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Abstract 

 Degradation of surface water quality by excess nutrients in stormwater is a substantial 

environmental and economic problem in the U.S. Phosphorus (P) is often the limiting nutrient for harmful 

algal blooms and the best target to prevent degradation. Natural treatment strategies such as constructed 

wetlands (CW) demonstrate effective and economical P management but obstacles exist to implementation. 

Biological P removal has large land requirements that limit the use of best management practices (BMP) in 

high land-value areas. Various BMP also utilize sorption processes (SP) for P removal but variations in 

performance and finite sorption capacity limit SP as a viable long-term removal strategy. However, by 

understanding variability and making sorption capacity renewable, SP could provide, with shorter retention 

times, a space-efficient, long-term removal strategy. This multi-study research program developed the urban 

wetland filter (UWF), a concept intended to overcome the unique limitations of high land-value areas to 

natural treatment strategies and provide a low-cost, easily implemented BMP to meet P management goals 

while harvesting sequestered P for use as a fertilizer. Experimental factors included substrate and influent 

properties pertinent to understanding performance variation and optimizing microbial iron (Fe) reduction for 

rejuvenation of sorption capacity. Regarding performance, modeling identified major sources of variability 

including, by order of importance, magnitude of a solution/substrate concentration gradient, length of the 

"antecedent dry period" between loadings, and pH. Field-scale results confirmed this multifactor 

dependence of P-removal while also supporting the inclusion of cast-iron filings in substrate to improve P 

removal. Regarding rejuvenation, results indicated that microbial Fe reduction is capable of releasing 

previously sequestered P from substrates. A sufficient carbon source was necessary, but microbial 

inoculation was not necessary to facilitate Fe reduction, which released most of the previously sequestered 

P, albeit more slowly than P sequestration. Field-scale results indicated that Fe reduction might occur faster 

under field conditions, possibly due to humic acids, and that inclusion of cast-iron filings enabled additional 

P removal after rejuvenation by providing a conservative source of Fe for the creation of new sorption sites; 

however, cast-iron filings may also limit the release of P during rejuvenation.  



 

 
-iii- 

 

 

 

 

 

 

 

 

 

This work, in its entirety, is committed to my Lord and Savior Jesus Christ, who, for His purpose 

and pleasure, has chosen to reveal by the methods of science some of the manifold mysteries of 

His creation. Let us then, in His service and with this knowledge act as faithful stewards of what 

has been entrusted to us (Psalm 24, Isaiah 40, Psalm 115, 1 Corinthians 4:1-2). 
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Introduction 

Background 

 The effects of certain urban land use practices on water resources, if left unmitigated, will 

likely contribute to a decline in the health, usefulness, and enjoyment of these valuable 

resources. Water resources including streams, lakes, and reservoirs provide irreplaceable service 

to our communities including drinking water, irrigation for agriculture, water for hygiene and 

sanitation, power generation, and recreational uses. Maintaining the health of these water bodies 

in terms of water quality is not only imperative of natural resource stewardship, but also essential 

to the useful continuance of many of these services, while the cost of replacing the services can 

be significant.  

Nutrients and water quality 

 Land management practices can result in both avoidable and unavoidable stresses to 

water quality. One of these stresses is the excessive addition of nitrogen and phosphorus. These 

nutrients originate from various sources including lawn fertilizers, chemical detergents, and 

animal excrement. Water running off the land during and after rainfall then picks up and carries 

these nutrients. This water, referred to as stormwater, makes its way to streams and eventually 

lakes, reservoirs, and estuaries. It is typically in these relatively still water bodies that the 

transported nutrients create the most critical water quality problems through a biochemical 

process called eutrophication (Novotny, 2003).  

 Parry (1998) cites eutrophication as a significant threat to US water bodies that can create 

interruptions in the ecological services these water bodies provide. Described in broad terms, 

eutrophication causes excessive growth of primary producers, such as algae, which eventually 

die and decompose. This decomposition process uses large amounts of the oxygen normally 

found dissolved in the water body. The resulting low-oxygen conditions cause many problems 

including the direct mortality of various aquatic species from suffocation (Novotny, 2003). Other 

impacts include taste and odor problems for drinking water (Camargo and Alonso, 2006), 

declines in fish and shellfish populations and outbreaks of the dinoflagellate Pfiesteria piscidida 

or “fish killer” (Shumway, 1990; Boesch et al., 2001). In addition, decrease in aesthetic value for 



Chapter 1 

   -2- 

tourism (Camargo and Alonso, 2006), and even direct human health concerns (Chorus and 

Bartram, 1999) can result from eutrophication.  

Non-point source pollution by nutrients from urban areas 

 The historical focus on the sources of these excessive nutrient additions has been large 

agriculture operations and point sources of pollution such as effluent from wastewater treatment 

plants.  However, urban areas have received increased attention more recently due to mounting 

evidence of their significance as contributors to eutrophication from nutrients in runoff (USEPA, 

1983). Improper application of fertilizer and leaky septic systems are typical contributors of 

nutrients in urban environments, as is erosion of sediments containing large amounts of 

previously adsorbed phosphorus (Paul and Meyer, 2001). Settings included in this broad 

categorization of "urban" are urban centers, suburban development, golf courses, and other 

managed turf environments such as parks and recreational fields.  

 Many urban areas, such as the Chesapeake Bay, have seen minimal reductions in nutrient 

export despite efforts made to curtail the export of excess nutrients (Boesch et al., 2001). This 

shortfall is likely due in part to less than ideal application or complete misfit of best management 

practices (BMP), such as management of fertilizer application, not originally developed for 

treating stormwater in the urban environment. In addition, these urban areas are expanding at a 

steadily increasing rate. Thus, without employing significant efforts to curtail nutrient export, 

urbanization is an increasingly important driver of eutrophication, eroding natural capital, and 

increasing costs associated with natural resource use. With an increasing focus on water quality 

in urban areas, research efforts are needed to develop BMP that are more aptly suited for the 

specific requirements of water quality protection in urban areas. 

Unique constraints to effective stormwater management in urban areas 

 Stormwater management typically requires the dedicated use of land, and if management 

includes water quality in addition to water quantity, even more land is typically required. Before 

water quality in urban areas emerged as a major concern, urban stormwater management often 

took the form of dry retention ponds, which mainly focused on preventing flooding and stream 

bank erosion. As interest in protecting water quality increased, the dry detention pond design 

changed to include a permanent pool of water in the bottom of the pond, creating a wet retention 

or water quality pond(Ward and Trimble, 2004). These ponds provide modest reductions in 
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nitrogen and phosphorus in urban stormwater, but the reductions seen are largely dependent on 

the continued removal of sediment (Comings et al., 2000) and may suffer further decline with 

long term use (Smith et al., 2005).  

 Additional efforts to incorporate water quality in urban stormwater management have 

been subject to two constraints common to many endeavors: money and time. In urban areas, 

when land-value is high and large land areas are necessary for water quality BMP such as 

constructed wetlands, the expense of incorporating these additional measures can be difficult to 

justify. In addition, due to the large amount of impermeable surfaces in urban areas that restrict 

rainfall from soaking into the ground, urban areas typically have a larger and much faster runoff 

response to rainfall than other land use categories. This runoff response is comparable to a short, 

tall wave of water moving through the area instead of a long, short wave more typical of areas 

with more permeable surface area. The implication of this water quantity factor for stormwater 

quality is that very little time is available for treatment, usually only hours, necessitating an even 

larger amount of land to treat urban stormwater adequately.  

Urban wetland filter for urban stormwater management 

 Natural wetlands have demonstrated a effective ecological service of filtering and 

managing nutrients and have even been described as the kidneys of the natural world (Simeral, 

1998). This filtration ability has been recognized and utilized artificially in the form of 

constructed wetlands, which are often used for low volume wastewater treatment and can be 

used for treating stormwater as well, but stormwater applications have been somewhat limited 

due to the large land requirement (Hunt and Wossink, 2003) and lower phosphorus 

concentrations (Schueler, 1996). For this reason, the adaptation of wetland technology to the 

constraints of an urban environment while preserving nutrient management function represents a 

significant gain for urban stormwater quality management. This research project develops a 

novel nutrient-management practice, the urban wetland filter (UWF), through applying an 

adapted constructed wetland as a complementary enhancement to existing retention ponds in 

urban areas (fig. 1.1). The UWF concept places multiple constructed wetlands, of a significantly 

smaller size then a traditional constructed wetland design, adjacent to an existing wet retention 

pond. The filter cycles water from the pond continuously, addressing time constraints by filtering 



Chapter 1 

   -4- 

water retained by the pond, enabling continuous treatment, and reducing wetland size by 

circumventing the need to handle peak flows.     

 

 

Figure 1.1 - Representative design layout of a UWF system on a typically sized urban retention pond 

 

The UWF enables improvements in urban stormwater quality through significant 

reductions in dissolved phosphorus, which existing retention ponds do not treat efficiently 

(Comings et al., 2000), while addressing the necessary adaptation of wetland technologies to the 

urban environment. Adaptations include minimizing wetland footprint, sustaining removal 

capacity, and optimizing phosphorus removal performance. The UWF is capable of overcoming 

urban stormwater management constraints by utilizing existing infrastructure and periodically 

renewing phosphorus sequestration capability through a constructed wetland rejuvenation cycle. 

The rejuvenating cycle can further reduce required wetland size (fig 1.2) by eliminating the need 

to design for a finite sorption lifetime, while harvesting the previously sequestered phosphorus 

from the system for cost-effective transportation and use elsewhere as a managed nutrient source. 

And, considering the current dollar estimates placed on phosphorus removal from stormwater 

Rosenquist 
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(Sano et al., 2005), this harvesting capability may prove to be an effective financial incentive. 

Multiple wetlands function in parallel with one or more in the rejuvenation cycle to allow 

continuous treatment. When the filtering wetland reaches capacity, it switches to rejuvenation 

and another wetland is ready to start filtering stormwater. The UWF concept addresses the 

necessity for large land area by periodically rejuvenating a much smaller wetland instead of 

relying on wetland size to achieve a longer treatment lifetime (Keppler and Martin, 2008), 

locating the wetland on land already dedicated to stormwater management use, and enabling 

continuous treatment instead of relying on only storm-event based treatment.  

 

 

  

Figure 1.2 - The UWF concept for treating urban stormwater can create reductions in land area 

requirements in several ways 

Rosenquist 
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Purpose Statement and Research Objectives 

 The overall purpose of this research project is to develop a novel nutrient management 

practice, the urban wetland filter (UWF) through the application of a optimized and specifically 

adapted constructed wetland as a complementary enhancement to existing wet retention ponds in 

urban, low-acreage agricultural or turf-managed land uses such as golf courses. UWF 

development includes maximizing the mass removal rate for dissolved phosphorus from 

stormwater filtered from urban retention ponds. Research studies include the construction, 

development, and monitoring of constructed wetlands scaled and adapted for the UWF concept 

while investigating processes that enable the necessary adaptation of wetland technologies to the 

urban environment. Adaptations include minimizing wetland footprint, sustaining removal 

capacity, and optimizing phosphorus removal performance. The research objectives listed 

below are central to the overall purpose of adapting constructed wetlands for use in urban areas 

through the UWF concept:  

 

1. Identify and quantify sources of variability in phosphorus sequestration by sorption 

processes in constructed wetland (CW) substrates in order to further understand, predict, 

and optimize CW performance; 

2. Investigate the feasibility of facilitated microbial reduction of Fe-oxyhydoxides as a 

process to release phosphorus from CW substrates that have reached sorption equilibrium 

with the intent of continued phosphorus sequestration; 

3. Investigate a method of increasing the rate of Fe3+ bioreduction with the intent of 

minimizing UWF land area by matching sequestration and rejuvenation time scales; 

4. Investigate a method for regaining Fe-oxyhydoxides in the CW after reduction cycles 

with the intent of continued sequestration capability by sorption processes after the 

rejuvenation cycle is complete; and 

5. Verify the capability of the UWF concept under field conditions.  

 

 To accomplish the adaptation of constructed wetlands to urban environments, it is 

necessary to identify sources for the high levels of variability among published studies for 

phosphorus removal by constructed wetlands. Identifying these sources of variability will enable 
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optimization of wetland performance. In addition, the three-step process of the UWF 

rejuvenation cycle must be developed and validated for field conditions. These three steps 

correspond to three specific technological hurdles: decreasing the time associated with microbial 

reduction to release sequestered phosphorus from sediment, thereby promoting precipitation of 

high concentration dissolved phosphorus from bulk solution, and enabling the recoating of the 

filtration material with adsorptive materials once the desorption process is complete in 

preparation for the next filtration mode. This concept represents an effective new tool for 

nutrient management in areas where land use is in high demand and where ponds are already 

available, which describes many urban areas. 

 In addition to the intellectual merits already described, broader impacts of this research 

include a greater scientific understanding of constructed wetlands and nutrient removal, 

significant research experience and involvement of undergraduates through the NSF REU 

program, and a potential breakthrough for low-cost nutrient management in thousands of urban 

watersheds across the US through implementation of the UWF concept. The development of an 

environmental remediation technique that utilizes microorganisms as part of the constructed 

wetland rejuvenation process represents an additional broader impact. Environmental 

remediation strategies using microorganisms represent an exciting new frontier in ecological 

engineering and scientific gains made in this area may serve to enable greater discoveries in the 

future. 

Description of Document Format 

 This document follows a manuscript format including the following three articles in 

addition to comprehensive literature review and conclusions/recommendations sections: 

1. Chapter 2 - Variability in adsorptive phosphorus removal by structural stormwater best 

management practices (previously published in Ecological Engineering)  

2. Chapter 3 - Facilitated iron reduction as a means of rejuvenating phosphorus removal 

performance of filtration substrates (in review for Transactions of the ASABE) 

3. Chapter 4 - Urban wetland filter: field results in the development of a renewable practice 

for managing phosphorus in stormwater runoff from high land-value areas (to be 

submitted to Water Research) 
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Review of Literature 

Anthropogenic eutrophication: sources, processes, and impacts 

 Eutrophication is the increase in primary productivity in a water body due to an increased 

availability of either nitrogen or phosphorus depending on which nutrient is most scarce 

(USEPA, 2000). The process of eutrophication has been discussed in scientific literature from at 

least the middle of the 20th century (Rohlich, 1969) and has been the focus of many published 

works since that time.  

 

Characterization of Eutrophication 

 The process of eutrophication is thought to occur naturally for some water bodies and 

may describe a natural trajectory from glacial lake towards wetland and potentially, dry land 

(Novotny, 2003). However, human activities involving the discharge of nitrogen or phosphorus 

to water bodies can unnaturally cause or accelerate eutrophication. The process is then 

anthropogenic or cultural eutrophication. Stages along the eutrophication process include, from 

least nutritious status to most, oligotrophic, mesotrophic, eutrophic, and sometimes 

hypereutrophic stages. Although the position along these “trophic stages” is fundamentally 

driven by additions of nitrogen and phosphorus, the stages are also correlated to and measured by 

other physical and chemical properties of the water body, such as the depth of light penetration 

or amount of primary production (Novotny, 2003). Total phosphorus concentration may be the 

most frequently used indicator for the level of eutrophication. Although the boundaries between 

these states are subjective and sometimes vary, the EPA has developed a widely accepted set of 

values for these physical and chemical properties. For example, a total phosphorus level of 

greater than 0.02 ppm or a secchi disk depth of less than 2.0 m is representative of a eutrophic 

lake (USEPA, 1974). The hypereutrophic condition most commonly describes anthropogenic 

eutrophication, and can involve nutrient levels and changes in nutrient levels far in excess of 

those seen in naturally occurring processes. 
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Process of Eutrophication 

 A number of aquatic species including algae and cyanobacteria are growth-limited by 

nitrogen or phosphorus. In some cases growth rates can be extreme resulting in algal mats that 

significantly increase turbidity thereby cutting off light to submerged plant life (USEPA, 2000). 

The eventual dieback and decomposition of these algal mats can create huge oxygen demand on 

the water body. Even without dieback, the diurnal switching between respiration and 

photosynthesis can case huge swings in dissolved oxygen and create problems for aquatic life 

that are sensitive to low oxygen conditions. In fact, hypolimnetic oxygen saturation by itself can 

be used as an indicator of a water body’s “trophic status” (Novotny, 2003).  

  

Impacts of Eutrophication 

 In addition to purely ecological impacts, if such a condition even exists, anthropogenic 

eutrophication may result in economic and human health impacts. Direct fish kills from low 

oxygen saturation can occur in some situations where oxygen-sensitive species are present and 

anoxia persists for a sufficient time (USEPA, 2000).  Indirect causes are responsible for more 

subtle, yet serious detriments to populations of various species. Anoxic conditions resulting from 

eutrophication can cause increases in various toxins including nitrite (Comeau et al., 2001). Also, 

interruptions in the food web at many levels can cause additional stresses that cause declines in 

populations over time (Camargo and Alonso, 2006). These pathways to population decline in 

aquatic species have exacerbated stresses from unrelated factors such as overfishing leading to 

significant economic detriments on coastal economies. Shumway (1990) described major distress 

in the shellfish economy of the Gulf of Mexico due in part to cultural eutrophication.  In addition 

to fisheries, economic detriment can be realized from increased cost of water treatment due to 

taste and odor problems typically associated with cyanobacteria (Chorus and Bartram, 1999). 

Treatment of taste and odor problems is a particularly good example of a decline in natural 

capital and the associated cost of replacement.  

 Research on human health concerns stemming from eutrophication has received less 

attention than ecological detriments, but some published work exists relating blooms of 

cyanobacteria to human health (Chorus and Bartram, 1999). Sometimes referred to as blue-green 

algae, cyanobacteria are, as their true name implies, a phylum of the taxonomic domain bacteria. 

They produce toxins that, in addition to causing the taste and odor problems cited earlier, may 
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lead to sickness in human beings. While skin, eye, and gastro-intestinal maladies are well 

associated with contact or ingestion of cyanobacteria toxins, even fatality is considered possible 

with sufficient dosing (Chorus and Bartram, 1999). 

 

The Chesapeake Bay as a Case Study 

 The Chesapeake Bay provides a good case study on the effects of eutrophication. This 

water body has received an enormous amount of study that will not be covered here, but the main 

points from a selected work on the Chesapeake Bay, Boesch et al. (2001), are addressed. The 

Chesapeake Bay contains many of the impacts cited for anthropogenic eutrophication, including 

reductions in submerged vegetation, significant algal blooms, and declines in fishery 

populations. Various factors have confounded a determination of the exact causes for these 

impacts, especially overfishing. These confounding factors may partially explain the minimal 

improvement to water quality seen in the bay despite significant work done to reverse the 

existing impacts. This situation exemplifies an inherent problem in issues of environmental 

impact, that the level of interdependency and multifactor processes in natural systems makes it 

very difficult to trace a path back to a historical condition, even if such a path is consistent with 

the un-impacted trajectory for the system. Therefore, it is of critical importance to move toward a 

proactive strategy of preserving natural capital by preventing further additions of excess nutrients 

both to water bodies already affected in order to preserve remaining water quality and to 

currently healthy systems with anticipated impacts.  

 

Concept of Natural Capital 

 Natural capital has been described as the services provided by a healthy, functioning 

environment that would have to be replaced at some cost if possible if the environment could no 

longer provide them (Wheeler and Beatley, 2004). Attempts to estimate these costs typically 

reach into the hundreds of millions of dollars. These figures provide perspective for the value of 

a protected environment, and enhanced appreciation for the brilliant design of natural systems 

and their relatively high capacity to not only provide services that are often taken for granted but 

also to absorb and attenuate imbalances without complete and catastrophic collapse (Swenson 

and Catchpoole, 2000; Jones and Schmitz, 2009). However, ecological service can greatly 
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diminish even before a complete collapse, as seen in the Chesapeake Bay, highlighting the need 

for proactive stewardship. 

 

Nutrient Cycling and Sources of Imbalance 

 Since excess nutrient additions drive anthropogenic eutrophication and since control of 

this stressor is so vitally important to the health of aquatic ecosystems, a characterization of the 

anthropogenic imbalances in nutrient cycling is critical to understanding the problem of 

eutrophication. One of the ways that natural nutrient cycles are affected is in the transport of high 

value goods from one location to another as described by Lijklema (1995). High-value goods 

such as grain feedstock extracted from one location are often rich in nutrients from that location. 

Upon use of that high-value good at a distant location, many of the nutrients end up in a low-

value waste product, such as animal or human excrement. This waste, with its associated nutrient 

load, remains close to the consuming location, seldom returning to the place of origin. In this 

sense one can imagine a steady flow of nutrients from producing locations to consuming 

locations with an associated deprivation of nutrients in the producing locality and excess of 

nutrients in the consuming locality (Lijklema, 1995). This concept is important in this study 

because urban areas are generally consuming localities and must manage the steady influx of 

nutrients in such a way as to prevent damage to the surrounding environment. A study based on 

this principle found that a mass-flow model of phosphorus movement was a good predictor of 

water quality problems in the Chesapeake Bay (Russell et al., 2008). 

