of variety of parameters on pollutant removal efficiency of these systems. In the following sections the results of experimentation for the small and large prototypes are discussed.
Small Bioretention System

Thirty to forty samples were taken from both lower and upper ports of the system at different time periods during the experiment.  The sample collection time and the corresponding sample volume were recorded.  Using this information, the effluent rate for each port was calculated.  The flow rate for the lower ports was approximately 20-34 mL/min.  Under the standard conditions, six experiments were conducted with small boxes.  The collected samples from these experiments were analyzed for copper, lead, zinc, total Kjeldahl nitrogen (TKN), total phosphorus, nitrate (NO3-), and ammonium (NH4+). 

Overall experimental results indicate that the removal of heavy metals by the systems is very good.  Copper, lead, and zinc levels in both lower and upper effluents are very low; the removal is over 90%.  Nutrients removal by the system is fairly good.  Phosphorus removal is 65 to 75% from the effluent from the lower ports, and about 40% from the upper ports.  The TKN removal is 65 to 80% for the lower ports, and 45 to 65% for the upper ports.  Ammonium (NH4+) and nitrate (NO3-) removals do not follow a uniform pattern, their removals vary from 90% to almost zero; even in some cases negative removal were observed.  
Large Bioretention System

Removal of pollutants from storm water runoff was investigated under standard conditions with the large bioretention system.  A total of thirty samples were taken from all ports of the system at different time periods during each experiment.  The flow rate for the lower and for the middle ports was approximately 20-35 mL/min.  The upper ports (when open) had a much higher effluent rate (100-130 mL/min).  The lower ports were open during the entire length of experiment, but the middle and the upper ports were opened only when samples were collected.  Three experiments were conducted with the large box under the standard conditions. From these three experiments a total of ninety samples were collected. These samples were analyzed for copper, lead, zinc, TKN, total phosphorus, nitrate, and ammonium.  
Experimental results indicate that the removal of heavy metals by the large system is very good.  Copper, lead, and zinc levels in lower, middle, and upper effluents were very low.  The removal of these heavy metals in most cases was over 90%.   For nutrients, the large system experimental results under standard conditions show that the removal of nutrients by the system is fairly good.  In most cases,  the lower ports show a better nutrients removal as compared to middle and upper ports.  For instance, phosphorus removal for the lower ports is about 70 to 80% and for the middle ports the removal is 50 to 60%.  The TKN removal is 50 to 75% for the lower and middle ports, and 45% to a 30% increase for the upper ports.  Ammonium removal is 55 to 80% for the lower and middle ports, and 40 to 55% for the upper ports.  

Nitrate removal did not follow a uniform pattern in the experimentation performed under the standard conditions; in most cases an increase in nitrate was observed.  Most probably this was due to nitrification which took place in the system.  Also, for these experiments the total nitrogen (TN) input and output was determined.  The average removal for the lower ports was 43%.  For the middle ports, no TN removal, and for the upper ports 29% increase in TN.  Table 1 gives a summary of the small box results.  
Table 1.  Summary of Results for Small Bioretention System.

	S2R2,R3,R4
	Cu (µg/L)
	Pb

(µg/L)
	Zn

(µg/L)
	P

(mg/L)
	TKN

(mg/L)
	NH4+
(mg/L)
	NO3-
(mg/L)
	TN

(mg/L)

	Ave ± Stdv.
	U
	7 ± 4
	3 ± 2
	20 ± 21
	0.3 ± 0.05
	1.65 ± 0.55
	0.97 ± 0.42
	0.31 ± 0.12
	1.7 ± 0.44

	
	L
	7 ± 3
	1 ± 1
	13 ± 8
	0.07 ± 0.02
	0.73 ± 0.38
	0.41 ± 0.38
	0.26 ± 0.09
	1.04 ± 0.46

	Range
	U
	<1-14
	<2-7.5
	<25-80
	0.22-0.36
	0.74-2.34
	0.21-1.41
	0.22-0.45
	1.19-2.05

	
	L
	<1-21
	<2-2.7
	<25-30
	0.04-0.11
	0.08-1.38
	<0.05-0.88
	0.12-0.39
	0.52-1.70

	Removal

(%)
	U
	94
	94
	97
	25
	55
	60
	11
	60

	
	L
	94
	98
	98
	83
	80
	83
	26
	75


 U = Upper Ports, L = Lower Ports

DISCUSSION AND CONCLUSIONS
Effects of bioretention system for the removal of heavy metals and nutrients were investigated.  From the results of investigations it was concluded that the removal of heavy metals and nutrients depends on the depth of the system.  The removal efficiencies of the large prototype are discussed in the following paragraphs. The small prototype showed a similar removal pattern.  