 Another imbalance comes from the mining of phosphorus to restore fertility to the soils 

of producing locations or to enhance soil fertility or landscaping aesthetics in consuming 

locations. This nutrient transfer often takes the form of application of rapidly bioavailable, 

inorganic fertilizers (Lijklema, 1995). Locations for the application of these fertilizers are often 

agricultural areas or managed turf areas such as golf courses or lawns (Parry, 1998; Novotny, 

2003). Generally, the full amount of nutrients applied do not fully incorporate into the soil, and 

with rainfall, nutrient rich runoff is produced, increasing nutrient loads in water bodies 

downstream from where nutrients are applied. Inorganic fertilizer is used extensively in urban 

areas as well as agricultural areas, its use is subject to much less regulation than in agricultural 

areas, and it is generally used by individuals less informed about best management practices for 

fertilizer application and who are more prone to over-apply the product. The result is a 
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systematic tendency favoring anthropogenic eutrophication in urban areas and an accompanying 

need for methods that can economically remove and recycle these nutrients back to producing 

localities.     

 

Cause to Focus on Phosphorus Management over Nitrogen 

 Although nitrogen and phosphorus are both critical to the discussion of eutrophication, 

there are some reasons to concentrate remediation and prevention efforts on phosphorus. First, 

phosphorus is of particular concern since it lacks a process equivalent to denitrification, where 

nitrogen can be transferred to the atmosphere, alleviating the excesses in water (Lijklema, 1995). 

Also, phosphorus is usually the limiting nutrient for algal growth in freshwater systems, and 

under some situations can also be limiting in saltwater systems (Fisher et al., 1992). 

Characterization as a limiting nutrient means that the plant has sufficient availability to all other 

nutrients (such as nitrogen) for further growth, but cannot grow further without the limiting 

nutrient (such as phosphorus). Furthermore, from a supply perspective, natural resources for 

mined inorganic phosphorus are becoming increasingly scarce, and any technique that can 

sequester phosphorus and harvest it for productive use could decrease demand for mined 

phosphorus (Abelson, 1999). Lastly, water quality regulators are choosing phosphorus as the 

target pollutant for the increasing regulation of stormwater quality (Dowling, 2009) creating 

increased interest from municipalities on the phosphorus-removal performance of water quality 

BMP.  

Nutrients as non-point source pollution  

 Water pollution issues categorize into two broad categories based on the pollutant source. 

The first category includes point sources of pollution such as wastewater treatment plants and 

industrial processing plants. Much of the efforts of the past couple of decades have been directed 

towards this category and researchers have made significant gains toward reducing nutrients 

loads (Boesch et al., 2001).  

 The other broad category includes non-point sources (NPS) or diffuse sources of 

pollution, which consist mostly of pollutant loads in surface runoff and shallow subsurface flow 

from areas as diverse as agricultural operations, leaky septic systems, and urban development 

areas. Pollution, including nutrient excess, from NPS sources is likely a major detrimental impact 
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for up to 50% of US waterways (Hammer, 1992). More recently, nutrient control efforts have 

focused on non-point sources of pollution, but they have proven to be much more difficult to 

manage, while often contributing 50% or more of the nutrient load (Hammer, 1992; Boesch et 

al., 2001). The difficulties rise from a variety of reasons including near impossibility of complete 

monitoring (Novotny, 2003), regulatory difficulties, spatial scale of sources, higher water 

volumes to treat, and technological difficulties in further reducing stormwater concentrations that 

are near or below the “irreducible minimums” proposed by Schueler (1996).  

 Within non-point sources there have been and continue to be a great number of pollutant 

reduction strategies, often generally referred to as best management practices (BMP). Although 

originally meant to describe ways to manage a resource through methodology, the term also 

represents many structural practices, such as constructed wetlands, retention ponds, and 

infiltration trenches. These BMP, intended for control of non-point source pollution, separate 

further into three general categories including source control, transmission blockage, and 

endpoint remediation (Novotny, 2003). An example of source control would be requiring proper 

management of the land application of animal manures to ensure that minimal nutrients are lost 

to runoff. An example of transmission blockage would be constructed wetlands for treating 

runoff (Hammer, 1992) and an example of endpoint remediation would be bioaccumulation of 

nutrients in oysters intentionally placed into a eutrophic water body. Multiple examples of source 

control and transmission blockage are given by Ward and Trimble (2004). Some of the source 

control strategies include reduction in impervious surface, better construction practices, and soil 

erosion control. Transmission blockage strategies include constructed wetlands as well as 

retention and detention systems. In general, the implementation cost of these BMP probably 

increases from source control to endpoint remediation, making remediation strategies generally 

undesirable. Source control strategies are ideal, but often illusive due to enforcement difficulty 

and scale of implementation. Transmission blockage techniques have become very common, 

possibly due to a balance between cost and ease of implementation. While the UWF BMP falls 

within this category, its developmental goals include both minimizing cost and maximizing ease 

of implementation.  

 Specifically in regards to the cost of pollutant treatment through various BMP, the newly 

developing market for nutrient credits may significantly alter the decision-making process. A 

study that attempted to apply a market cost for phosphorus removed from stormwater found that, 
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depending on influent and effluent concentrations, phosphorus removal value ranged from $24 to 

$1,346 per kg of phosphorus removed (Sano et al., 2005). Numbers such as these could quickly 

offset implementation costs associated with the BMP. Furthermore, a BMP such as the UWF that 

provides a means of harvesting phosphorus from stormwater, a tangible and quantifiable measure 

of nutrient removal, will likely command an even higher value on the nutrient trading market.  

  

Characterization of NPS Runoff 

 It is necessary to characterize runoff from various non-point source locations in order to 

determine where remediation efforts are most beneficial and how to best achieve remediation in 

a particular area. Specifically, characterization of phosphorus yield in runoff from a particular 

area must include consideration of both phosphorus concentration in runoff and the total amount 

of runoff. Table 1.1, based on data from the Nationwide Urban Runoff Program (USEPA, 1983), 

describes the medians and  ranges of concentrations typical for various land uses, including 

various types of urban land use.  

 

Table 1.1 – Characterization of runoff for various land uses 

Type of land use 
Range in mean TP observations 

(ppm) 
Median TP across all sites 

(ppm) 
Number of 

sites 

Residential 0.22 – 4.09 0.38 39 

Urban Open and Non-Urban  0.03 – 0.49 0.12 8 

Light Industrial 0.11 – 0.54 - 100 

Commercial 0.11 – 0.70 0.20 10 

 

 In regards to the total amount of runoff, hydrologic modeling such as the NCRS curve 

number method can provide estimations of the relative amount of rainfall that becomes overland 

runoff. In the curve number method, higher curve numbers correspond to areas where more of 

the rainfall becomes runoff, placing a higher weighting factor on the concentration of any 

pollutant in these areas. Table 1.2 contains information from USDA (1986) with example curve 

numbers for various land use areas, including urban land uses.  
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Table 1.2 – NRCS curve numbers describing the runoff characteristics for various land uses 

Type of land use Curve number 

Residential (half-acre lots) 80 

Forested  70 

Roads 90 

Pasture 74 

Commercial 90 

All values are given assuming a hydrologic soil group of C, good conditions, and 
antecedent soil moisture condition II 

 

 While agriculture is often cited as the major contributor of nutrient pollution (Boesch et 

al., 2001), the rapid increase in urban sprawl and the significant nutrient concentrations 

associated with urban land uses, such as golf courses and other managed turf applications, create 

an increasing need for nutrient management in stormwater. Both the rate and percent of 

urbanization have been studied and correlated to increased water quality detriments (Atasoy et 

al., 2006) 

 

NPS Runoff in Urban Areas 

 While the sources of phosphorus in runoff from agricultural areas are relatively well 

recognized (soil loss and the application of inorganic fertilizer and animal manure) it is often less 

obvious how urban areas contribute to nutrient excess. In a general sense, urban areas can be 

characterized as a source of nutrients under the Lijklema (1995) paradigm as a consuming 

locality. Urban and suburban areas have a large volume of high-value nutrient containing goods 

brought in, and very seldom export many of those nutrients apart from wastewater effluents. 

Although regulators often consider wastewater effluent a point source, many suburban areas with 

septic systems could be contributing significantly to NPS nutrient loads. Paul and Meyer (2001) 

describe this septic groundwater discharge to gaining streams along with illicit sewer discharges 

as significant sources of phosphorus loading. In the same study, urban areas were as high in 

terms of phosphorus concentration and yield as agricultural areas. This finding was echoed by 

Osborne and Wiley (1988) in a watershed that was mostly agricultural. Similarly, in a NPS 
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modeling study by Winter and Duthie (2000), urban areas contributed over 50% of the 

phosphorus load transported by streams from the watershed while making up less than 50% of 

the land area. Improper lawn fertilization is another  typical source of nutrient contamination in 

urban areas, even with organic fertilizers (Baker et al., 2007).  

 While the identification of lawn fertilization and septic discharge as contributing nutrient 

sources may not be surprising, impacts to predevelopment urban hydrology as a source for 

nutrient pollution may be surprising. An increase in phosphorus delivery based on hydrologic 

impacts alone may not be immediately obvious, but is connectable. When urban runoff is 

channelized and rerouted either for rapid transmittance to a water body or through stormwater 

BMP such as detention ponds, natural filtrations functions can be removed, so that a larger 

percentage of nutrients initially picked up by runoff water are transmitted to the water body 

(WEF, 1998; Hogan and Waldbridge, 2007). In addition, Paul and Meyer (2001) discuss the 

condition of urban soils that were previous agricultural and highly enriched with phosphorus 

becoming “chemical time bombs” that can contribute huge phosphorus loads when eroded or 

permanently saturated due to hydrologic changes.  

Management strategies for NPS pollution in urban areas 

 Attenuation efforts on of the impacts of urbanization on water quality have seen varying 

degrees of success and some unintended side effects. In general, urban stormwater management 

divides in two areas, quantity and quality, with the former being historically more readily and 

more successfully managed. Hogan and Waldbridge (2007) cite a range of stormwater 

management techniques and structures that have been used over time in urban areas along with 

the various studies that have evaluated them. These techniques range from the historical curb and 

gutter with large diameter pipes intended to transmit flow quickly to receiving streams with no 

treatment whatsoever, to more recent approaches with BMP such as water quality ponds, 

stormwater wetlands, and bioretention areas. These last designs include long-term water 

retention by providing surface storage and promoting infiltration. This approach intends to 

decrease the total volume of runoff and decrease peak flows by flattening the stormwater 

response wave after an urban rain event. In addition, these newer techniques also attempt to 

include some water quality treatment for pollutants such as organics, sediment, and nutrients. 

One of the most common stormwater management techniques of the last few decades has been 
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the stormwater detention pond or “dry pond,” which include no intentional provision for water 

quality improvement. 

 

Wet Retention Ponds as a Stormwater Quality Strategy 

 As water quality, including nutrient concentrations, have become more of a concern, 

some pond designs have been replaced or existing ponds retrofitted to water quality retention 

ponds or “wet ponds” (Smith et al., 2005; Hogan and Waldbridge, 2007). The main difference 

between a detention pond and a retention pond is that the retention pond has a permanent pool of 

water that can promote increased settling of solids along with some attached pollutants and the 

ability to provide a sustained habitat for aquatic species. This permanent pool can sometimes 

increase aesthetic appeal compared to a dry pond, although problems with algal growth, which 

provides obvious visual confirmation of the reality of the nutrient problem in urban areas, can 

decrease aesthetics. Another point that has been made regarding wet ponds and other water 

quality treatments based on natural processes, including constructed wetlands, is the increased 

efficacy and cost savings associated with the utilization of these natural processes to achieve 

treatments compared to more traditional treatment techniques exemplified by mechanical 

wastewater treatment plants (Comeau et al., 2001; Luederitz et al., 2001).  

 While the increasingly ubiquitous “wet pond” does attempt to provide some water quality 

treatment, much of this treatment occurs by sedimentation, and is directly limited by the 

pollutants that can settle to the bottom of the pond during the designed retention time and be 

retained there (Comings et al., 2000). Sedimentation can be a very effective means of pollutant 

removal, especially for sediment carried by stormwater, often measured as total suspended 

sediment (TSS). This process occurs due to gravitational force acting upon particles that are 

heavier than water, and is most effective when particle size is larger, retention times are longer, 

and short-circuiting becomes minimal. Under ideal conditions, removal percentages for TSS in 

retention ponds can be well over 50%. However, dissolved pollutants may be largely untreated 

(Comings et al., 2000) creating a significant opportunity for media filtration strategies such as 

constructed wetlands or bioretention cells.  
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Constraints to Stormwater BMP Use in Urban Areas 

 The technological availability along with the economic value of these “natural treatment” 

techniques has led to increased interest for applications such as wastewater treatment and 

stormwater management. However, constructed wetland use in urban areas has been somewhat 

restricted by several specific constraints including: limited availability of large areas of land 

needed for constructed wetlands, high land cost for land that is available, and limited treatment 

time due to the rapid hydrologic response in urban watersheds (Hunt and Wossink, 2003; Birch 

et al., 2004). In regards to the last constraint, a “typical” watershed may experience a ten-fold 

increase in peak discharge accompanying an increase from 25% to 75% urban land use (Ward 

and Trimble, 2004).   

Constructed wetlands for treatment of urban stormwater 

 Natural wetlands are a significant part of the natural nutrient cycling process and can 

function both as a source and a sink for phosphorus (Fisher and Reddy, 2001). Wetland soils 

have shown ability significantly beyond that of uplands to remove and sequester phosphorus 

(Axt and Walbridge, 1999). However there has been a significant degradation of natural 

wetlands by either complete loss or significant disturbance to the extent that only about 50% of 

historical US wetlands remain intact (Mitsch and Gosselink, 2000). The realization of this loss 

along with the current understanding of the vital processes that wetlands play in the water cycle 

are part of the significant interest in efforts to replace wetland function. Replacement of lost 

wetland function either can include restoration efforts on historically wetland areas, creation of 

wetlands from historically upland areas, or constructed wetlands designs. The intention of the 

two former techniques, though not always attained, is to develop the look, feel, and function of a 

natural, undisturbed wetland. On the other hand, constructed wetlands, typically used to treat 

wastewater or stormwater in highly impacted land use areas, typically bear less resemblance to 

natural wetlands(Mitsch and Gosselink, 2000). Constructed wetlands seek to mimic some of the 

functions of natural wetlands either to replace lost ecosystem service or to provide additional 

treatment to remediate water quality impacts. This study focused on constructed wetlands.  
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Categorization of Constructed Wetland Types 

 Within constructed wetlands, a distinction can be made between constructed wetlands for 

wastewater treatment (Shilton et al., 2005) and constructed wetlands for stormwater treatment 

(Carleton et al., 2000). The requirements of these two types of systems are so different due to the 

type and concentrations of pollutants associated, that they typically look and act very different. 

This study focused mainly on constructed wetlands for stormwater treatment, while a few 

wastewater studies have been included to provide supporting information. Another classification 

of constructed wetlands is between free surface wetlands and subsurface flow wetlands. Free 

surface wetlands include some combination of floating vegetation, emergent vegetation, and 

submerged vegetation types and prioritize flow through the vegetation (Kadlec, 2005). 

Alternatively, subsurface wetlands prioritize flow through the substrate, while vegetation may be 

included for aesthetics or to provide additional treatment (Reed and Brown, 1995). Within 

subsurface flow wetlands, further distinction can be made between vertical and horizontal flow 

wetlands (Luederitz et al., 2001) while vertical flow wetlands can have either upward or 

downward flow (Arias et al., 2003; Langergraber et al., 2003). This study focused on vertical 

subsurface flow wetlands in order to maximize flow rates, minimize land area usage, and focus 

on rapid removal processes (fig. 1.3).  
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Figure 1.3 – A vertical, subsurface-flow constructed wetland consistent with the size of an individual UWF 

cell for an urban application 

 

Rosenquist 
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Metrics for Constructed Wetland Performance 

 Also important to the study of constructed wetlands are the metrics used to compare 

nutrient removal performance. Typically, pollutant-removal efficacy metrics for wetlands are 

removal percentages based on either the percent change in concentration or the percent decrease 

in mass load. Several studies included in this review use one or both of these methods. However, 

recently the EPA and others (Strecker et al., 2001) have become somewhat critical of this 

approach as it may include biases in reported pollutant removal. The biases include bias from 

water volume decreases between inlet and outlet of the BMP that are problematic for percent 

decrease in mass load, and variability across ranges of concentrations that are problematic for 

percent decrease in concentrations. In the first case, reported performance can be artificially high 

because not all flow out of the BMP is accounted. In the second case, a high removal percentage 

from a study at high concentrations may have little or no bearing on the removal percentage at a 

lower concentration (USEPA, 2002). In addition, reporting a removal percentage tends to foster 

an assumption that the reported removal percentage remains constant and is capable of providing 

estimates of effluent concentrations or mass removal under different conditions than the study 

where the removal percentage was calculated. Even an average taken from many studies is of 

little value due to the large variation between studies. For these reasons, this study used total 

mass removal as a performance metric while also reporting concentrations in order to convey the 

most information.  

 

Phosphorus Removal Mechanisms in Constructed Wetlands 

 The mechanisms of phosphorus removal by wetlands categorize into three areas: sorption 

to existing substrate, uptake by plants, and sedimentation and incorporation into new substrate 

(Kadlec, 2005). The last process differentiates from the first in that a chemical reaction, 

described below in detail, is taking place whereas in the latter the removal process is only a 

physical filtering or settling of material (mineral or organic) that already has the nutrients 

associated. In other words, the first process removes dissolved phosphorus while the latter does 

not. While an understanding exists for the ability of constructed wetlands to remove phosphorus 

through a combination of these processes (Reddy et al., 1999), significant variation exists 

between studies (Kadlec and Wallace, 2009).  
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Variability in Removal Performance by Constructed Wetlands 

 In regards to the removal percentages reported, Lantzke (1999) reviewed studies that 

ranged from 34% removal of TP to 99% removal of TP. These studies focused on wastewater 

performance. One stormwater study found removal percentage for TP as low as 12% (Birch et 

al., 2004). Another study reported removal performance for dissolved phosphorus from 0% - 

66% for unplanted wetlands and 27% - 100% in planted wetlands suggesting that significant 

variation exists both within and across the different P removal mechanisms (Regimi et al., 2003). 

Such variation raises questions as to why such differences occur and this review covers many 

possibilities. Lantzke (1999) also compares performance between removal mechanisms for 

dissolved phosphorus, the particular speciation of concern in this study. The study found that 

rates of removal were higher for substrate sorption than for removal by macrophytes and total 

mass removal was higher for chemical sorption than for macrophytes in the short term. However, 

this trend reverses if the time scale considered is more than a couple months (Lantzke et al., 

1998; Lantzke et al., 1999). This last condition is likely due to a decrease in sorption over time 

without some rejuvenation of sorption capacity. Non-process specific, macroscopic variables of 

importance suggested in the literature for phosphorus removal include mixing, temperature, and 

a general “age” of the filter (Lantzke et al., 1998; Lantzke et al., 1999), as well as size relative to 

the catchment area (Birch et al., 2004).   

 

Phosphorus Removal by Macrophytes 

 Phosphorus is a macronutrient and essential for plant growth, which explains its 

extensive use in agricultural applications and problematic nature for algal growth. However, 

macrophytes, in addition to algae, can provide appreciable removal of dissolved phosphorus 

from stormwater given that enough planted area is available and hydraulic residence time is 

sufficient (Kadlec, 2005). One of the major sources of removal by macrophytes is during the 

initial states of wetland development when plants are still “growing in” to achieve full coverage. 

This removal can decrease sharply to a much lower steady state amount after complete coverage 

has occurred (Kadlec, 2005). Some further inference from this finding would support the 

decreased importance of removal by macrophytes during times of plant dormancy in seasonal 

climates. In another sense, macrophytes serve a critical role where the harvest of biomass or 

accretion of dead plant material with associated nutrients as humus represent “sustainable” 
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removal mechanisms (Kadlec and Wallace, 2009), as opposed to temporary sequestration where 

the removal mechanism can be reversible and act as a phosphorus source at other times (Kadlec, 

2005). It is important to note, however, that the sustainable nutrient sequestration in humus 

represents only 10 – 20% of the nutrients removed from stormwater by the living plants (Kadlec, 

2005). Overall, for stormwater systems where space is at a premium, phosphorus removal by 

macrophytes probably does not represent a major dependable process, but rather a seasonal or 

temporary augmentation to other mechanisms. This conclusion is supported by Drizo et al. 

(2000) and by Naylor et al. (2003), who suggested an unplanted wetland unit process where 

substrates were used that were not optimal for plant growth but were more optimal for 

phosphorus removal by sorption. Thus, phosphorus removal by macrophytes was not a central 

part of this study, although macrophytes will likely be a valuable component of a final UWF 

design by providing necessary organic carbon and beneficial humic acid for the rejuvenation 

process (Brady and Weil, 2002) and improving the overall aesthetic of the UWF. 

 

Phosphorus Removal by Physical Filtration  

 Secondly, physical filtration can remove phosphorus already attached to sediments or 

phosphorus in organics carried by stormwater by of the sediment or organic material by 

wetlands. In addition to gravitational sedimentation and physical exclusion due to particle size 

and pore space, the presence of macrophytes, especially in free surface wetlands may promote 

physical filtration by providing structure both in terms of living and dead organic matter for 

particles to adhere to (Anderson and Mitsch, 2006). The ability of wetlands versus ponds to filter 

lighter and smaller materials provides some additional benefit. However, there are some 

drawbacks to this process. Anaerobic conditions are typical in wetlands, and under these 

conditions, phosphorus release from settled upland sediments can occur (Masscheleyn et al., 

1992; Coveney et al., 2002; Aldous et al., 2007). This finding highlights a potential benefit of 

maintaining an unnaturally oxidized state throughout the constructed wetland. In addition to 

phosphorus, some studies show that the ability of wetlands to filter organics is somewhat lower 

than might be expected (Kadlec, 2005). Substrate clogging of vertical subsurface flow 

constructed wetlands has also been cited as a major problem associated with physical removal, 

with one of the side effects being decreased oxygen to sediment, further exacerbating the 

problem of dissolved phosphorus being released from storage in sediments (Langergraber et al., 
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2003). While sedimentation may be more important to surface flow wetlands, for the reasons 

stated here and since retention ponds already show a great ability for sedimentation, the approch 

adopted in this study involved restricting the flow of suspended solids into subsurface wetlands. 

Instead, efforts are concentrated on removal mechanisms for dissolved phosphorus that the ponds 

currently demonstrate less ability to treat.  

 

Phosphorus Removal by Sorption 

 Thirdly, substrate sorption, a general term that incorporates both chemisorption and 

precipitation due to the practical difficulty in separating the two, is another mechanism in 

constructed wetlands capable of removing appreciable amounts of phosphorus (Bubba et al., 

2003). The shorter retention times required for this removal process (Zhu et al., 2003) along with 

the specific ability to remove dissolved process make sorption appealing for minimizing BMP 

footprint for urban areas and are thus the focus of this study. To describe this removal process in 

technical terms, the chemisorption reaction is a ligand exchange reaction, involving replacement 

of a hydroxide ion located on a particle surface by a dissolved phosphate anion. The particle 

surface is often a Fe or Al oxyhydoxides. Chemisorption is distinct but not unrelated to the 

precipitation reaction, where the phosphate ion combines with a cation, sometimes Fe, to form a 

very insoluble precipitate (McBride, 1994). The sorption process is the focus of study for several 

reasons. First, it is generally a very fast process with theoretical kinetics in the range of minutes 

or seconds (McBride, 1994) and experimental studies showing equilibrium times for sorption of 

as little as 20 minutes (Oguz, 2005). This low reaction time allows for sustained efficacy even at 

very high flow rates, which enable smaller wetlands and promote aerobic conditions. Secondly, 

sorption is a major mechanism for removal of dissolved phosphorus (Comings et al., 2000; 

Maynard et al., 2009). In addition to dissolved reactive phosphorus, some dissolved organic 

phosphorus may be adsorbed by these processes as well (Anderson and Magdoff, 2005). Two 

important caveats to the sorption removal process is its finite capacity and documented 

reversibility under certain conditions (McBride, 1994). As described above for natural wetlands, 

the phosphorus sorption process may be reversible if the constructed wetland becomes anaerobic 

and reduced. Under anaerobic conditions, Fe3+ can serve as a terminal electron acceptor for 

microbial metabolism, reducing Fe3+ to a more soluble Fe2+ and simultaneously releasing the 

phosphorus that was adsorbed to the Fe3+ (Lovley, 1991). This mechanism may also be at work 
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in the benthic regions of retention ponds and explain the “confusing” results of several authors 

concerning the phosphorus export of wetlands and retention ponds during certain periods (Calder 

et al., 2006; Holley et al., 2007). Although decreases in bulk water concentration have sometimes 

been implicated for the release of phosphorus, results from Zhu et al. (2003) contradict such 

implication in favor of the redox theory. Ironically, one limitation may function to eliminate the 

other as the rejuvenation process, based on the release of phosphorus during anaerobic conditions 

and developed through this study, is a targeted attempt to remove the finite capacity limitation. 

 

Variability in Removal Performance by Sorption Mechanisms 

 As discussed for studies of constructed wetlands in general, studies focusing on the 

sorption process alone include significant variability. Previous studies have submitted many 

potential factors to explain the variability in removal by sorption process (Table 1.3). Of the 

variables listed this study investigated flow rate (which is inversely proportional to retention time 

for a static treatment volume), changes in concentration, redox conditions, pH, wetland "age," 

spatial variations, and stopped-flow time which is somewhat analogous to an antecedent dry 

period. Regarding variability related to substrate, Cucarella and Renman (2009) reviewed 

various studies that used an empirical method, the batch isotherm experiment, to investigate and 

compare sorption performance of various substrates for phosphorus removal in wetlands. Some 

of the studies had also attempted to estimate performance lifetime for phosphorus removal by 

sorption based on the isotherm information. The review concludes that a high degree of 

dependence on external variables such as concentration and loading ratios limits the isotherm 

approach for estimating phosphorus removal performance of potential substrates. This 

conclusion is probably especially relevant to materials used in treating stormwater, as 

concentrations are much lower and potentially more variable than wastewater streams.    
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Table 1.3 – Variables of interest for explaining variability in phosphorus removal 

Variable Effect on Removal Pertinent Studies 

 Redox Potential 
Reducing conditions favor phosphorus release from 
sediments and decreased overall removal  

(Redshaw et al., 1990; Carleton et 
al., 2000) 

 Retention Time Possible non-linear correlation with removal 
 (Chick and Mitchell, 1995; Shilton 
et al., 2005; Line et al., 2008) 

 Flow Rate 
Increased flow rate may favor more adsorption, 
hence more removal 

 (Farahbakhshazad and Morrison, 
2003) 

 Fe in Substrate 
Increased concentrations favored more sorption 
lifetime and more removal 

(Naylor et al., 2003; Arias and Brix, 
2005; Shilton et al., 2005; Maynard 
et al., 2009) 

pH 
Several values have been presented as optimal for 
removal 

(Redshaw et al., 1990; Shilton et 
al., 2005) 

Wetland Age Substantial decrease in removal with age 
(Redshaw et al., 1990; Prochaska 
and Zouboulis, 2006) 

Temperature Increased temperature may favor increased removal (Redshaw et al., 1990) 

Substrate Size 
Smaller Particles provided increased sorption, hence 
increased removal 

(Zhu et al., 2003; Maynard et al., 
2009) 

Stopped-Flow 
Time 

Longer periods of stopped-flow may increase 
removal possibly due to a kinetically limited 
diffusion process 

(Farahbakhshazad and Morrison, 
2003) 

Influent P 
Concentration 

Higher influent concentrations may favor increased 
removal, also possible importance  of a 
thermodynamic gradient between adsorbed and 
dissolved phosphorus 

(Schueler, 1996; Drizo et al., 2000)  

 

First-order vs. Physical-process Models for Phosphorus Removal in Constructed Wetlands 

 There has been a general historical precedent in the applied science of structural BMPs 

including stormwater wetlands of modeling performance as a first-order or black-box model with 

a set removal percentage that does not change based on location, influent water characteristics, or 

time. The first-order model is typified by the Virginia Stormwater Management Handbook 

(VDCR, 1999) among other documents and published papers (Zhang et al., 2008). While this 
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approach might be convenient, it can also be very misleading, and there is significant evidence, 

including a study by Kadlec (2000) to suggest that a first-order model does not fully explain the 

process. First, the large range of reported removal percentages alone provides doubt to the 

suitability of relying on some average value to represent all wetlands under all circumstances. 

 While variability outside of a first-order model most likely occurs from several removal 

processes, the numerous variables cited above for sorption processes alone indicate the presence 

of multiple factors that would influence a phosphorus removal percentage. Several studies 

including Maynard et al. (2009) have shown that removal by sorption in constructed wetlands 

decreases over time.  Many of these variables, such as pH and influent concentration, remain 

relevant even if the BMP design was constructed the same every time. If design or construction 

is not the same then almost all of these variables could become important. Some studies have 

moved away from the first-order model in favor of analyses based on the thermodynamics and 

kinetics associated with removal processes. Additional studies at least recognize a future state of 

sorption equilibrium (Redshaw et al., 1990; Oguz, 2005).  

 This "physical-process" approach is not entirely novel. Soil chemists have been analyzing 

sorption processes based on thermodynamic and kinetic models for years (McBride, 1994). Two 

techniques used by soil chemists to describe sorption behavior in soils are the isotherm curve and 

the breakthrough curve. The isotherm curve relates the mass of adsorbed material per mass of 

substrate at various concentrations (thermodynamics), while the breakthrough curve describes 

the time it takes for the effluent concentration of the adsorbed constituent in a soil column to 

reach the concentration of the influent (thermodynamics and kinetics). Bubba et al. (2003) used 

the isotherm approach to study various substrates for phosphorus sorption in wetlands while 

Arias and Brix (2005) attempted to use this parameter as a main performance indicator for 

wetlands. Its success was probably limited in part by not included the historically adsorbed P as 

discussed by Zhang et al. (2009). Georgantas (2006) used isotherm and kinetic analysis including 

x-ray diffraction to study sorption on phosphorus adsorbing substrates. Thermodynamic and 

kinetic evaluation of substrate sorption has also been included in a number of additional studies 

(Zhu et al., 2003; Zeng et al., 2004; Namasivayam et al., 2005). 
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Rejuvenation of wetland performance for sustainable water quality treatment 

 Although various effective phosphorus removal processes in constructed wetlands exist, 

these processes are usually finite or reversible paths. Some “sustainable” paths have been 

suggested, specifically organic accretion (Kadlec, 2005); however, the percentage retained is low 

and reducing conditions have demonstrated the ability to release sequestered phosphorus from 

sediment. This lack of permanent sequestration and occurrence of reducing conditions may 

strongly affect phosphorus removal efficacy of the entire wetland system (Komatsu et al., 2006). 

The lack of a reliable and efficient, permanent removal mechanism along with the finite capacity 

of removal by sorption processes has led to the development of the rejuvenation strategy through 

this research project. The ideal rejuvenation procedure as part of the overall UWF concept 

consists of four main steps: 1) the reduction of iron and accompanying release of previously 

sequestered phosphorus into solution; 2) the temporary removal of water from the wetland; 3) 

aeration and precipitation of Fe-phosphates; and 4) the reestablishment of sorption capacity from 

Feo contained in the wetland substrate. A decreased redox potential has shown great ability to 

release sequestered phosphorus into solution in natural wetlands as previously discussed. Since 

Fe-oxyhydoxides, a significant adsorption surface for phosphorus, are redox active and redox 

active under natural conditions in wetlands, this mechanism might function as part of a removal 

process. With water contained in the wetland, facilitated reducing conditions could reduce Fe, 

releasing adsorbed phosphorus in much higher concentrations than typical, even for stormwater. 

Then, the resident water with high concentrations of dissolved phosphorus and iron is removed 

either for direct use or to promote a precipitation of Fe-phosphates before the water is returned to 

the wetland. This precipitated Fe-P solid allows for efficient transport and productive use 

elsewhere such as fertilizer for agriculture, lawns, or ornamental plants.  

 

Microbial Nature of Fe-Reduction in Constructed Wetlands 

 The phosphorus desorption process associated with reducing conditions has also been 

associated directly with Fe (Redshaw et al., 1990; Zhang et al., 2003; Komatsu et al., 2006). This 

desorption process may, however, be significantly slower than the adsorption process due to the 

fact that it is microbial driven while the adsorption process occurs abiotically. The process of 

microbial reduction of Fe is well understood by microbiologists, as indicated by the extensive 

review of these processes provided by Lovley (1991). Generalizing the findings made through 
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the field of biology for this application provides a series of requirements for this microbial 

process to occur efficiently. The reduction of Fe by microbes is a direct causal effect of their 

metabolism, where Fe serves as the terminal electron acceptor for electrons gained from the 

microbes’ energy source, typically organic carbon (Martinko and Madigan, 2006). Martinko and 

Madigan (2006) also describe the requirements for effective microbial metabolism to take place, 

including: 1) the existence and presence of a microbe capable of the stated microbial process; 2) 

a bioavailable terminal electron donor, usually organic carbon; 3) the presence of a terminal 

electron acceptor such as Fe or an intermediate electron shuttle such as humic acid; and 4) 

favorable environmental conditions for the particular microbe(s) to thrive.  

 

Conditions Necessary for Microbial Growth in Constructed Wetlands 

 The existence of microbes capable of reducing Fe is well documented and has been 

observed in many places including aquatic sediments (Lovely et al., 1991) and “waterlogged 

soils, bogs, and anoxic lake sediments” (Martinko and Madigan, 2006). Also, the decrease in 

concentration of an electron donor has been shown to correspond to the growth of known Fe-

reducing bacteria (Lovley, 1991). In the study cited, acetate was used, but other forms of 

naturally occurring organic carbon also indicate suitability and acetate is a common byproduct of 

many natural fermentation processes (Martinko and Madigan, 2006). The criticality of this 

organic carbon-source to Fe reduction may explain some of the decrease in phosphorus removal 

by constructed wetlands seen between indoor studies where organic carbon may not be present 

and pilot studies where organic carbon is likely to be present. In the context of this research, the 

presence of a electron acceptor, Fe, can be assumed to a degree, although the bioavailabity of 

that Fe to the microbes deserves further consideration (Martinko and Madigan, 2006). Some Fe-

oxyhydoxides in the wetland may be located in micropores and other spaces that allow for the 

diffusion of phosphorus for adsorption, but disallow access by microbes for direct use as a 

terminal electron acceptor.  

 

Electron Shuttles to Speed and Increase Total Phosphorus Release from Sediments 

 The presence of an electron shuttle may overcome this lack of bioavailability by serving 

as a terminal electron acceptor for the microbe, and then reaching the Fe locations unavailable to 

the microbe and reduce them abiotically. The efficacy of humic acids as such an electron shuttle 
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has been documented extensively (Lovley et al., 1998; Nevin and Lovley, 2000; Chen et al., 

2003; Kappler et al., 2004; Rakshit et al., 2009) and may have a significant role in both the rate 

and extent of Fe reduction in saturated soils and transported sediments. The viability of this 

process has also been documented specifically for natural wetlands (Coates et al., 1998). In 

addition to electron shuttling, humic acids have been shown to increase the rate of Fe 

bioreduction by complexion with Fe to dissolve Fe3+ directly (Rakshit et al., 2009). The last 

requirement of the metabolic process, suitable environmental conditions, may also function to 

enhance metabolic rate for Fe reducers. Kostka et al. (1996) reported optimal conditions for Fe 

bioreduction in smectite clays as pH of 5 to 6 and a temperature of 25-37 C.   

 

Bulk Removal of Phosphorus from the Reduced Wetland 

 Once microbial reduction releases phosphorus from the substrate, it is necessary to 

remove it from the filter, preferably through a management process that is as quick and 

inexpensive as possible. A promising possibility for this requirement is the precipitation of Fe-

phosphates. The microbial reduction step of the rejuvenation process provided not only a high 

concentration of dissolved P, but also a high concentration of dissolved Fe. This condition of 

both a high concentration of Fe and a high concentration of phosphorus may provide an excellent 

starting condition for the formation of Fe-phosphate. Reduced Fe (Fe2+ or ferrous iron) has a 

much higher solubility limit than oxidized Fe (Fe3+ or ferric iron). Thus, with temporary removal 

and oxidization of the water contained in the wetland it may be possible to precipitate Fe-

phosphates. Hupfer et al. (1998) indicated that for benthic sediments in a eutrophic mining lake, 

thermodynamic calculations favored the formation of vivianite, a hydrated Fe-phosphate. The 

presence of Fe-phosphates including vivianite has been documented in studies of flocculated 

wastewater sludges (Frossard et al., 1997) and in wetland sediments (Kaplan, 2004). 

Thermodynamic probability may favor the formation of strengite versus that of vivianite for 

conditions similar to those seen in the UWF rejuvenation process (Lindsay, 1979).  

 

Reestablishing Fe-oxyhydoxides in the Wetland for Continued Sorption Capacity 

 The third step to rejuvenation involves restoring sorption capacity in the sediment that 

was lost due to the reduction and removal of Fe in the first step. Inclusion of Feo (zero-valent 

iron), may accomplish this restoration in the form of cast iron shavings serving as some 
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percentage of the substrate. Under aerobic conditions, during filtration, the Feo will oxidize and 

provide sorption capacity in the form of additional Fe-oxyhydoxides. Under anaerobic conditions 

during rejuvenation, the underlying Feo will remain while bacteria reduce Fe3+ to Fe2+. This 

underlying Feo represents a long-term reservoir for providing Fe to the system after each 

successive rejuvenation cycle. Luederitz and Gerlach (2002) used iron filings and found them to 

be more beneficial for phosphorus removal than Ca-soil additions. Kaplan (2004) found that 

additions of Feo studied in a dynamic natural environment created significant additional sorption 

sites and also provided evidence for possibility of Feo additions forming sorption sites across the 

soil substrate in bulk. In addition, Maynard et al. (2009) found evidence that redox 

transformation of Fe in saturated constructed wetland sediments favored the formation of 

additional sorption sites. Heal et al. (2005) studied the use of ochre from mine drainage 

treatments as an additive to constructed wetlands for increasing sorption capacity; however, 

since ochre consists mainly of oxidized Fe, it would not have the ability to persist through 

rejuvenation cycles and would require replenishment after each cycle. For this reason, Feo is as 

an ideal candidate for replacing iron coatings on substrate and was a focus of investigation in this 

study. 

 Aside from enabling sorption capacity rejuvenation, there may be additional benefits of 

including zero-valent iron through its capacity as a strong reducer. Feo has been studied and 

proven successful for the remediation of hexavalent chrome, other heavy metals including lead 

and copper, hydrocarbons, and possibly viruses (Puls et al., 1999; Janda et al., 2004; Daniels et 

al., 2006; Noubactep and Woafo, 2008) in groundwater and surface water applications. One 

study of a groundwater application of Feo additions for the removal of arsenic from groundwater 

found that P in treatment influent water competed effectively for sorption sites and that the iron 

nails used in the study may have had limited effectiveness due to limited contact with the water 

(Chiew et al., 2009). This finding favors the use of finer materials for additions to substrate.    
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Variability in adsorptive phosphorus removal by 
structural stormwater best management practices  
S.E. Rosenquist, W.C. Hession, M.J. Eick, D.A. Vaughan 

Abstract 

 Various best management practices (BMPs) utilizing sorption processes (SP) have 

demonstrated effectiveness for phosphorus (P) management in stormwater. However, the 

widespread use of these BMPs in urban areas has been limited by large land requirements and 

limited P removal capacity. Central to this study is the development of the urban wetland 

filter (UWF), a concept intended to overcome these limitations and provide a low-cost, easily 

implemented BMP that can meet urban P-management goals. Performance variation along 

with finite sorption capacity has limited the reliability of SP as a primary removal strategy. 

However, if variability were better-understood and capacity made renewable, sorption of P to 

substrates could provide the option of a more rapid and (with less required retention time) 

more space-efficient sustainable removal strategy than biological uptake. The goal of this 

study was to identify and model major sources of variability in P removal by sorption, 

enabling better prediction and optimization of sorption performance and ultimately the 

development of a small-footprint stormwater BMP with efficient P removal ability. 

Experiments were conducted in bench-scale reactors with an iron-oxide sand substrate. 

Results included a physical-process model developed by considering the thermodynamic and 

kinetic properties of SP. Significant sources of variability included, by order of importance, 

magnitude of a solution/substrate concentration gradient, length of the “antecedent dry 

period” between loadings, and pH. Most importantly, results indicate the critical importance 

of a thermodynamic gradient between solution P and previously adsorbed P to achieve 

continued removal. 
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Introduction 

 Eutrophication, driven largely by excess nutrients in surface runoff, is a significant 

problem in US surface waters (Parry, 1998). Eutrophication can cause environmental 

degradation and also has significant economic impacts on coastal fisheries and municipal 

drinking water supplies (Camargo and Alonso, 2006). Phosphorus (P) is often the target 

nutrient for preventing eutrophication because it is the limiting factor for algal growth in 

some saltwater and almost all freshwater systems (Fisher et al., 1992) and because it does not 

have a process analogous to denitrification to prevent buildup in surface water through 

transition to the atmosphere.  