The removal of copper was 90% for the upper ports, and it was 93% for both middle and  lower ports.  The lead removal for upper ports was 93%, for middle ports was 99%, and for the lower ports was 99.7%.  Zinc removal for the upper ports was 87%, for the  middle ports was  98%, and for the lower ports was 99%.  

Considering the removal efficiency of nutrients throughout the depth of the system, from the experimental results it is concluded that the lower ports have a better nutrients removal efficiency as compared to the middle and upper ports.  Phosphorus removal for the lower ports has been noticed 70 to 80%, for the middle ports the removal was 50 to 60%; however, the phosphorus removal for the upper ports was 15% to even a 10%.  The TKN removal ranges 50 to 75% for the lower and middle ports, and 45% to a 30% for the upper ports.  Ammonium (NH4+) removal ranges from 55 to 80% for the lower and middle ports, and 40 to 55% for the upper ports.  Nitrate (NO3-) for the lower ports shows a 23% removal.  For the middle and upper ports increase in NO3- level has been noticed. 

For the flow rate, it is concluded that for rainfall intensities less than or equal 1.6 in/hr the system responses adequately to infiltrate runoff without occurring any overflow.  For rainfall intensities greater than 1.6 in/hr, the runoff were allowed to pool above the bioretention box to a maximum depth of 6 inches; at this point the flow rate was reduced to maintain the head constant at this maximum level.  This process  mimics a situation where excess runoff that cannot be infiltrated or ponded or lost through evapotranspiration is diverted away from the bioretention area.
RECOMMENDATIONS

To remove pollutants from the storm water runoff treatment is needed before it is discharged to a public water body.  The results of this study indicate that bioretention system would be a control technology for refining the storm water runoff pollutants.   The removal of Cu, Pb, and Zn was over 90% using bioretention.  The removal of nutrients present in the storm water runoff such as phosphorus, Total Kjeldahl Nitrogen (TKN) and ammonium was fairly good, but nitrate was poor.  
Constructing bioretention systems adjacent to the parking lots of shopping malls, office buildings, institutional facilities, hospitals, stadiums, and other public places is recommended to collect and to treat the storm water runoff from these areas prior to its discharge to surface waters bodies.  Constructing bioretention systems along roads with high volume of traffic is recommended to collect and  treat the road runoff which contains a considerable amount of pollutants due to traffic of vehicles before it is discharged.  

During this study, in some cases release of nutrients were observed.  More in depth study is recommended to find out the mechanisms of nutrients removal by the system.  Also, in this study bioretention system was studied primarily at a laboratory scale (one field study).  More field studies are recommended to evaluate the performance of bioretention system in a field scale.  
References
APHA, AWWA, WPCF (1989), "Standard Methods for the Examination of Water and Wastewater," 17th Ed., Washington, D.C.

Department of Environmental Resources (1993b), "Design Manual for Use of Bioretention in Stormwater Management," Prince George’s County (MD) Government, Department of Environmental Protection, Watershed Protection Branch.  

U.S. Environmental Pollution Agency (1990) “Urban Targeting and BMP Selection.” Information and Guidance Manual for State Nonpoint Source Program Staff Engineers and Managers, The Terrene Institute. EPA no. 68-C8-0034.

U.S. Environmental Protection Agency  “Fact Sheets in the Nonpoint Pointers Series.”  EPA no. 841-F-96-004.

U.S. Environmental Protection Agency “National Water Quality Inventory-1992 Report to Congress.” Washington, D.C, 1994, EPA no. 841-R-94-001.

PAGE  
1