 Urban areas are of particular interest for non-point source P management as adverse 

water quality has been correlated to both the density and speed of urbanization (Atasoy et al., 

2006). Urban P loads can rival those of agricultural land uses (Paul and Meyer, 2001) and 

urban environments have unique constraints such as high land-value and rapid hydrologic 

response that complicate stormwater treatment. Traditional urban stormwater management 

often utilized dry detention ponds and focused on peak flow attenuation while doing little to 

address nutrient impacts. More recently, wet retention ponds designed with permanent pools 

have been introduced in an effort to address stormwater quality along with quantity (Carleton 

et al., 2000; Hogan and Waldbridge, 2007). These stormwater ponds are ubiquitous in the 

American urban landscape with an estimated 2.6 million such ponds across the contiguous 

US (Smith et al., 2002). Retention ponds provide some water quality treatment, mostly by 

sedimentation, but remove little dissolved phosphorus (DP) (Comings et al., 2000). However, 

retention ponds do provide a unique opportunity to extend available treatment time for the 

water retained. This extended treatment time can be utilized more productively by 

incorporating an add-on BMP positioned off-line from stormwater flow, optimized for 

removing DP, and continuously filtering retained water. This strategy is similar to one used 

by Coveney et al. (2002) with a wetland on Lake Apopka, but with a decentralized, smaller-

scale approach. 

Other BMP have been investigated for urban stormwater treatment, including  

stormwater wetlands (Carleton et al., 2000; Kadlec and Wallace, 2009) and have performed 

effectively, but land availability is a common limitation. Traditional designs are often land-

intensive and not economically feasible in urban areas (Hunt and Wossink, 2003). Biological 

uptake followed by organic accretion in sediments is the typical strategy for long-term P 

removal in these BMP (Kadlec and Wallace, 2009) but it also drives the large land 
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requirements (Lantzke et al., 1999). This process is not, however, the only P removal process 

involved. Sorption processes (SP), mainly adsorption at stormwater concentrations, can 

effectively sequester DP and do so more rapidly than biological uptake (Kadlec and Wallace, 

2009). A rapid removal mechanism can enable shorter residence times for treatment, increase 

allowable flow rates, and decrease required BMP size. However, reliance on SP for removal 

has limitations including large variability in performance and finite sorption capacity 

(USEPA, 2002). While some of this variability can be attributed to performance metrics, 

including volume reductions (Kadlec and Wallace, 2009) significant  variability remains.  

 Though understood to be based on saturation processes (VDCR, 1999), P removal by 

BMPs that rely on SP is often conceptualized by practitioners as a first-order model with a 

constant removal percentage at stormwater concentrations (Carleton et al., 2000; Pant et al., 

2001; Farahbakhshazad and Morrison, 2003; Naylor et al., 2003; Arias and Brix, 2005; 

Shilton et al., 2005). This removal percentage is assumed constant regardless of changes in 

internal parameters (such as substrate type, redox potential, and pH) or external parameters 

(such as flow rate and "antecedent dry period") that have been suspected of causing variation 

(McBride, 1994). 

Alternatively, P removal by SP could be conceptualized with a physical-process 

model using the thermodynamic and kinetic principles associated with SP and the internal 

and external parameters subject to variation. Thermodynamics involved in P removal by SP 

are described by isotherm curves, which are used extensively in soil chemistry to provide 

often-published sorption capacities for various substrates. Isotherm curves represent the 

thermodynamic possibility for a reaction to occur based on the nature of the adsorbent and 

given concentration of the adsorbate (2007). Therefore, it is reasonable to conclude that 

influent concentration, representing the concentration of the adsorbate, as well as pH and P 

sorption history, representing the nature of the adsorbent, may function interactively to 

determine the thermodynamic probability of further P removal.  

Kinetics associated with SP have been described by Arai and Sparks (Lovley, 1991) 

who divide the kinetics of specific adsorption into two reactions: 1) rapid (hours or less) 

adsorption limited by the ligand exchange process; and 2) slower (days to months) adsorption 

limited by diffusion into pore spaces and the subsequent enabling of further ligand exchange. 

Therefore, it is also reasonable to include diffusion-related variables such as filter age, flow 

rate, or the timing of loadings to predict P removal.   

The objectives of this study were: 1) to validate DP removal by SP using iron-oxide sand 

substrate; 2) to identify major sources of variability in P removal by SP; and 3) to determine 
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whether a physical-process model can provide significantly better P removal prediction than a 

first-order model. These objectives are part of the multi-study development of a novel 

stormwater BMP for urban P management, the urban wetland filter (UWF). The UWF 

concept pairs small (<140 m2), vertical-flow (VF) wetland cells with an existing retention 

pond. The off-line cell does not need to be sized for peak flows and can either re-circulate 

water from the pond (with pumping) or serve as the low-water outlet for the pond (without 

pumping). Cell size is decreased compared to a typical stormwater wetland by a periodic 

rejuvenation process based on microbial reduction of iron (Fe) enabling controlled release of 

adsorbed P from the substrate (Comings et al., 2000). In addition, the ability of the retention 

pond to sequester sediment-bound P (Darke and Walbridge, 2000) is incorporated, allowing 

the UWF cells to be optimized for DP removal. Further design choices for the UWF seek to 

optimize SP, including: 1) use of substrate high in iron-oxides to provide adsorptive capacity 

and ability for rejuvenation (Luederitz et al., 2001); 2) upward, VF for minimum size 

(Farahbakhshazad and Morrison, 2003), maximum mixing, and minimal clogging 

(Farahbakhshazad and Morrison, 2003); and 3) low residence time (<1 h) to promote aerobic 

conditions (2006). 

Materials and methods 

Experimental setup 

 Six experimental UWF cells (fig. 2.1) were set up in a climate-controlled laboratory 

space, which maintained a temperature of 22 +/- 4oC. Water for the cells was supplied from a 

constant head tank (CHT) located in the center of the cells. The CHT received water from a 

265-L plastic holding tank (HT) that served as the “eutrophic retention pond” for this study. 

The cells were similar in construction and scale to those used by Prochaska and Zouboulis 

(Kadlec and Wallace, 2009). Some scaling problems have been associated with field 

applicability of bench-scale studies on SP, specifically in regards to quantification of 

performance (2007). While all quantitative results should be viewed in this perspective, the 

objectives of this study also led to qualitative conclusions that should be more resistant to 

scaling problems. Cells contained the following horizontal layers, listed from bottom to top: a 

76-mm layer of medium-sized gravel (#8 stone), where the inlet structure was located; a 254-

mm layer of USDA-grade medium sand (0.5-1% Fe by mass); and a 50-mm layer of standing 

water (fig. 2.2). Sand was sourced from a pit quarry in New Castle, VA. 
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Figure 2.1 - The six replicate UWF cells were supplied water from a constant head tank located in the 

center of the six cells. The CHT had water supplied from a 265-L plastic holding tank that served as a 

“eutrophic retention pond." 

 

 

Figure 2.2 - An individual UWF cell consisted of horizontal layers from bottom to top including: gravel, 

sand, and standing water 

The experiment included a series of 20-h runs of the six cells, including both 

treatment and control runs, with only one cell receiving flow during a particular treatment run 

while the other cells remained saturated without flow. During treatment runs, flow started in 

the holding tank where a submersible pump brought water to the CHT. A hydraulic head of 

5.5 cm in the CHT drove the water through one UWF cell and back into the holding tank. 

Water entered the UWF cell in the gravel layer at the bottom of the cell through a bulkhead 

fitting for horizontal distribution before flowing upward through the sand layer. This bottom 

to top, VF regime is similar to that used by Evans and Rusch (2001) except for the fixed 

Rosenquist 

Rosenquist 
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boundaries in this study. During control runs, flow proceeded from the HT to the CHT, and 

directly back to the HT, completely bypassing the UWF cell. In this way, any unanticipated P 

removal in the experimental setup, apart from that due to P removal in the cell, could be 

identified. Fifteen treatment runs were performed with each cell for 90 total treatment runs. 

Four control runs were performed after the treatment runs. Water used was a synthetic 

stormwater created by adding an inorganic P solution to distilled water to achieve 

concentrations between 0.1 mg/L and 0.6 mg/L. These concentrations were consistent with 

samples taken from stormwater ponds in the Blacksburg, VA, area that represented a range in 

both depth and distance between inlet and outlet (Table 2.1). P concentrations in the synthetic 

stormwater, mostly DP, were consistent with TP concentrations in the ponds. The water in 

the HT was periodically augmented during the study with additional inorganic P solution to 

maintain concentrations in the desired range, and distilled water to offset evaporation. 

 

Table 2.1 – Phosphorus concentrations and total loads from four stormwater ponds in Blacksburg, Va 

Pond # of Samples Average TP (mg/L) Estimated Volume (L) Total Resident Load (kg) 

1 6 0.19 2.9E+06 0.56 

2 4 0.18 5.8E+06 1.04 

3 5 0.26 2.4E+06 0.63 

4 5 0.24 2.3E+06 0.55 

All concentrations given as mass of P, not PO4
- 

 

Experimental design 

 Independent variables included the filtration “age” of the cell, initial DP concentration 

in the HT, and "antecedent dry period" between flow events. The dependent variable was the 

mass of P removed by the wetland cell during a given filtration run, measured by changes in 

HT concentration. Results are presented as mass removed instead of removal percentage 

because it proved more useful towards identifying sources of variability. Additional 

monitored, but uncontrolled, variables of interest included cell pH and flow rate. These 

variables were included in anticipation that they may prove to be of interest in explaining the 

results of the experiment. 
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Isotherm testing 

 To describe the “age” of the filter, a theoretical sorption maximum was established for 

the substrate to serve as a reference point. The total mass of P removed in each cell compared 

the calculated maximum, thus providing a filter “age” as the percent of the maximum that had 

been reached (fig. 2.3). This isotherm procedure was conducted with the sand substrate 

according to standard soil testing procedures similar to those described by Arias et al. (Li and 

Davis, 2009). Key differences from the cited study were that 10 g of substrate were used for 

each 200-mL sample container, samples were analyzed by Inductively Coupled Plasma 

Atomic Emission Spectroscopy (ICP-AES), and no containers were included for analysis 

without substrate. The theoretical maximum was determined with the linear form of the 

Langmuir equation: 

 

C/q = 1/kb+C/b         (1) 

 

where C is the equilibrium concentration of the adsorptive, q is the adsorbed quantity, k is a 

constant related to the binding strength, and b is the sorption maximum. The result was a 

sorption maximum of 45 mg-P/kg which relates to approximately 1125 mg-P for each 25-kg 

sand filter. For comparison, a recent study of two small (<1 ha), highly urbanized catchments 

in the Chesapeake Bay watershed found contributions of 900 mg-P/ha/yr and 3600 mg-

P/ha/yr (Sonzogni et al., 1980). A study from the Great Lakes observed urban watersheds 

contributing as much as 23000 mg-P/ha/yr during development and 300-4800 mg-P/ha/yr 

after development (Drizo et al., 2000).  
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Figure 2.3 - During the study, cells increased from below 5% to around 25% of isotherm-derived sorption 

capacity 

Sampling procedure 

 Data collection for this study took place between January 2008 and January 2009. All 

water samples were taken from the HT. Samples were taken before, after, and in some cases 

throughout the 20-h runs and analyzed for DP to track removal in each run of each cell. An 

automated sampler (ISCO 3700, Lincoln, NE) was used for the first 33 runs sampling from 

the HT at 5-h intervals throughout the run to ensure a proper sampling interval. Once 

temporal trending was well established, samples were collected by hand from the HT at the 

beginning and end of each run. The mass of P removed during each specific run was 

determined with the known volume of the HT.  

 The initial flow rate was set near 0.2 L/min. This flow rate was chosen based on trial 

runs conducted in conjunction with this study. It represented a safe maximum to avoid 

disruption of the sand media by fluidization. Flow rate was estimated by volumetric capture 

into a graduated cylinder (500 mL) while timing with a stopwatch. Two measurements were 

averaged with the previously calculated flow rate to estimate a representative flow rate 

Rosenquist, R-Project 
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for a given run. Two pH measurements were taken for each run with a handheld pH pen 

(Hanna Instruments, Woonsocket, RI) in the standing water portion at the top of the UWF 

cell, once before flow was started and once at the end of the run. The pH pen was periodically 

calibrated with standard buffer solutions. 

Spatial distribution procedure 

 Previous studies have indicated the existence of spatial gradients of adsorbed P in 

substrates with the amount of adsorbed P decreasing in the direction of flow (McBride, 

1994). An existing spatial gradient of P could coincide with an existing thermodynamic 

gradient and continued capacity for P removal. By this theory, little or no spatial gradient 

would be expected if a quasi-equilibrium thermodynamic condition had been reached. A 

condition of no existing spatial gradient would be indicated by very little or no statistical 

difference from samples taken in spatial positions ranging from inlet to outlet of the UWF 

cells following completion of the last run. 

After the filtration runs, substrate samples were taken on a three-dimensional grid in the 

UWF cell (fig. 2.4). Samples were taken with 5-cm soil coring equipment through the entire 

depth of the sand layer at three cell locations, two at the side and one in the middle. Samples 

were taken 6months after removal runs. After coring, samples were oven dried for 24 h, then 

analyzed for Fe and P with supernatant analysis by ICP-AES after extraction with sulfuric 

and hydrochloric acids. 

 

Figure 2.4 - Substrate samples were taken with 5-cm diameter soil coring equipment from top to bottom 

of the sand layer at three different locations in the filter. 
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Modeling 

 Data from the experiment were used to test two different models: 1) a first-order 

model; and 2) a physical-process model. Regressor variables for the first-order model 

included influent concentration, filter “age,” pH, and flow rate. If P removal percentages 

were consistent, then mass removal should have a positive linear correlation with influent 

concentration, but not with pH or flow rate. Correlation with filter “age” might be expected 

as sorption sites are filled.  

 The physical-process model included the following regressor variables: 1) 

concentration gradient, where P removal may be positively correlated with a concentration 

gradient between the previous adsorption equilibrium of the adsorbent and current influent 

concentration of adsorptive (larger increases in influent concentration from previous 

equilibrium would favor more adsorption); 2) pH, where P removal may be inversely 

correlated with pH (adsorption of stronger acid anions in soils is generally favored at lower 

pH values (USEPA, 1994)); 3) flow rate, where P removal may be correlated with flow rate 

(lower flow rates might favor additional adsorption if the process is diffusion-controlled, or 

alternatively lower flow rates might favor anaerobic conditions and less adsorption) and; 4) 

"antecedent dry period", where P removal may be positively correlated with the time between 

runs (kinetic limitation based on diffusion between runs opening additional adsorption sites). 

The key difference between these two models is that in the physical-process model 

additional adsorption may not occur even though there are still “available” sites as predicted 

by the theoretical maximum based on isotherm testing. Additional concentration gradient 

might be established by the following methods: 1) introducing additional free sorption sites 

as with new substrate; 2) removing adsorbed P from the media and into solution; 3) 

increasing the influent concentration of DP; or 4) diffusion of P into micropores, thereby 

freeing the original sorption sites.  Testing this model made use of two variables calculated 

from the data set. The first variable, “concentration gradient”, quantified the increase in the 

influent concentration between the end of the previous run (assumed quasi-equilibrium) and 

the beginning of the following run, for which the removal mass is to be predicted. The second 

variable, "antecedent dry period", quantified the length of time between runs of a given cell. 

This variable represents a kinetic effect such as diffusion of P into micropores, freeing up 

external sorption sites and increasing the thermodynamic gradient.  
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Data management 

 Sampling complications occurred on two runs, including a battery failure on the 

automated sampler and a valve failure resulting in water leakage. The battery failure run was 

excluded from the data set since no data were available. Data were gathered for the valve 

failure run and were included since the P removal could be adequately estimated. Also, 

without direct comparison of the influent and effluent concentrations, it was somewhat 

difficult to determine whether complete equilibrium had been reached at the end of the 20-h 

run and the term quasi-equilibrium is used. However, any expected error based on this 

assumption should under-predict the effect of the gradient since runs with lower calculated 

gradients would be biased more heavily than runs with higher calculated gradients by any 

carryover between runs. 

Sample analysis  

 Samples from the first two treatment runs were analyzed with a colorimetric 

technique involving premeasured reactants, while samples from the remaining 13 treatment 

runs and the control runs were analyzed by ICP-AES. This procedure was conducted in 

accordance with EPA Method 200.7  (R Development Core Team, 2009). After direct 

comparison of samples analyzed by both methods, the ICP-AES method reported equivalent 

concentrations with less standard error and more quality control than the available 

colorimetric technique. 

P in the samples was differentiated as DP by gravimetric settling and could include some 

suspended forms of P. However, this differentiation is probably more consistent with P not 

removed by sedimentation. 

Statistical analysis  

 Data analysis was conducted using the “R” statistical software package (McBride, 

1994). The Shapiro–Wilkes test for normality and Welch’s t-test were used for comparing 

means of P mass removal between control and treatment runs. 

Analyses of the various proposed sources of variability utilized multivariable regression 

analysis and backward model selection. The associated model assumptions were verified by 

graphical residual analysis. 
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Results and discussion 

pH and flow rate trends  

 During the study, pH values were neutral to alkaline and increased in general (fig. 

2.5). This was expected because the specific adsorption of P is a ligand exchange reaction, 

which includes a release of hydroxide ions (Schueler, 1996; Strecker et al., 2001). The 

tendency to increase pH may be an important factor for BMP designers, and supports the 

inclusion of pH buffering materials. Flow rates varied both between and within cells (fig. 

2.6). A general trend was also noted, with most cells experiencing a decrease in flow rate 

over time. Since TSS was not a factor in this experiment, any decrease was probably due 

either to settling of the substrate or biofouling.  

 

 

Figure 2.5 – A general increase in cell pH for all wetland cells was observed. 
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Figure 2.6 - Flow rates observed during runs varied both across and within cells, however, such changes 

were generally within a factor of two 

 

Validation of P removal by iron-based substrate 

 Comparison of data from treatment and control runs verified the ability of an iron-

based media filter to remove DP (fig. 2.7; p=0.025; Welch’s two-sample t-test). On average, 

the iron-based media filterers removed 18.16 mg-P per run while the average removal for the 

control runs was not statistically different from 0 mg-P per run. Any removal during control 

runs could be due to biological uptake by microorganisms or sorption to plastic containers 

and tubing. These results support the use of iron-substrates in BMP design for increased P 

removal performance by SP. 
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Figure 2.7 - Iron-oxide sand filtration demonstrated a significant P removal capability compared to 

control runs without iron-oxide sand filtration. (plot depicts: Q1-1.5*Interquartile Range; Q1; Median; 

Q3; Q3+1.5*Interquartile Range) 

First-order model  

 Of the four variables included in this model (Table 2.2), only pH was significant 

(p=0.0208), and provided limited explanation for variability (fig. 2.8). It is notable that 

neither influent concentration nor filter “age” was significant in the model, indicating that a 

constant removal percentage was not demonstrated and that current influent concentrations 

alone may be a weak predictor of P removal by SP. Results also show that the percent of 

sorption capacity filled is a poor predictor of removal decay. 

 

Table 2.2 – Regression details for first-order model of P removal 

Coefficient P-value Estimate 

Intercept 0.0006 58.9 

Filter age (%SC) 0.9715 N/A 

Initial influent concentration (mg/L) 0.7173 N/A 

pH  0.0208 -2.37 

Flow Rate (L/min) 0.8078 N/A 

R2 N/A 0.14 
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Figure 2.8 - Equilibrium pH taken after the 20-h treatment run displays a weak negative correlation to P 

removal for that run. 

Physical-process model 

 In addition to a significant negative correlation with pH, “concentration gradient” and 

"antecedent dry period" demonstrated significant positive correlation to P removal in this 

model (Table 2.3). Of particular interest, the "concentration gradient" variable may, at least 

partially, explain the mechanism associated with "irreducible concentrations" reported in 

previous studies (Schueler, 1996; Strecker et al., 2001). Significance of the "antecedent dry 

period" variable is consistent with a study which also predicted a positive correlation with 

flow rate using bench-scale studies with VF wetland cells (Farahbakhshazad and Morrison, 

2003). The absence of a correlation with flow rate in this study could be due to the relatively 

small range in flow rates. The negative correlation with pH is consistent with the findings of 

Zeng et al. (2004) and a field-based study by Redshaw et al. (1990). Regarding the relative 

influence of the significant variables, “concentration gradient” had by far the largest effect, 

followed by pH, and lastly the diffusion-related, "antecedent dry period" variable.  

The significant amount of variability explained by the “concentration gradient” 

variable (fig. 2.9) indicates that it may be the major source of variability observed in P 

removal by SP and possibly a significant factor for variability in P removal for stormwater 
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BMP overall. Residual analysis performed on the model indicated no obvious problems with 

regression assumptions. 

 

Table 2.3 – Regression details for physical-process model of P removal 

Coefficient P-value Estimate 

Intercept 1.78E-06 5.28 

Concentration Gradient (mg/L) 2.56E-15 10.46 

Rest (days) 1.12E-02 2.62 

pH  1.26E-05 -4.75 

R2 N/A 0.70 

 

Figure 2.9 - Initial concentration gradient was a strong predictor of P removal during the runs 

Spatial distribution of removal 

 There was no apparent spatial gradient of adsorbed P in the direction of flow; 

however, a weak spatial gradient against the direction of flow was observed (fig. 2.10A). 

When a linear regression model was applied to this gradient, the coefficient of determination 

was low (R2=0.30). Iron concentrations also exhibited a spatial gradient against the direction 

of flow, which could be due to slower settling velocities for finer particles while loading the 
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substrate into standing water. The association of P sorption with particle size is consistent 

with Zhu et al (2003). Further regression analysis strongly indicated Fe concentration as 

significant for explaining variation in P concentration (fig. 2.10B, R2=0.74). Adding spatial 

position as a regressor provided no further explanation for P concentration variability, 

lending support to the lack of a spatial gradient, and hence a state of thermodynamic quasi-

equilibrium.  

 

Figure 2.10 - While a weak vertical spatial gradient in adsorbed P was observed (R2 = 0.30), spatial 
variation in adsorbed P was better explained by the spatial distribution of Fe (R2 = 0.74) 

Conclusions 

 Results indicate that P removal by SP depends strongly on the relative equilibrium 

between solution P and adsorbed P in the substrate. Direct conclusions from this research 

include the following: 1) iron-oxide sand filtration is capable of removing DP; 2) filter "age" 

based on percent of theoretical sorption capacity is a poor predictor of the lifetime of P 

removal in the CW; 3) P removal may not occur even with theoretical sorption sites 

remaining as predicted by isotherm testing if no concentration gradient exists; 4) P removal is 

inversely correlated with pH; and 5) P removal is dependent on and directly correlated to the 

concentration gradient present between solution and adsorbed P. 

If an experimental run is considered analogous to a storm event, P removal by SP 

during a given event is likely dependent on previous loadings to the BMP in terms of mass 

and concentration from past events. As a general trend, effluent concentrations will likely 

converge with influent concentrations over time, assuming that no additional concentration 

gradient is established. This convergence may help explain the “irreducible concentrations” 

seen in field studies of stormwater BMPs and may explain any variation in the level of this 

concentration between sites due to different loading histories. Estimates of future effluent 
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concentrations or load reductions from SP should include information about both average and 

maximum influent concentrations, sorption capacity of the media, and the amount of P 

currently adsorbed. In addition, pH of the system and the timing of hydrologic loadings may 

provide additional value for estimation. 

Potential design considerations from this model include the following: 1) for the same 

BMP design, less P removal by SP may occur for a lower influent concentration than for a 

higher influent concentration; 2) for the same influent, P removal in a BMP with less 

available sorption sites (less total volume or less sorption site density) will likely decrease 

and/or become negligible more quickly; 3) if influent concentration decreases significantly 

from a sustained higher level, P removal by SP may become negligible or even reverse; 4) 

substrates will likely gain additional concentration gradient slowly as P diffusion into 

micropores occurs; 5) concentration gradient may also be driven by influent concentration 

increase, addition of more sorption sites, or by harvesting P from the substrate; and 6) spatial 

gradients of P in substrate may be a better indicator of remaining sorption potential than 

isotherm-derived maximums.  

Future Work  

 The rejuvenation process described involves at least three areas of future research: 1) 

dissolution of adsorbed P into solution by promoting microbial reduction of iron oxides; 2) 

precipitation and harvest of phosphate solids from the CW; 3) and renewal of iron oxide 

coatings in the substrate for further adsorption. In addition, further research may validate the 

relationship between existing spatial gradients of adsorbed P in substrates and remaining 

sorption potential and validate the physical-process model and associated conclusions with 

cells in field conditions. 
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Facilitated iron reduction as a means of rejuvenating 
phosphorus removal performance of filtration substrates 
S.E. Rosenquist, C.L. Levy, S.T. Sell, W.C. Hession, M.J. Eick, D.H. Vaughan 

Abstract 

In order to mitigate nutrient pollution in surface runoff more sustainably, design and 

management efforts must address the finite capacity for phosphorus (P) sequestration in best 

management practices (BMP) that rely heavily on sorption processes. These BMP include sand 

filters, bioretention cells, and several types of constructed wetland. This study investigated 

facilitated, microbial reduction of iron-based filtration substrates to promote controlled release of 

P previously sequestered by the BMP, P harvest for recycling, and rejuvenation of substrate 

sorption capacity. Total dissolved phosphorus correlated with total dissolved iron during the 

reduction process, indicating that microbial iron reduction was capable of releasing previously 

sequestered P from substrates. Furthermore, results indicated that a sufficient carbon source was 

necessary, but microbial inoculation was not necessary to facilitate iron reduction. While the 

process released a large percentage of the previously sequestered P, this release was much slower 

than initial sequestration of P by adsorption, and further research should seek to develop a more 

rapid release of P in order to optimize the rejuvenation process for field application. 
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Introduction  

Excess phosphorus (P) has long been associated with eutrophication, which can diminish 

overall water quality. Algal blooms are typically the most obvious result of excess P loading. 

The eventual decay of these algal blooms can cause a temporary but significant decrease in 

dissolved oxygen. As a result, many aquatic species can become oxygen-starved, causing various 

negative impacts including direct fish kills (Novotny, 2003). Various anthropogenic practices 

associated with agriculture, urban development, and waste management can contribute to 

eutrophication (Hogan and Waldbridge, 2007). While point sources of pollution (i.e. wastewater 

treatment plants) have historically been the largest target for remediation, non-point sources 

including urban stormwater runoff have recently been receiving increased attention as a 

significant contributor to excess P loading (Novotny, 2003; Baker et al., 2007).  

Water treatment processes found in natural wetlands have been effectively utilized in 

constructed wetlands (CW), bioretention cells, many other best management practices (BMP)  

that  provide effective, economical, and ecologically sound methods for managing surface-water 

quality problems (Tenenbaum, 2004). Natural interactions within the water column, vegetation, 

substrates, and microbial populations function together to alleviate these environmental impacts 

(Hammer, 1992). However, neither natural nor CW have demonstrated a limitless and non-

diminishing capacity for P sequestration (Coveney et al., 2002; Drizo et al., 2002; Kadlec, 2005; 

Aldous et al., 2007). Since the P cycle has no dominant gas-phase, P removed by BMP will 

accumulate, mostly in organic or sediment-bound forms (White et al., 2008).  

P removal by sorption to substrates has been cited as a major contributor to the 

sequestration capacity of CW, along with biological uptake by macrophytes and microbes 

(Lantzke et al., 1998; Keppler and Martin, 2008). While the relative contributions of these 

mechanisms may differ depending on the specific characteristics of the BMP (Lantzke et al., 

1999; Luederitz and Gerlach, 2002), together they generally represent most of the P-

sequestration potential. In any case, once equilibrium is reached between adsorbed and dissolved 

P (Rosenquist et al., 2010), and plant uptake reduces upon sufficient grow-in (Kadlec, 2005), P-

sequestration performance can significantly decline. Long-term removal may continue to occur 

based on accretion of organic sediments, but the percentage of P retained in this way is small, the 

land requirement large, and the process, while sustainable, is less applicable for high land-value 
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areas (Hunt and Wossink, 2003; Keppler and Martin, 2008; Kadlec and Wallace, 2009). While 

some scenarios have been proposed to completely remove previously sequestered P from the 

BMP, such as biomass harvesting or substrate replacement (Drizo et al., 2002; Kadlec, 2005), 

these strategies have significant drawbacks such as: 1) the cost of continuously harvesting 

biomass or physically excavating and replacing sediments; 2) the difficulty of accessing a site 

once construction is complete and substrates are saturated; and 3) the low efficiency of P 

removal by biomass harvesting (Vymazal, 2005). 

The lifespan for P management by CW is dependent upon many factors both internal 

(substrate sorption capacity, redox potential, biota) and external (concentration and form of 

influent P) to the BMP (Aldous et al., 2007). While the amount of particulate P retained in a 

wetland is influenced by physical processes such as sediment deposition, sequestration of 

dissolved P requires either plant uptake or sorption to substrates (Aldous et al., 2007). Sorption 

to sediments can be affected by various geochemical and biological interactions with iron (Fe), 

aluminum (Al), and calcium (Ca) in CW substrates, while plant uptake of P can be limited by 

seasonal growth patterns, eventual grow-in, and by the rate of uptake (Kadlec, 2000). Substrates 

not only provide physical support for macrophytes and microbial biofilms, but also provide 

sorption capacity with Fe/Al oxyhyrdroxides. P removal by sorption processes is less seasonally 

dependent than plant uptake and can sequester dissolved P at a much higher rate (Hammer, 1992; 

Lantzke et al., 1998; Kadlec, 2005; Keppler and Martin, 2008). P-removal rates tend to be 

highest in substrates rich in calcium, Fe, and Al due to their high adsorption capacity (Luederitz 

et al., 2001) with calcium-rich substrates demonstrating more efficacy at higher pH and Fe/Al-

rich substrates at lower pH (McBride, 1994).  

Sorption reactions include both adsorption and precipitation/coprecipitation processes 

that can occur between particular ions, in this case P, and the surface of the mineral substrate. 

Adsorption occurs when P is exchanged between the mineral-substrate/pore-water interface and 

form complexes on the mineral surface (McBride, 1994). Adsorption can be separated into outer-

sphere (weakly bound) and inner-sphere (tightly-bound) complexes, where the latter may also be 

described as chemisorption or specific adsorption (McBride, 1994) and is of the most interest for 

stormwater treatment since it is less reversible. P has a strong interaction with sites on Fe/Al 

oxyhydroxides and as a result many Fe/Al oxyhydroxides minerals have a high P-adsorption 

capacity (Wilson et al., 2004). Although specific adsorption is favored between P and Fe 
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oxyhydroxides, this behavior is also strongly affected by the amount of P already adsorbed 

(Zhang and Huang, 2007) and by the number of available sorption sites in general, since the 

mineral surface becomes relatively inactive once adsorbents adhere to it (Wilson et al., 2004). 

The pH of the substrate environment is yet another factor that can influence the rate of specific 

adsorption of P with Fe oxyhydroxides (Griffioen, 2006; Rosenquist et al., 2010). Variability in 

sorption capacity can also occur based on physical properties; substrates with a significant 

amount of clay-sized particles tend to yield a higher sorption capacity due to the high specific 

surface area present (McGechan and Lewis, 2002). This physical property dependence can create 

a critical limitation to sorption capacity, especially when designs require higher hydraulic 

conductivities. 

While sorption reactions involving P and Fe are often favored thermodynamically in CW 

environments, there are limitations and specific circumstances where net desorption has 

occurred. Weakly-bound P can be released from the reactive sites on sand or gravel by means of 

anion exchange (Aldous et al., 2007) especially if they are only involved in outer-sphere 

complexes (McBride, 1994). In addition, further release of more tightly bound P may occur 

under reducing conditions, common in CW, where low redox potential has correlated with net 

release of P (Komatsu et al., 2006). In an aerobic environment the association formed between 

the P and the oxide mineral tends to be relatively insoluble and immobile, but in anaerobic 

conditions Fe can be reduced from ferric (Fe3+) to ferrous (Fe2+), allowing the P to be removed 

from the substrate (Brady and Weil, 2002). While this process has been known to occur in CW 

and can be detrimental to overall treatment performance (Carleton et al., 2000), if the redox 

potential of the system were more closely controlled, the Fe-reduction process may be useful for 

rejuvenation of the sorption capacity of the substrate. Since Fe can provide much of the sorption 

capacity in substrates at neutral pH, Fe-based substrates may be able to release much of their 

previously sequestered P upon a facilitated iron-reduction cycle.  

The primary means of Fe reduction in natural wetlands is through microbial metabolism 

(Lovely et al., 1991). Fe-reducing microorganisms support their energy needs through an 

oxidation-reduction process involving an electron donor (organic carbon) and a terminal electron 

acceptor (Fe oxyhydroxides) (Scheibe et al., 2006). Fe reduction and dissolution by serving as 

the terminal electron acceptor facilitates the release of P. A study of tropical forest soils showed 

that with the aid of Fe-reducing microorganisms, Fe3+ was reduced to Fe2+, facilitating the 
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release of P under anoxic conditions in a laboratory incubation experiment (Peretyazhko and 

Sposito, 2005). While this biotic-reduction/P-release process proceeds much more slowly under 

natural conditions than P sequestration by adsorption, optimal environmental conditions for 

microbial metabolism might enhance the kinetics. For example, the reduction process may be 

accelerated by the presence of humic substances such as polyphenols that serve as an electron 

shuttle and abiotically reduce Fe (McBride, 1994).  

Once Fe reduction has occurred releasing previously sequestered P into solution, 

complete recycling requires harvesting the released P from the BMP. At least two possibilities 

exist: 1) removal of the high-P, high-Fe solution for use as a liquid fertilizer; or 2) facilitation of 

a precipitation reaction, causing a stable Fe-P solid to be formed, which can be flocculated and 

removed for use as a fertilizer. In either case, P is harvested and recycled to support feedstock 

production, alleviating some of the need for continued mining of ever-scarcer P-rich mineral 

sources (Abelson, 1999).  

This study is part of a larger project developing a novel BMP, the urban wetland filter 

(UWF) with renewable P sorption capacity for treating urban stormwater. In urban areas, high 

land-value and limited availability of large land plots are significant obstacles to the 

implementation of CW (Hunt and Wossink, 2003). Required hydraulic residence time (HRT) for 

biological uptake and sedimentary accretion, finite pollutant assimilatory capacity, and hydraulic 

conductivity (in subsurface-flow wetlands only) are generally the technical limitations that cause 

large land areas to be required (Kadlec and Wallace, 2009). With a process to rejuvenate finite 

sorption capacity, the rapid kinetics of P-removal by sorption processes can decrease required 

BMP space while optimizing removal of dissolved P (DP). The UWF pairs small (<140 m2) 

wetland cells with an existing retention pond, positioning cells off-line from stormwater flow 

while they alternate between filtration and rejuvenation cycles. While the pond removes 

sediment-bound P, the wetland cell design can focus on removing DP.  

This study of the rejuvenation process for substrate sorption capacity addressed the 

following research questions: 1) does a filtration substrate contain enough microbes to reduce Fe 

without inoculation?, 2) what is the effect of a carbon-source addition toward facilitating Fe 

reduction in the substrate versus a control without carbon-source addition?, 3) will dissolved-P 

concentrations positively correlate with dissolved Fe concentrations upon Fe reduction?, 4) what 
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percentage of previously adsorbed P will be released by the Fe-reduction process?, and 5) how 

will final concentrations compare to influent concentrations observed during P loading?  

Materials and Methods 

This study included two complementary experimental setups. The main portion of the 

study took place using flow-through wetland cells (FTWC) to investigate the central research 

questions with conditions approximating field installation. In addition, a set of batch reactor 

wetland cells (BRWC) were utilized to allow for testing of additional experimental factors, 

addressing additional research questions, and providing replicates of multiple factors for 

statistical power.  

Flow-through wetland cells (FTWC) 

Experimental Setup 

The FTWC consisted of six, 20-L cylindrical containers filled with 25 kg of USDA-

grade, medium sand media placed above a layer of limestone gravel (fig. 3.1). The sand media, 

sourced from a pit mine in New Castle, VA, had total Fe content between 0.2% and 0.7% by 

mass. The P-loading process was the main focus of another study in this research program and is 

described in detail by Rosenquist et al. (2010). The flow regime during P-loading was from 

bottom to top through the gravel layer then the sand media. The gravel layer served to distribute 

flow throughout the sand and promote piston-type flow. The filter media remained saturated 

throughout the loading process, but flow was intermittent and characterized by a 20-h flow 

period followed by "antecedent dry periods" of varying duration.  Influent concentrations during 

P-loading were between 0.1 mg/L and 0.6 mg/L. During the reduction-reaction period conducted 

in this study, cells had opaque lids to minimize evaporation and algal growth. 
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Figure 3.1 - FTWC cross section showing layers of gravel, sand, and standing water 

Experimental Design 

The FTWC included two treatment groups with three replications. For a control group 

(cells 1-3), no additional carbon-source was added, while the experimental treatment group (cells 

4-6) involved exchanging the water in the FTWC with a sucrose solution carbon source by flow-

through over a 2-h period. The final concentration of sucrose in the FTWC was between 100 

mg/L and 150 mg/L, depending on the extent of the pore-water exchange. 

Sampling and Sample Analyisis Procedures  

Sampling was from the standing water on top of each bucket in 20-mL volumes at the 

time of carbon addition and initially at one-day intervals. After temporal trends were established, 

sampling intervals increased to between 3-d and 7-d. Sampling included 306 samples overall 

from the six FTWC over a 253-d period. Gravimetric settling in the FTWC provided 

differentiation of dissolved constituents for sample analysis, as this portion of the study did not 

include sample filtration. All samples were analyzed by Inductive Coupled Plasma Atomic 

Emission Spectroscopy (ICP-AES) in accordance with EPA Method 200.7 (USEPA, 1994) to 

Rosenquist 
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determine total dissolved phosphorus (TDP) and total dissolved iron (TDI) for each sample. 

Along with the above sampling schedule, a handheld pH meter (Hanna Instruments, 

Woonsocket, RI) provided pH measurements and a handheld dissolved oxygen meter (YSI 

Incorporated, Yellow Spring, OH) provided dissolved oxygen measurements. Dissolved oxygen 

served as a surrogate for estimating gross changes in redox potential. Periodic calibration of both 

the pH and dissolved oxygen instruments followed in accordance with the manufacturer's 

instructions. 

Data Analysis  

Graphical analysis included the following variables: 1) pH, 2) dissolved oxygen, 3) TDP, 

4) TDI, and 5) TDP/TDI correlation. After a distinct break in the TDP/TDI correlation appeared, 

including two linear regions of differing slope, a least-squares breakpoint analysis determined 

the threshold concentration between the two linear regions. This procedure preceded a 

segmented linear regression analysis using a model with an indicator variable for the breakpoint 

between the two slope regions. This process tested for a correlation between Fe reduction and 

release of previously adsorbed P into solution, and for differences in the slope observed in the 

two regions. Lastly, a comparison between the final concentrations in the carbon-treated FTWC 

and the influent concentrations used to load the FTWC enabled concentration comparison and 

estimates the percentage of previously adsorbed P released. Statistical analyses were performed 

with software from the R-project (R Development Core Team, 2009). For data values below the 

analytical limits of the instrument, the analytical limit served for calculations. 

Batch-reactor wetland cells (BRWC) 

Experimental Setup 

The BRWC consisted of 36, 250-mL NalgeneTM containers containing 100 g of USDA-

grade-medium sand of the same type described under the FTWC setup. The addition of 90 mL of 

distilled water and 10 mL of 350-mg/L stock P solution enabled the saturation of the sand in 

each BRWC. The BRWC were agitated for 72 h and dewatered by vacuum filtration. After 

filtration, the glass-fiber filter used became part of the dewatered sample to conserve P in the 

cell.  
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Experimental Design  

Once saturated with P, the 36 BRWC became four experimental groups based on the 

carbon source provided. These carbon sources included: 1) distilled water (control), 2) 250 g/L 

sucrose solution, 3) surface water grab sample from a local retention pond (with slight P-

contribution accounted for), and 4) a 50% combination of sucrose solution and surface-water 

sample. These groups subdivided into one-day, two-day, and three-day reaction times. There 

were three replications for each carbon-source and reaction-time combination. Each BRWC had 

100 mL of the designated carbon source added gravimetrically. Each BRWC received a cap, 30 s 

of agitation, and storage in a dark, climate-controlled space.  

Sampling and Sample Analyisis Procedures  

After the dewatering process in the BRWC, gravimetric analysis enabled estimation of 

the extent of dewatering and together with sample taken for TDP analysis provided an estimate 

of un-sorbed P remaining. After the designated reaction time, a sample taken from each BRWC 

by pipetting from the standing water on top of the substrate and filtering through 0.45-µm glass-

fiber filter provided for analysis. Additional samples taken in the same manner from three 

BRWC of each carbon-source type after 20-d and 36-d reaction times provided for extended 

monitoring. One filtered sample and one filtrate weight was lost in processing resulting in two 

lost data points from the set. The remaining 59 samples were analyzed by ICP-AES in 

accordance with EPA Method 200.7 (USEPA, 1994) to determine TPD and TDI for each sample.  

Data Analysis  

Three calculated values for each of the 36 BRWC provided for further analysis:  1) the 

mass of P initially adsorbed, 2) the mass of P released at each time interval, and 3) the 

percentage of initially adsorbed P released at each time interval. For data values below the 

analytical limits of the instrument, the analytical limit served for calculations. Due to a lack of 

normality among residuals, a Kruskal non-parametric test applied to the data tested for 

differences between means with pairwise multiple comparisons with a Bonferroni correction 

factor to determine which means were different. Statistical analyses were again performed with 

software from the R-project (R Development Core Team, 2009).  
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Results and Discussion 

Flow-through wetland cells (FTWC) 

pH  

Both the carbon-treated cells and the control cells initially displayed near-neutral pH; the 

carbon-treated cell pH dropped significantly and remained low throughout the study, while the 

control cell pH rose initially and then fell slightly (fig. 3.2a). Although slight fluctuations in pH 

occurred among cells within the control group and the treatment group, there was a much more 

noticeable difference between groups. Control cells consistently exhibited higher pH than 

treatment cells, which may be an indication of redox-processes and microbial activity. The 

direction of pH change was somewhat unexpected, however, since reduction reactions as a whole 

tend to increase pH toward 7.0 (McBride, 1994). It is possible that secondary chemical and 

microbial reactions taking place in the cells were responsible for this decrease in pH. Some 

possibilities include: 1) H+ producing precipitation reactions of siderite (McBride, 1994), 2) 

complex interactions with organic matter creating organically complexed, soluble forms of Fe3+ 

while releasing H+, or 3) the production of organic acids through microbial respiration. This 

observed decrease in pH may explain some of the initial decrease in TDP discussed under TDP 

results. The loss of dissolved oxygen and pH data for a 3-wk period near the middle of the study 

explains the gaps seen in figure 3.2a and 3.2b. 
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Figure 3.2 - Trends in a) pH, b) dissolved oxygen, c) TDP, and d) TDI during the study reveal significant 

differences between carbon-treated and control cells 

Dissolved Oxygen  

Dissolved oxygen concentrations can be a good indicator of substrate redox condition 

since, according to McBride (1994), the dominance of microbial activity transitions from aerobic 

to anaerobic processes when dissolved oxygen concentrations reach trace levels. Initially, both 

the control and carbon-treated cells had dissolved oxygen concentrations near 8 mg/L, but the 

carbon-treated cells reached dissolved oxygen content near 2 mg/L within a few days (fig. 3.2b). 

Concentrations near 2 mg/L probably do not represent trace levels, but several factors must be 

Rosenquist, R-Project  
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considered: 1) measurements were taken at the top of the reactor and may not be representative 

of pore-water throughout the FTWC, 2) the instrumentation used in this study for dissolved 

oxygen is useful for providing gross estimates and comparisons and likely provides better 

precision than accuracy, and 3) Fe may have been reduced in the presence of some dissolved 

oxygen by soluble organics (McBride, 1994). The control cells maintained dissolved oxygen 

concentrations around 8 mg/L throughout the study period, though significant variation did exist 

within this group. Especially high values seen for control cells (fig 3.2b) were probably due to 

analytical error. Given these conditions, dissolved oxygen conditions, hence redox potential, did 

lower as expected with the addition of a carbon source.  

 

Total Dissolved Phosphorus  

TDP steadily increased throughout the study period for carbon-treated cells (fig. 3.2c) 

while TDP concentrations in the control cells remained low. A slight initial decrease in TDP 

occurred in the treatment cells, seen in the inset of figure 3.2c, is likely due to higher 

thermodynamic favorability for adsorption at lower pH. A group of data seen in figure 3.2c (day 

58 - day 76), corresponding to a particular run on the ICP-AES instrument, has noticeably lower 

values for TDP than the rest of the data, mostly likely due to analytical error. The rate of P 

release (> 200 days) in the cells was much slower than the previous P adsorption (< 20 days) 

(Rosenquist et al., 2010) and was probably limited by the biological Fe-reduction process.    

 

Total Dissolved Iron  

TDI remained constant during the study for the control cells; however, a significant 

increase occurred in the carbon-treated cells suggesting that the microbial reduction process 

required the addition of a carbon source (fig. 3.2d). The TDI increase in the carbon-treated cells 

occurs 4-6 days after the addition of carbon (fig 3.2d, insert). A group of data from the same 

days as for TDP above (day 58-day 76) appear lower in figure 3.2d, again probably due to 

analytical error. Apart from this, a second-order decrease in the relationship of TDI with time 

occurred with an inflection point near 500 mg-Fe/L. The change is likely due to the complete 

reduction of the labile Fe pool and/or some other decrease in bioavailability of Fe as a terminal 

electron acceptor.  
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Iron/P Correlation  

A graphical analysis of the correlation between TDP and TDI revealed two distinct slope-

regions (fig. 3.3). The best fit for the threshold concentration between the two slope-regions in 

the data was 524 mg-Fe/L, this second-order increase corresponds well to the second-order 

decrease in TDI (fig. 3.2d). This result may indicate that re-sorption onto remaining bioavailable 

Fe attenuated P release before a threshold concentration of Fe reduction allowed more rapid P 

release. Significant positive correlation exists between TDP and TDI in both slope regions, while 

the difference in the slopes for these regions is significant as well (p < 0.05; R2=0.96). For the 

first region, the estimated slope is 0.007 mg-P/mg-Fe, while for the second region the estimated 

additional slope is 0.023 mg-P/mg-Fe.  These slopes correspond to a 4-fold increase in P released 

for a given amount Fe reduced, after reaching a threshold amount of Fe reduction. 

 

Figure 3.3 - The correlation plot for TDP (mg/L) versus TDI (mg/L) for data after start of Fe reduction 

contains two distinct slope-regions 

Rosenquist, R-Project  
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Comparison of P-loading and Post-reduction TDP Concentrations 

Comparing the TDP concentration in the carbon-treated FTWC for the last sample day 

(Day 253) to the influent concentrations over the entire P-loading period indicates that Fe 

reduction in this system is capable of releasing P at concentrations well above those present 

during adsorption (Table 3.1).  

Table 3.1 - Comparison of P concentrations in carbon-treated FTWC  

 
Mean 
(mg/L) 

Standard 
Deviation 

Influent Concentrations during P Loading 0.25 0.16 

Final Concentration after Reduction (253d)  15.3 1.50 

95% Confidence Interval on Percent Increase (%) 4080 - 8790 

 

Comparing the estimates of total mass of P both adsorbed and released provides an 

estimate of the percent of previously adsorbed P released by the reduction process (Table 3.2). 

This percentage can also lead to inferences about the amount of time necessary to complete the 

rejuvenation process.  

Table 3.2 - Rejuvenation percentage of carbon-treated FTWC 

 Cell 4 Cell 5 Cell 6 

Estimate of Previously Adsorbed P (mg) 295 274 198 

Estimate of P in solution (mg) 178 149 154 

Percent Desorption of Previously Adsorbed P (%) 60.5 54.3 77.9 

95% Confidence Interval on Percent Desorption (%) 33.8 - 94.6 

 

Coloration 

Over the sampling period, the color of samples taken from the top of the carbon-treated 

FTWC became increasingly darker with yellow, then tan, and then increasingly darker brown 

colors observed.  
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Batch-reactor wetland cells (BRWC) 

Total Dissolved Phosphorus 

There was also a statistical difference in the means of P desorption in the treatment 

groups from the BRWC (p-value=0.002; Kruskal test). Pairwise multiple comparisons of all 

groups revealed that the 36-d sugar-solution and 36-d sugar-solution/surface-water treatments 

were significantly different from all other treatments (fig. 3.4), indicating that a carbon-source 

addition in excess of that available from the surface water sample was necessary to drive Fe 

reduction. P desorption in these two treatments was not statistically different, indicating that any 

microbial inoculation gained from a surface runoff sample was not necessary to achieve P 

release.  

 

Figure 3.4 - Total desorbed P for the various BRWC treatments (C-Control; S-Sugar; P-Pond; 

SP=Sugar/Pond) and retention times in days (plot depicts: Q1-1.5*IQR; Q1; Median; Q3; Q3+1.5*IQR) 

Rosenquist, R-Project  
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Total Dissolved Iron 

An analysis of TDI in all groups provides another significant difference between 

treatments (p-value=4.33E-5; Kruskal test), with pairwise multiple comparisons indicating that 

again the 36-d sugar-solution and 36-d sugar-solution/surface-water treatments were 

significantly different from all other treatments (fig. 3.5). Unlike the results for TDP, TDI in the 

36-d sugar-solution treatment was significantly higher than TDI in the 36-d sugar-

solution/surface-water treatment. A possible explanation for this result is a higher sugar 

concentration, providing more carbon for additional growth and metabolism of Fe-reducing 

microorganisms.  

 

Figure 3.5 - TDI for the various BRWC treatments (C-Control; S-Sugar; P-Pond; SP=Sugar/Pond) and 

retention times in days (plot depicts: Q1-1.5*IQR; Q1; Median; Q3; Q3+1.5*IQR) 

Rosenquist, R-Project  
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No statistical difference in initial P adsorption between treatment groups was observed 

(p-value=0.907; Kruskal test; fig. 3.6). The time before significant Fe-reduction/P-desorption 

took place (20-d < t < 36-d) agrees with the results from the FTWC. Percent desorption for the 

36-d treatments with sugar-solution and sugar-solution/surface-water had a mean of 32.7% with 

a standard deviation of 4.42%.  

 

Figure 3.6 - Total initially adsorbed P for the various BRWC treatments (C-Control; S-Sugar; P-Pond; 

SP=Sugar/Pond) and retention times in days (plot depicts: Q1-1.5*IQR; Q1; Median; Q3; Q3+1.5*IQR) 

Summary of FTWC and BRWC Results 

The results from the FTWC indicate that a facilitated Fe-reduction process can release a 

large percentage of P adsorbed to substrates during filtration of water with typical stormwater 

concentrations of P. Results from the BRWC further indicate that the addition of a carbon source 

Rosenquist, R-Project  
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in excess of that available in a surface-water sample was necessary, but that inclusion of the 

surface water to provide microbial seeding was not necessary to initiate Fe reduction.  

Conclusions            

Results obtained from both FTWC and BRWC indicate a significant ability to release 

previously sequestered P within substrates by microbial reduction of Fe. The following 

conclusions can be made based on the above results: 1) Fe-reducing microorganisms are 

naturally present in the sand media and inclusion of the surface-water sample did not 

significantly increase the amount of Fe reduced or P released; 2) addition of a carbon source was 

necessary to promote microbial reduction of Fe; 3) dissolved P was positively correlated with 

dissolved Fe indicating that release of previously-sequestered P in substrates accompanies Fe 

reduction; 4) the two-region relationship between P release and Fe reduction indicates that P 

release is attenuated below a threshold of Fe dissolution, possibly due to a availability for re-

sorption while some Fe3+ coatings remain on substrate surfaces; 5) A high percentage of 

previously adsorbed P can be released as a result of microbial Fe reduction, though the process is 

slower by orders of magnitude than adsorption for the same P load; and 6) P concentration in 

rejuvenating cells can increase by orders of magnitude over the influent, P-loading 

concentrations . 

While the dissolution of Fe and subsequent release of P in the FTWC continued to 

increase throughout the study period, TDP concentrations will reach a maximum (at least upon 

complete release of all available P). Given the results, it is feasible that this method can release 

the majority of previously adsorbed P in substrates. However, to achieve efficient cycling 

between rejuvenation and filtration cycles the rejuvenation time must be deceased, necessitating 

further research to facilitate faster Fe reduction. Once P is desorbed, there are two additional 

challenges, which present opportunities for further research. First, the development of a process 

that will either remove a high-concentration, dissolved-P solution or precipitate a solid for 

harvest. Then, recoating the sand media with Fe is necessary to prepare the substrate for 

continued adsorption of P. This study has provided, in the context of the larger research project, 

further indication that a BMP based upon the rejuvenation of substrate sorption capacity by 

microbial reduction is a practical method to improve nutrient management in urban areas and 

reduce the environmental and economic impacts of eutrophication.  
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Urban wetland filter: field results in the development of a 
renewable practice for managing phosphorus in stormwater 
runoff from high land-value areas 
S. E. Rosenquist, W.C. Hession, M.J. Eick, D.H. Vaughan 

Abstract 

Degradation of surface water quality caused by excess nutrient loads in stormwater runoff is a 

major environmental and economic problem in the U.S. Phosphorus (P) is typically the limiting 

nutrient for the harmful algal growth seen in freshwater bodies and the best target to prevent 

eutrophication, the biological process associated with this degradation. Constructed wetlands 

(CW) and other stormwater filtration practices that include P removal by sorption processes (SP) 

in substrates can provide economical treatment of stormwater, but they have certain obstacles 

and limitations. Over the past three years, a multi-study research program has focused on 

understanding the key variables that influence P removal by SP in substrates and developing the 

urban wetland filter (UWF), a unique management practice for P in stormwater. The UWF 

minimizes required CW size for use in high land-value areas, allows for periodic rejuvenation of 

P sequestration potential in the CW substrates, and enables harvesting of P for recycling as a 

fertilizer. This study, the first to test the UWF in the field, involved six vertical flow wetland 

cells which contained a substrate of either sand or a combination of sand and cast-iron filings and 

filtered water from a eutrophic retention pond. Results support the following conclusions: 1) P 

removal is likely dependent on multiple factors, including influent P concentration, previous 

substrate/solution equilibrium, pH, and time; 2) the rejuvenation cycle is capable of releasing P 

removed during stormwater filtration; 3) inclusion of cast-iron filings in the sand substrate 

promotes additional P removal over sand alone and enables further removal after rejuvenation; 

but 4) inclusion of cast-iron filings may limit the release of P during rejuvenation.  
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Introduction 

 Nutrient pollution in runoff has been directly linked to harmful algal blooms in many US 

water bodies (Boesch et al., 2001). The impact of harmful algal blooms is a general decrease in 

the ecological service that these water bodies can provide and may also include declines in 

commercial and recreational fish populations (Boesch et al., 2001), taste and odor problems for 

drinking water reservoirs, and losses in the aesthetic appeal of these valuable and beautiful 

natural resources (Camargo and Alonso, 2006). Phosphorus (P) is the limiting nutrient for the 

harmful algal growth seen in most freshwater and even some saltwater systems (Fisher et al., 

1992) and is likely the best target to prevent eutrophication, the biological process associated 

with these algal blooms. 

 While remediation efforts have been successful in reducing point sources of P, non-point 

or diffuse sources of P continue contribute significantly to surface water bodies (Boesch et al., 

2001). In Virginia, particularly in the Chesapeake Bay watershed, non-point sources of pollution 

are being targeted for new regulations that are intended to decrease the nutrient stress on the Bay 

(Dowling, 2009). These regulations aim at regulating the allowable export of phosphorus (P) 

from stormwater, especially in newly developed and redeveloped urban areas. Various 

management practices presented to the land owner or developer provide options to decrease 

nutrient exports from a particular drainage area including constructed wetlands (CW), 

bioretention areas, and other practices that include P removal by sorption processes (SP).  

 Static nutrient removal performance is a typical assumption for assessing the efficacy of 

various stormwater management practices and can be accurate under certain conditions and over 

a limited amount of time. However, performance of these management practices can vary 

significantly due to a range of circumstances, or just a sufficiently long period of time (Drizo et 

al., 2002; Kadlec, 2005). Variation over time is especially relevant if appropriate maintenance is 

not performed (Hunt and Lord, 2006). Many of these management practices rely heavily on SP 

in either captured sediment or filtration substrates to provide the P removal capacity desired 

(Arias and Brix, 2005; Shilton et al., 2005). While SP can be an effective and efficient means of 

sequestering P from stormwater, it is a dynamic process (Kadlec, 2005), reliant on many factors 

to determine both the possible reductions in P concentration, and the length of time that these 

reduction can be sustained. One factor proposed to explain variation in removal by sorption is the 

available concentration gradient based on both the current influent concentration and the 



Chapter 4 

 -84- 

previous equilibrium condition between substrate adsorbed P and solution P. Without a positive 

concentration gradient remaining between substrate and solution, removal by sorption is 

drastically reduced (Lantzke et al., 1998; Rosenquist et al., 2010).  

 This study is part of a multi-study research program that has focused on understanding 

the key variables that influence P removal by SP in substrates and developing the urban wetland 

filter (UWF). The UWF is a unique application of CW for managing P in stormwater, 

specifically tailored to the unique demands of a high land-value setting. The UWF minimizes 

required CW size for use in high land-value areas, allows for periodic rejuvenation of P-

sequestration potential in the CW substrates, and enables harvesting of P for recycling as a 

fertilizer. The specific objectives of this study were: 1) to quantify the benefit of the addition of 

cast-iron filings to P removal performance in a CW; 2) to verify the efficacy of the rejuvenation 

process with cells filtering in the field; 3) to investigate the effects of cast-iron filing addition on 

the rejuvenation process; 4) to determine if the addition of cast-iron filings would enable 

continued adsorption of P after rejuvenation; and 5) to test the concentration-gradient model on P 

removal performance of filters in the field. 

 Weiss et al. (2007) reported in a study comparing the cost and effectiveness six different 

stormwater management practices that "constructed wetlands have been the least expensive to 

construct and maintain if appropriate land is available." The study goes on to say that despite the 

high effectiveness of CW in removing pollutants, including P, the land availability assumption 

can be a major obstacle for CW implementation. This study is the first to field test the UWF 

concept, which was first described Rosenquist et al. (2010). In addition, the ability to harvest P 

from the wetland provides a source for recycling P as a fertilizer, and a tangible product for 

nutrient trading. With estimates placing the value of P removed from stormwater with current 

technology between $24 and $1,346 per kg depending on the influent and effluent concentrations 

(Sano et al., 2005), the costs of installation and maintenance for the UWF could be quickly offset 

by either nutrient trading credits or direct use of harvested P to offset fertilizer costs. The key 

feature of the UWF that enables P recycling is a rejuvenation cycle based on the microbial 

reduction of iron (Fe) in the filtration substrate. Oxidized forms of Fe demonstrate large P 

sorption capacities (Shilton et al., 2005) but once they are reduced, much of the adsorbed P is 

released (Peretyazhko and Sposito, 2005; Rosenquist et al., In Review). This process has 
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demonstrated the capacity to release P that was sequestered in the wetland during filtration 

(Rosenquist et al., In Review).  

 After the rejuvenation cycle is complete, it becomes necessary to replace the oxidized-Fe 

(Fe3+) coatings on the substrate in order to achieve further sorption of P. This replacement 

process is the role of the cast-iron filings investigated in this study. Several previous studies have 

investigated the possibility of adding zero-valent Fe (Fe0), often in the form of cast-iron filings, 

to filtration substrates in order to increase their sorption capacity, and extend their useful lifetime 

(Luederitz and Gerlach, 2002; Kaplan, 2004; Drizo et al., 2006; Erickson et al., 2007). Fe0 is also 

of interest due to its stable oxidation state under reduced conditions. When Fe0 particles oxidize, 

they can form a coating of Fe3+ that has a high sorption capacity for P. When the environment 

becomes anaerobic, microbes reduce this oxidized coating from Fe3+ to a much more soluble 

Fe2+, releasing the adsorbed P. However, the underlying Fe0 is indisposed to further reduction 

and remains stable until the system becomes aerobic again. When the system returns to an 

aerobic state, Fe3+ coatings can again form on the surface of the Fe0 particles while as an 

additional benefit the redox-cycling process may promote Fe3+ coating in the bulk substrate as 

well (Kaplan, 2004). 

  

Methods and Materials 

Study Site  

 A siphon system fed stormwater simultaneously to two wetland cells from a stormwater 

retention pond located on the Virginia Tech campus (fig. 4.1). A section of slotted well screen 

(slot width of 0.5 mm) pre-filtered the water to exclude trash and detritus. The retention pond 

used in this study drains several areas that are likely contributors of P through runoff including a 

dairy farm, a recently active construction area with associated erosion of high-P sediments, and 

heavily fertilized turf areas. 
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Figure 4.1 - Experimental setup of field-scale wetland cells at a Virginia Tech stormwater retention pond 

 

Wetland Cell Construction 

 Six, rectangular, plastic containers (38 cm tall x 46 cm L x 33 cm W) contained the 

wetland cells (fig. 4.2). Cell construction began with 8 cm of limestone gravel containing a 

slotted section of plastic pipe. This pipe connected to a bulkhead fitting on one end of the 

container to function as the water outlet for the cell. Above the gravel, 8.5 L of substrate 

including USDA grade medium sand (0.2% - 0.7% Fe by mass) sourced from Newcastle, VA 

and in some cases a cast-iron filing waste product sourced from a local machining operation. The 

water inlet and flow control structure was located above the wetland substrate and connected 

through another bulkhead fitting in the opposite end of the container from the outlet. Cells were 

set up with downward, vertical flow. Between 5 cm and 6 cm of head remained above the 

substrate due to a constant-head float valve (Hudson Valve Company, Bakersville, CA) that 

restricted flow to a single direction.  

Rosenquist  
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Figure 4.2 - Construction of the field-scale wetland cells  

Experimental Design 

 This study had two experimental factors, sand-only versus iron/sand substrates and pre-

rejuvenation versus post-rejuvenation runs of the wetland cells. The iron/sand cells, included 

sand thoroughly mixed with cast-iron filings at a 2:1 volumetric ratio, which corresponded 

roughly to a 1:1 mass ratio. There were three replicates of each type of cell, but only six cells in 

total since a given cell provided both a pre- and post-rejuvenation filtration run (fig. 4.3). The 

rejuvenation cycle consisted of adding 1000 g of sucrose sugar to each of the cells while 

saturated without flow to initiate Fe-reduction, then storing them for 50 days to promote the 

release of adsorbed P. Cells were stored in a climate-controlled space maintained between 18o C 

and 26o C. Each 48-h filtration run included one sand-only cell and one iron/sand cell run 

simultaneously. Three of these runs occurred before and three occurred after the rejuvenation 

cycle. 

 

Rosenquist  



Chapter 4 

 -88- 

 

 

Figure 4.3 - Each of the six, wetland cells ran through three cycles including a pre-rejuvenation filter cycle, 

the rejuvenation cycle, and a post-rejuvenation filter cycle 

Sampling and Sample Analysis 

 Water sampling during each run involved three automated samplers (ISCO 3700, 

Lincoln, NE), one located at the inlet to both cells and one located at each outlet. During each 

filtration run, the automated sampler gathered 24 multiplexed samples consisting of four, 200-

mL samples taken at 30-minute intervals combined to form each composited sample. During one 

of the six runs, specifically the second post-rejuvenation run, automated sampler failure resulted 

in 12 missing inlet samples. An estimate of the inlet concentration during this period came from 

interpolation between a triplicate grab sample taken at the end of the run and the last sample 

taken by the automated sampler. A pH measurement taken from each of the 24 sample bottles 

after the run by a handheld pH meter (Hanna Instruments, Woonsocket, RI) tracked any changes 

in pH during the run. An additional sample bottle positioned at each outlet received effluent from 

the cells and held 1000 mL of continuously overflowing effluent for collection by two of the 

automated samplers. The third automated sampler collected influent samples from the inlet 

structure behind the float valves. Volumetric capture with a graduated cylinder and stopwatch 

provided flow rate measurements for the beginning and the end of each filtration run (Table 4.1). 

Interpolation of these two values provided flow rate estimates for each sampling time during a 

particular run.  

 

Rosenquist  
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Table 4.1 - Flow rates (L/min) observed before and after filtration runs 

Run 

Sand-only  

Before/After 

Iron/Sand 

Before/After 

Pre-Rejuvenation, Cells 1 0.52/0.59 0.48/0.63 

Pre-Rejuvenation, Cells 2 0.60/0.53 0.58/0.30 

Pre-Rejuvenation, Cells 3 0.72/0.68 0.74/0.50 

Post-Rejuvenation, Cells 1 0.71/0.57 0.50/0.54 

Post-Rejuvenation, Cells 2 0.55/0.45 0.51/0.25 

Post-Rejuvenation, Cells 3 0.53/0.43 0.39/0.35 

 

 Grab samples, taken from the top of the cells at day 0, day 33, and day 50 captured the 

changes occurring during the rejuvenation cycle. Sampling on day 50 included a composite 

sample in addition to the grab sample and a pH measurement. A volume measurement of the 

water resident in the cells when they were gravity drained allowed for mass calculations. The 

rejuvenation cycle did not include any cell rinsing prior to the post-rejuvenation filtration runs.  

 Sample preparation involved digestion of all samples by the ascorbic acid method 

(Virginia Tech Department of Biology, 2008). A colorimetric autoanalyzer (SEAL Analytical, 

Mequon, WI) used in accordance with standard operating procedures (Virginia Tech Department 

of Biology, 2008) provided analysis for total phosphorus (TP) from the six filtration runs. Based 

on concerns of color interference, inductively coupled plasma atomic emission spectroscopy 

(ICP-AES) conducted according to EPA method 200.7 (USEPA, 1994)  provided analysis of TP 

and total iron (TI) for samples from the rejuvenation cycle.  

Data Analysis 

Filtration Runs 

 Visual analysis included graphing observed TP and pH trends for all filtration runs. For 

each 2-hr period in the filtration runs, a P-mass removal rate (mg/h) calculation drew on the 

associated influent concentration, effluent concentration, and flow-rate data. Because of a lack of 

normality among residuals (Shapiro-Wilkes Test, p < 2.2E-16) and the overall likelihood of non-

normality in environmental sampling, the Kruskal-Wallis Test was used to test for a any 

differences between treatment types including all cells as well as within treatment groups 

between replicate cells. Pairwise analysis with a Bonferroni correction factor to adjust p-values 

(p) followed the initial test to determine which groups were different from each other. A 
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bootstrap method (Chernick, 1999) with 106 iterations provided confidence intervals for P-mass 

removal rates and P-mass in solution during rejuvenation. Software from R-project (R 

Development Core Team, 2009) was utilized for all statistical analyses in this study. 

Rejuvenation Process 

 A linear regression model using an indicator variable for substrate type was used to test 

the relationship between Fe and P in solution for the rejuvenation data. A significant relationship 

(p ! 0.05) between these two variables supported the Fe-reduction process as a means to release 

adsorbed P from CW substrate. Pairwise analysis with a Bonferroni correction factor, using P-

mass in solution as an estimate of the amount of P released through rejuvenation of the substrate, 

enabled comparisons between substrate types and sampling times during rejuvenation. 

Confidence intervals gathered by the bootstrap method cited above, provided additional 

comparison between substrate types and sampling time as well as between estimated 

rejuvenation totals and estimated filtration totals. Pairwise analysis with a Bonferroni correction 

factor also provided testing for significant differences in pH between rejuvenation and filtration.  

Modeling Variability in Removal 

 Multivariate linear regression with backward selection was applied to the removal rate 

data to test for correlations with relevant variables including time, effluent pH, influent 

concentration, and the maximum previous effluent concentration at each point during the run 

(since this concentration should represent the existing substrate/solution equilibrium point). 

Effluent pH data were only included for analysis of pre-rejuvenation runs since the relationship 

between pH and removal was confounded in post-rejuvenation runs by carryover from the 

rejuvenation process. A Bonferroni correction factor provided adjustment to p to account for 

model application to subsets of the data.  

Quality Control 

 Use of the pH meter in this study included periodic calibration in accordance with 

manufacturer specifications. Because TP (not TDP) was used to measure differences in P 

removal (due to sample collection and preservation requirements), measurements of total 

suspended solids (TSS) ensured that any differences in removal between cells could not be 

attributed to differences in physical removal processes. Measurements of TSS included a 

randomly selected group of five inlet, five sand-only effluent, and five iron/sand effluent 
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samples. Mean TSS removals for the cells were 3.44 mg/L (sand-only) and 1.76 mg/L 

(iron/sand). Analysis indicated no significant difference between mean TSS removal in the two 

substrate types (p = 0.15), thereby supporting the assumption of similar physical removal 

properties in the two substrate types. In addition, visual analysis of the filtered solids indicated 

that some of the solid mass filtered from the iron/sand effluent might have been Fe exported 

from the cells. Another quality control measure was the inclusion of a known standard to 

compare results for TP between the two analytical instrument types. Means for the standard 

analyzed in three separate runs on each instrument were 0.77 mg/L (ICP-AES) and 0.75 mg/L 

(colorimetric autoanalyzer). Analysis indicated no significant difference between these means (p 

= 0.16). A test of the sampling bottles ensured that variations in sample holding time were not 

affecting measured concentrations. This test revealed no significant correlation between time and 

TP in samples including influent, sand-only effluent, and iron/sand effluent held in bottles up to 

9 days (all p " 0.26). To eliminate interference caused by carryover from the rejuvenation 

process, data management included omission of the first two data points for all post-rejuvenation 

cells from the removal-rate comparison between treatment groups and the multivariate regression 

analysis for variability in removal rate.  

Results and Discussion 

Filtration Runs 

 Experimental results indicated variation in P removal between both the substrate type and 

between pre- and post-rejuvenation runs (fig. 4.4). Effluent concentrations in general were lower 

for iron/sand cells than for sand-only cells, suggesting that the addition of cast-iron filings 

increases the P removal rate. As anticipated, iron/sand cells appeared to retain more sorption 

capacity after rejuvenation than sand-only cells. Sand-only cells acted as net-P sources in post-

rejuvenation runs, likely because cells were not rinsed after rejuvenation and the sand-only cells 

had little or no sorption capacity left to re-adsorb P. Lower initial concentrations in the post-

rejuvenation iron/sand cells indicate that P-sorption capacity was available in these cells by the 

time filtration began. Scale adjustment included omission of the initial concentrations in post-

rejuvenation sand-only cells (0.39, 0.56, and 0.88, respectively) from Figure 4.4 because 

displaying these extreme points restricts visual analysis of the rest of the data. Graphically, 

results indicate variation between replicate runs.  
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 P-mass removal rates in the iron/sand cells maintained positive removal rates longer than 

sand-only cells in all but one pre-rejuvenation run (fig. 4.5). The one special case, seen in a pre-

rejuvenation run (fig. 4.5, top left), is arguably not representative of a true cessation in P removal 

capacity. In all post-rejuvenation runs, iron/sand cells attained positive removal rates earlier and 

maintained positive removal rates longer than sand-only cells. These factors indicate that the 

addition of cast-iron filings may also increase the lifetime of P removal as reported by Erikson et 

al. (2007). 

 While relatively little variation in pH occurred in pre-rejuvenation runs, larger pH 

fluctuation did occur during post-rejuvenation runs and is probably a lingering effect of the 

rejuvenation process. There could also be changes in the pH properties of post-rejuvenation 

substrate since effluent pH continues to be lower than influent pH throughout the post-

rejuvenation runs (fig. 4.6).  

  Comparison between treatments groups with replicate cells considered together showed 

that all treatment groups were statistically different except pre-rejuvenation iron/sand and post-

rejuvenation iron/sand (fig. 4.7; p ! 0.05). Pre- and post-rejuvenation iron/sand cells had the 

highest mean removal rates followed by pre-rejuvenation sand-only cells and lastly post-

rejuvenation sand-only cells. Only three significant differences occurred between replicate cells 

of the same type including post-rejuvenation sand-only cells one and two, post-rejuvenation 

sand-only cells two and three, and post-rejuvenation iron/sand cells two and three. All of these 

comparisons involved the second post-rejuvenation run with estimated input concentrations 

during the second half of the run. The confidence intervals shown in Table 4.2 summarize the 

filter performance of different treatment groups during filtration runs. 
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Table 4.2 - 95% confidence intervals for mean P-mass removal rates (mg/h) 

Treatment Group Lower Limit Upper Limit 

Pre-Rejuvenation Sand-only -0.09 0.12 

Pre-Rejuvenation Iron/Sand 0.31 0.57 

Post-Rejuvenation Sand-only -0.48 -0.22 

Post-Rejuvenation Iron/Sand 0.24 0.41 

 

 

Figure 4.7 - P-Mass Removal Rates (mg/h) between treatments and cells for (A) pre-rejuvenation sand-only 

cells, (B) pre-rejuvenation iron/sand cells, (C) post-rejuvenation sand-only cells, and (D) post-rejuvenation 

iron/sand cells 

Rejuvenation Process 

 Regression analysis of data from the rejuvenation cycle showed a strong positive 

relationship between Fe and P (fig. 4.8). Substrate type made a significant difference in the slope 

of this model, but not the intercept, with iron/sand cells releasing less P for a given amount of Fe 

Rosenquist, R-Project  
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dissolved. The coefficients were lower than in bench-scale trials (Rosenquist et al., In Review) , 

possibly due to lower influent concentrations, therefore less P adsorbed. The same study 

predicted that below a certain threshold of Fe3+ dissolution from sand substrate, re-adsorption 

onto remaining Fe3+ might have attenuated the rate of increase in P concentration. The higher 

total mass of Fe in the iron/sand cells could be increasing the threshold required to avoid re-

adsorption and delaying further release of P into solution. This theory may explain the significant 

difference in slope between the two substrate types, with the sand-only cells being in the higher 

post-threshold slope region while the iron/sand cells are still in the lower pre-threshold slope 

region. Alternatively, this effect could be due to experimental methods as precipitation of Fe-P 

solids during or immediately following the digestion process could have excluded some of the P 

in the samples from ICP-AES analysis.   

 

Figure 4.8 - Correlation of TI to TP in solution during rejuvenation (R2=0.90) 

 

Rosenquist, R-Project  
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  Mean pH of the water resident in both cell types was significantly decreased by the end 

of the 50-day rejuvenation cycle compared to when it entered during filtration (Table 4.3; p ! 

0.05). In addition, mean pH of the sand-only cells at the end of the rejuvenation cycle was 

significantly lower than mean pH of the iron/sand cells (p ! 0.05). There was no significant 

difference between substrate types when it entered during filtration (p > 0.05).    

 

Table 4.3 - Rejuvenation process effects on pH in wetland cells 

Time Sand-only pH Iron/Sand pH 

Final Pre-Rejuvenation Effluent Samples 8.15 8.27 

End of Rejuvenation Cycle 4.17 5.82 

 

  Comparison of P release between substrate types/times during rejuvenation showed a 

significant difference only between sand-only, 50-days and all other substrate type/time 

combinations (p ! 0.05). The lack of a significant difference between other means was probably 

due to both the low number of replicates available for the test, and the conservative nature of the 

Bonferroni correction method. A less rigorous comparison based on the bootstrap-derived 

confidence intervals (Table 4.4) indicated no difference in initial concentration for the two 

substrate types, an increase in concentration for the sand-only substrate between both time 

intervals, and an increase in concentration for the iron/sand substrate during the first, but not the 

second time interval.  

 

Table 4.4 - 95% confidence intervals for mean of TP in solution (mg) 

Cell Type/Time Combination Lower Limit Upper Limit 

Sand-only 0-days Rejuvenation 0.47 0.67 

Sand-only 33-days Rejuvenation 11 15 

Sand-only 50-days Rejuvenation 24 37 

Iron/Sand 0-days Rejuvenation 0.41 1.3 

Iron/Sand 33-days Rejuvenation 3.0 5.9 

Iron/Sand 50-days Rejuvenation 3.2 4.2 

 

 Referencing the estimates of P released during rejuvenation (Table 4.4) to the amount 

sequestered during filtration (Table 4.5) showed that sand-only cells released more P than was 

sequestered during the pre-rejuvenation run. This surplus P is probably attributable to the pre-
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study substrate either by previous adsorption of P to the substrate (quantified in Appendix A) or 

possibly organic-P associated with the substrate. The amount of P released by iron/sand cells 

during rejuvenation is less than the amount of P sequestered in both pre- and post-rejuvenation 

runs. This finding indicates either that additional sorption capacity was created by the 

rejuvenation process as proposed by Maynard et al. (2009) and also by Zhang et al. (2010) or 

that additional sorption capacity was available at the end of the pre-rejuvenation run and carried 

through the rejuvenation process. Either way, these results indicate that the iron/sand substrate, 

unlike the sand-only substrate was capable of maintaining sorption capacity after the Fe-reducing 

rejuvenation cycle.  

 Comparison of  the rate of Fe reduction in this study to the first 50 d of a previous bench-

scale study (Rosenquist et al., In Review) reveals significant differences (fig. 4.9a; R2=0.97) with 

field-scale, sand-only cells displaying higher reduction rates than bench-scale sand-only cells. 

These higher reduction rates might be explained by the presence of humic acids from the surface 

water filtered in the cells in this study which may act as a electron shuttle and facilitate iron-

reduction (Lovley et al., 1998). Iron/Sand cells displayed even higher reduction rates, probably 

due to the presence of more bioavailable iron. This finding may indicate that bioavailabity of the 

terminal electron acceptor is a limiting factor for rate of rejuvenation. Comparison of the rate of 

P release (fig. 4.9b) reveals no clear differences; however, the starting concentrations for the 

field-scale cells in this study were noticeably lower.   

 

Table 4.5 - 95% confidence intervals for P-mass removed by filtration (mg) 

Treatment Group Lower Limit Upper Limit 

Pre-Rejuvenation Sand-only -4.3 5.8 

Pre-Rejuvenation Iron/Sand 15 27 

Post-Rejuvenation Sand-only -23 -11 

Post-Rejuvenation Iron/Sand 12 20 
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Modeling Variability in Removal 

 At least one of the proposed regression variables was significant in every treatment group 

of the filtration runs (Table 4.6). Influent concentration (IC) was the only variable significantly 

correlated to P-mass removal rate (MRR) for all treatment groups (fig. 4.10). This dependence 

on IC is in agreement with several of the first-order models reviewed by Rouseau et al. (2004). 

The maximum previous effluent concentration (MPEC) was significant for both pre-rejuvenation 

groups indicating, in agreement with bench-scale study by Rosenquist et al. (2010), that a 

substrate/solution equilibrium at a higher previous concentration may decrease performance of 

the filter at subsequent lower concentrations due to the lack of a concentration gradient (fig. 

4.11).  

 

Table 4.6 - Correlation coefficients for each treatment group 

  Explanatory Variables 

Treatment Group R2 

Influent 

Concentration MPEC pH Time 

Pre-Rejuvenation Sand-only 0.87 25 -18 -0.59 0.01 

Pre-Rejuvenation Iron/Sand 0.80 26 -20 * * 

Post-Rejuvenation Sand-only 0.72 20 * N/A 0.02 

Post-Rejuvenation Iron/Sand 0.72 18 * N/A * 

*Variable was not significant at ! = 0.05 
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Figure 4.10 - Correlation of P-mass removal rate with influent concentration for (A) pre-rejuvenation sand-

only cells, (B) pre-rejuvenation iron/sand cells, (C) post-rejuvenation sand-only cells, and (D) post-

rejuvenation iron/sand cells 

Rosenquist, R-Project  
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Figure 4.11 - Correlation of P-mass removal rate with the maximum previous effluent concentration for (A) 

pre-rejuvenation sand-only cells, (B) pre-rejuvenation iron/sand cells, (C) post-rejuvenation sand-only cells, 

and (D) post-rejuvenation iron/sand cells 

 Effluent pH displayed a significant, negative correlation with MRR in one treatment 

group (fig. 4.12), again consistent with previous studies (Zeng et al., 2004; Rosenquist et al., 

2010). While time was negatively associated with IC across the entire study, time was also 

significant and positively correlated with MRR for two treatment groups, but provided very little 

additional explanation of variability with IC also included (fig. 4.13). One possible explanation 

for this trend is the occurrence of slow diffusion of P into micropores of the material, slowly 

generating further concentration gradient after a previous maximum. In general, IC had the most 

explanatory power in the model, followed by MPEC and pH, and then followed by Time.  

Rosenquist, R-Project  
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Figure 4.12 - Correlation of P-mass removal rate with effluent pH for (A) pre-rejuvenation sand-only cells 

and (B) pre-rejuvenation iron/sand cells 

 

Figure 4.13 - Correlation of P-mass removal rate with time for (A) pre-rejuvenation sand-only cells, (B) pre-

rejuvenation iron/sand cells, (C) post-rejuvenation sand-only cells, and (D) post-rejuvenation iron/sand cells 

Rosenquist, R-Project  

Rosenquist, R-Project  
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Conclusions 

 Field-scale study of the UWF concept has provided support and verification for some of 

the results and conclusions from previous bench-scale studies. In addition, new information 

about the role of cast-iron filings in the substrate provides promise for its contribution to 

providing renewable adsorption capacity in CW without substrate replacement. The following 

conclusions can be drawn from this study regarding field verification of previous bench-scale 

studies: 1) a continuously-loaded, subsurface-flow CW with a sand substrate is capable of 

removing P from water filtered from a stormwater retention pond; 2) the rate of P removal by SP 

is subject to variability from multiple sources and is not completely described by a first-order 

model; 3) probable sources of variability include influent concentration (the typical first-order 

model), but also the previous substrate/solution equilibrium condition, pH, and time (likely based 

on diffusion); 4) a rejuvenation process for sorption capacity, based on the facilitated reduction 

of Fe3+ in CW substrates, is capable of removing a significant amount of adsorbed P for removal 

and recycling without substrate replacement; and 5) the rate of Fe reduction under field 

conditions is higher than under bench-scale conditions.   

  It is important to consider, in any attempt at using the results of this study to predict 

removal in a similarly designed CW that in addition the variables mentioned above there may be 

dependence on the filter volume and flow rate as well. The filter volume/flow rate ratio probably 

influences at least the lifetime of P removal in the filter and possibly the P removal rate as well. 

This mechanism may explain the performance differences observed by Line et al. (2008) for 

stormwater wetlands with different surface area/drainage area ratios. Removal lifetime would 

likely increase as the ratio increased while removal rate may decrease if the ratio was too large 

causing a retention time too long to maintain aerobic conditions. Also, the rate of mass removal 

would likely increase proportionally to the flow rate and volume if their ratio stayed the same. In 

regards to  operation of the vertical-flow wetland cells, the downward- flow cells in this study 

were preferred over the upward- flow cells in previous studies of the UWF project due to simpler 

setup and no tendency to fluidize like the upward flow cells, allowing higher flow rates. Steps to 

overcoming potential limitations of the downward-flow cells compared to upward-flow cells 

(clogging and reduced mixing) include a pre-filter to exclude large particles/debris and by 

promoting mixing through a standing water layer, a gravel layer, and a well-distributed outlet 

structures.  
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 The following additional conclusions can be made regarding the addition of cast-iron 

filings to the CW substrate: 1) the addition of cast-iron filings to a sand substrate can increase the 

rate of P removal and probably the P removal lifetime of a continuously-loaded, subsurface flow 

CW; 2) the addition of the cast-iron filings may have adversely affected the rejuvenation process 

by increasing the threshold of Fe-reduction necessary to obtain a higher rate of P release; 3) the 

addition of cast-iron filings can provide a means of maintaining sorption capacity after the 

rejuvenation cycle; and 4) the rejuvenation process may function in conjunction with the Fe0 to 

increase sorption sites in the bulk material.  

  Based on these conclusions it is reasonable to recommend further investigation and pilot 

studies regarding the addition of cast-iron filings to CW substrate to improve P removal rates, 

improve P removal lifetime, and enable rejuvenation of sorption capacity through facilitated Fe-

reduction. Also recommended, based on the lack of P release during rejuvenation in iron/sand 

cells, is a decrease in the ratio of cast-iron filings to sand in order to maintain the benefits to P-

removal performance, while minimizing any cost to the rejuvenation process. Future research 

can benefit the UWF concept by finding ways to increase the rate of microbial Fe-reduction, 

possibly based on the addition of humic acids, and by developing a Fe-P precipitation reaction in 

the rejuvenated cells so that the P released might be more easily recycled as a solid rather than as 

a more cumbersome, high-concentration solution.  
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Overall Conclusions and Recommendations 

 The cumulative results of this research program are promising for the effectiveness and 

practicality of the UWF concept as a P management practice for stormwater in high land-value 

areas. This management practice represents a low-cost and easily implemented strategy to enable 

municipalities to retrofit existing stormwater infrastructure to meet new NPS pollutant 

requirements. With such an expansive network of retention ponds currently available, the 

opportunities for implementation are vast. Upon such widespread use, the UWF could enable 

significant improvement in the contribution that urban areas make to large-scale eutrophication 

such as that seen in the Chesapeake Bay. In addition, based on the ability to harvest phosphorus 

for recycling, the UWF concept presents a great opportunity for nutrient trading since nutrient 

credits will be very easy to justify and quantify.   

Sorption Modeling 
 Bench-scale results indicated that P removal by SP depends strongly on the relative 

equilibrium between solution P and adsorbed P in the substrate. The iron-oxide sand filtration 

substrate was capable of removing a significant amount of dissolved P from filtered water. The 

following conclusions derive from modeling SP in the wetland cells: 1) filter "age" based on 

percent of theoretical sorption capacity is a poor predictor of the lifetime of P removal in the 

CW; 2) P removal may not occur even with theoretical sorption sites remaining as predicted by 

isotherm testing if no concentration gradient exists; 3) overall sorption potential based on batch-

experiment-derived isotherm curves and maximum influent concentrations may under-predict 

sorption in a flow-through situation; 4) P removal is negatively correlated with pH; 5) P removal 

is positively correlated to the concentration gradient present between solution and adsorbed P; 6) 

substrates will likely gain additional concentration gradient slowly as P diffuses into micropores;  

and 7) concentration gradient may also be driven by influent concentration increase, addition of 

more sorption sites, or by harvesting P from the substrate; 

 Field-scale results verified that a continuously-loaded, subsurface-flow CW with a sand 

substrate is capable of removing P from water filtered from a stormwater retention pond. The 

following field-scale conclusions support the bench-scale model for SP: 1) the rate of P removal 

by SP is subject to variability from multiple sources and is not completely described by a first-
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order model and 2) probable sources of variability include influent concentration (the typical 

first-order model), but also the previous substrate/solution equilibrium condition, pH, and time 

(likely based on diffusion). 

 With an experimental run considered analogous to a storm event, P removal by SP during 

a given event is likely dependent on historical loadings to the BMP (mass and concentration 

from previous events). As a general trend, effluent concentrations will likely converge with 

influent concentrations over time, assuming that no additional concentration gradient is 

established. This convergence may help explain the "irreducible concentrations" seen in field 

studies of stormwater BMP and may explain any variation in the level of this concentration 

between sites due to different loading histories.  

Rejuvenation 
 Results obtained from both batch and flow-through studies indicate a significant ability to 

release previously-sequestered P within substrates by microbial reduction of Fe. The following 

conclusions are supported by these studies: 1) Fe-reducing microorganisms are naturally present 

in the sand media and inclusion of the surface-water sample did not significantly increase the 

amount of Fe reduced or P released; 2) addition of a carbon source was necessary to promote 

effective microbial reduction of Fe; 3) dissolved P was positively correlated with dissolved Fe, 

indicating that release of previously-sequestered P in substrates accompanies Fe reduction; 4) a 

high percentage of the previously-adsorbed P can be released by Fe reduction; 5) however, the 

process was slower by orders of magnitude than adsorption for the same P load; 6) a two-region 

relationship between P release and Fe reduction indicates that P release is attenuated below a 

threshold of Fe dissolution, possibly due to a availability for re-sorption while some Fe3+ 

coatings remained on substrate surfaces; and 7) P concentration in rejuvenating cells can increase 

by orders of magnitude over the influent, P-loading concentrations. Field study of the 

rejuvenation process verified its capability for releasing a significant amount of the P adsorbed 

during filtration of water retained in a stormwater pond. Furthermore, field study showed that the 

rate of Fe reduction under field conditions is higher than under bench-scale conditions.  

  While the dissolution of Fe and subsequent release of P in the FTWC continued to 

increase throughout the study period for all studies, P release will certainly reach a maximum, 

probably with a diminishing release rate at some point.  
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Design Considerations 
 Potential design considerations from modeling include the following: 1) for the same 

BMP design, less P removal by SP may occur for a lower influent concentration than for a higher 

influent concentration; 2) for the same influent concentration, P removal in a BMP with less 

available sorption sites (less total volume or less sorption site density) will be less and will likely 

decrease and/or become negligible more quickly; 3) if influent concentration decreases 

significantly from a sustained higher level, P removal by SP will become negligible or even 

reverse; 4) P removal during a given loading is positively correlated to the time since the last 

loading; 5) spatial gradients of P in substrate may be a better indicator of remaining sorption 

potential than isotherm-derived maximums; 6) designs that maximize aerobic conditions during 

filtration may improve retention of adsorbed P; and 7) inclusion of pH buffering materials 

designed to maintain neutral pH may promote additional sorption capacity. 

 Furthermore, any estimates of future effluent concentrations or load reductions from SP 

should include information about historical concentration maxima, sorption capacity of the 

media, and the amount of P currently adsorbed. It is also important to consider, in any attempt at 

using the results of study to predict removal in a similarly designed CW that, in addition to the 

variables mentioned above, there may be dependence on the substrate volume and flow rate as 

well. The substrate-volume/flow-rate ratio probably influences at least the lifetime of P removal 

in the filter and possibly the P removal rate as well. This mechanism may explain the 

performance differences observed for stormwater wetlands with different surface area/drainage 

area ratios. Removal lifetime would likely increase as the ratio increased while removal rate may 

decrease if the ratio was too large causing a retention time that is too long to maintain aerobic 

conditions. Also, the rate of mass removal would likely increase proportionally to the flow rate 

and volume if their ratio stayed the same. In regards to operation of the vertical-flow wetland 

cells, the downward-flow cells were preferred over the upward-flow cells due to simpler setup 

and no tendency to fluidize like the upward flow cells, allowing higher flow rates. Potential 

limitations of the downward-flow cells compared to upward-flow cells (clogging and reduced 

mixing) can be overcome by including a pre-filter to exclude sediment/debris and by promoting 

mixing by including a standing water layer, a gravel layer, and a well-distributed outlet structure.  
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 The following design considerations relate to the addition of cast-iron filings to CW 

substrate: 1) addition of cast-iron filings to a sand substrate increases the rate of P removal and 

probably the P removal lifetime of a continuously-loaded, subsurface-flow CW; 2) addition of 

cast-iron filings may adversely affect the rejuvenation process by increasing the threshold of Fe-

reduction necessary to obtain a higher rate of P release; 3) the addition of cast-iron filings can 

provide a means of maintaining sorption capacity after intentional or unintentional Fe reduction; 

and 4) the rejuvenation process may function in conjunction with the Fe0 to increase sorption 

cites in the bulk material. Based on the decreased P release during rejuvenation in iron/sand 

cells, future designs should have a lower ratio of cast-iron filings to sand to maintain the benefits 

of to P-removal performance, while minimizing any cost to the rejuvenation process. 

Recommendations for Future Study 
 Two significant challenges remain in the development of the UWF including 1) the 

acceleration of the rejuvenation process, possibly by inclusion of humic acid, in order to decrease 

the cycle time and by extension the number of cells required for continuous operation and 2) the 

development of a precipitation process to harvest released P as a solid rather than as a more 

cumbersome, high-concentration solution. In addition, the promising results in these studies 

support further investigation and pilot studies regarding the addition of cast-iron filings to CW 

substrate to improve P removal rates, improve P removal lifetime, and enable rejuvenation of 

sorption capacity through facilitated Fe-reduction.  
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Field-scale study of phosphorus removal by sorption: 
comparison of substrates and residence times 
S.E. Rosenquist, S. Braman, C. Newbill, W.C. Hession, D.H. Vaughan 

Abstract 

 Stormwater ponds with permanent pools present a unique opportunity to provide 

additional water quality treatment. Constructed wetlands (CW) have demonstrated great potential 

for water quality treatment, including treatment of excess phosphorus (P). A CW designed to 

complement water quality treatment in the stormwater pond could decrease nutrient loads from 

urban runoff, while making use of existing infrastructure and minimizing cost. This study 

evaluated three constructed wetland substrates and two hydraulic retention times (HRTs) in field-

scale cells to develop a CW optimized for this application. Results indicated no significant 

differences in P removal performance for the three substrates tested, but did indicate a significant 

difference in P removal between HRTs with the lower HRT displaying better P removal. This 

study also provided many insights toward improved research methods for evaluating wetland 

substrate filtration through future studies.  

Introduction 

 Urban stormwater management has historically focused on peak flow attenuation, often 

with stormwater ponds, but has largely ignored water quality, including excess nutrients. The 

prevalence of these stormwater ponds provides an underutilized opportunity for additional 

treatment of retained stormwater. Constructed wetlands (CW) are capable of removing 

phosphorus (P) from stormwater through physical, chemical, or biological processes (Kadlec and 

Wallace, 2009) and could provide a means of additional treatment to stormwater retained in 

stormwater ponds. 

 Stormwater ponds with permanent pools are capable of some P removal by sedimentation 

(Comings et al., 2000), so P removal to complement stormwater ponds should focus on removing 

dissolved phosphorus (DP). Both biological uptake by plants and chemical sorption are capable 

of removing DP, but due to the large land requirements for biological uptake (Kadlec and 

Wallace, 2009), chemical sorption may be most applicable for urban areas where space adjacent 

to stormwater ponds is limited (Hunt and Wossink, 2003). Crucial factors to DP removal by 
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chemical sorption include properties of the substrate, and the properties of stormwater flow 

through the substrate (Farahbakhshazad and Morrison, 2003; Maynard et al., 2009).  

Properties of the Substrate 

 Previous studies have evaluated a range of substrates for their P removal performance. 

These options are organized and discussed here according to origin.  

 

Natural Materials 

 Natural materials range in composition with the most predominate P-sorption constituents 

being calcium, iron, and aluminum (McBride, 1994; Namasivayam et al., 2005).  Wollastonite is 

a calcium metasilicate and removed 45% of P in field studies, but resulted in effluents with high 

pH. Bauxite, mainly aluminum and iron oxides, has limited field data, but shows good P sorption 

properties. Laterite is an aluminum and iron rich sand found in the tropics and Ireland that has 

demonstrated 80-90% P removal in laboratory studies but data on field performance is limited 

(Westholm, 2006). 

 Significant data is available for calcareous materials such as limestone and dolomite sand 

mixtures.  Dolomite sand mixtures removed 30-50% of P in field studies and 45% in laboratory 

studies while maintaining effluents below a pH of eight (Prochaska and Zouboulis, 2006; 

Westholm, 2006). Few studies have used pure limestone as a sorption material because of the 

significant increase in pH (Westholm, 2006).  One study evaluated a wetland with a calcite filter, 

and found up to 62% removal before saturation at 3 months (Arias et al., 2003).  Evaluations of 

marine sediments such as maerl, demonstrate up to 98% removal of P, likely due to high porosity 

and specific surface area.  Again, limited field data is available.  Various types of shells and shell 

sands show promise because they are rich in calcium and magnesium.  There is little available 

data for these types of substrates and a lack geographic availability may further limit their use 

(Westholm, 2006).   

 Substrate size is an important property for chemical sorption, especially for natural 

substrates, as small grain sizes accompanied by an increased surface area can substantially 

increase the potential for removal by chemical sorption (Zhu et al., 2003; Maynard et al., 2009). 

However, a balance is important in order to maintain between maintaining a sufficient hydraulic 

conductivity to prevent clogging (Prochaska and Zouboulis, 2006) while maximizing surface 
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area.  Natural substances may be desirable for P removal in stormwater because they are readily 

available, reasonably efficient at P removal, and provide little risk of contamination with the 

possible exception of pH in calcareous materials.    

 

Industrial Byproducts 

 Slag is the residue of ores processed at metal purification plants. Westholm (2006) 

reviewed both blast furnace slag and electric arc slag, which demonstrated 30-60% P removal, 

although field studies were limited. Removal performance of the iron slag improved with 

increased pH and temperature (Shilton et al., 2005).  While these potential substrates do remove 

P efficiently, they can harm water quality in the process. As a result, some studies investigated 

combining slag with limestone gravel and peat to mitigate these effects. However, pH was too 

high and became detrimental to plant growth (Naylor et al., 2003).   

 Another byproduct considered was burnt oil shale because it is rich in aluminum.  Burnt 

oil shale is the solid waste of a process similar to the burning of fossil fuels, using sedimentary 

rock that has not fossilized.  Unfortunately, research has revealed rather poor P-adsorption 

capacity for this material (Drizo et al., 1999; Westholm, 2006) Ochre has a high ferrous iron 

content and therefore a potential high sorption capacity for P. Unfortunately, ochre also has a 

high toxic metal content (Ni, Cu, Cd, Cr, Pb, Zn) making it unadvisable for water treatment 

(Heal et al., 2005). Fly and bottom ash are coal combustion byproducts known to be rich in 

silicate, aluminum and iron and are abundant in the Appalachian region. A significant 

shortcoming of fly and bottom ash is their significant and exponential decrease in hydraulic 

conductivity (Westholm, 2006).  

 Industrial byproduct display desirable properties for P removal, especially their high 

quantities of iron, calcium, and aluminum, but they are severely limited by the risk of adverse 

water quality effects including changes to pH and release of toxic metals. 

 

Manufactured Materials 

 Lightweight aggregates (LWA) are essentially natural materials heated to extremely high 

temperatures, yielding low density, high porosity material. A study investigating at a variety of 

LWAs showed that P-removal performance varied amongst LWA type by two orders of 
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magnitude but all resulted in elevated pH. The study included iron-rich sand, which 

outperformed half of the LWAs in P removal (Zhu et al., 1997).  

 Filtralite is a Norwegian-manufactured LWA with P removal rates up 95% in laboratory 

but just 34% in the field (Zhu et al., 1997; Westholm, 2006).  Further investigation indicated that 

calcium and aluminum in Filtralite contributed  the most to P removal (Zhu et al., 2003).  

Another common brand of manufactured substrate is LECA, a Swedish-made LWA. LECA is 

rich in aluminum and iron and displayed good short-term P-adsorption properties (Drizo et al., 

1999). 

 Lightweight aggregates are very favorable due ability for P sorption combined with and 

adequate hydraulic conductivity, but like some other materials are often limited by pH effects. 

Additionally, the process to create LWAs is expensive and energy intensive, creating a high cost 

for implementation and less attractive environmental impact if life-cycle analysis is included.  

 In summary of available substrate options, care in selecting a CW substrate is necessary 

to ensure that it will perform well at removing P, perform hydraulically and that it will not 

deteriorate other aspects of water quality such as changing pH or introducing heavy metals. For 

the application in this study, natural materials (especially those high in iron, calcium, and 

aluminum) are preferable due to their low cost, availability, and low environmental impact 

combined with sufficient P-removal performance.  Iron-based materials are especially attractive 

due to their theoretical and experimentally verified capacity for efficient P removal through 

sorption, even at neutral pH.  

Properties of Stormwater Flow through the Substrate  

 Hydraulic retention time, involving the relationship between flow rate and wetland size, 

is also important to CW design. While increased residence time theoretically allows for 

additional interactions with sediments and increases the probability for sorption, lower residence 

times may effectively promote sustained aerobic conditions. Aerobic conditions are more 

favorable for P removal by iron in substrates, as anaerobic conditions can lead to the release of P 

with the reduction of associated iron (Komatsu et al., 2006).  

 Previous research indicates P-removal performance can increase with higher hydraulic 

residence times (Shilton et al., 2005). In another study, hydraulic residence times of 5 days and 

10 days had associated P removal of 37% and 69% removal, respectively (Chick and Mitchell, 
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1995). Conversely, yet another study showed that P-removal increased with higher flow rates, 

implying lower retention times for the same filtration volume; however, this increase was at least 

partially due to higher loads of P being filtered (Farahbakhshazad and Morrison, 2003).   

 Flow regime may also affect P removal. Flow regime refers to the basic hydraulic 

structure of a CW design. The first classification for flow regime in a CW is whether the flow is 

primarily through the substrate (subsurface-flow wetlands) or primarily through vegetation above 

the substrate (surface-flow wetlands). The first waste water treatment wetlands were horizontal 

subsurface-flow wetlands (Vymazal, 2005). Further classification for subsurface-flow wetlands 

is whether the primary flow direction is horizontal or vertical (Kadlec and Wallace, 2009). 

Vertical, subsurface flow wetlands branch further by either upward or downward flow.  

 Some flow regimes may be more suitable for promoting chemical sorption of DP.  

Subsurface-flow wetlands provide more interaction with the substrate, which is the primary 

mechanism of phosphorus removal by sorption processes; however, there is also a greater 

potential for clogging if suspended solids are present in influent.  Vertical subsurface-flow 

wetlands with upward flow may help prevent clogging and may also promote additional mixing 

within substrate (Farahbakhshazad and Morrison, 2003).  

Research Objectives  

 The purpose of this research was to develop and test a CW for optimal DP removal from 

stormwater ponds. Objectives include evaluation of substrate types and flow rates with regard to 

P removal and the experiential development research methods for testing CW substrate filtration. 

This study will specifically test the following hypotheses:  

1. calcium-based and iron-based sands will remove more phosphorus than the control sand; 

and 

2. wetland cells with longer hydraulic residence times will remove a higher percentage of P 

than cells with shorter retention times. 
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Methods and Materials 

Experimental Setup 

 Water for this study came from a 1,000,000 L pond located at Prices Fork Research 

Center near Blacksburg, Virginia. The primary source of water for the pond was not surface 

runoff but an underground limestone aquifer pumped into the pond from a nearby well. 

However, the pond's primary use is for research studies and, at the time of this study, another 

project was in process and involved circulating water from the pond through a vegetated flume 

containing large amounts of nutrients.  The pond had significant algal growth, indicating 

appropriate nutrient levels for this study. A 1230-L, plastic tank provided a constant head for the 

experimental wetland cells, located in a level area just below the pond (fig. A.1).   

 

 

Figure A.1 - The tank is located in the top left while the pond is contained just behind the earthen 

embankment seen across the center of the photograph 

  At the tank, a small water pump and 12-volt, deep-cycle battery, contained in 

small wooden housing ran constantly with overflow going back the pond to keep the tank full 

and provide a constant head. Twelve 167-L plastic containers approximately 79 cm tall and 

averaging 50 cm in diameter contained the experimental wetlands (fig. A.2). These cells had a 

vertical, subsurface, upward flow. 

Rosenquist 
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Figure A.2 - Arrangement of field-scale wetland cells 

 

 The twelve cells were identical apart from the substrate used within the cell. The cells 

consisted of three materials including #57 stone (1.25 cm-1.9 cm in diameter), #9 stone (0.32 cm 

to 0.64 cm in diameter) and one of three filtration substrates (all approximately USDA sand in 

size). The cells had horizontal layers of these three materials (fig. A.3).  

 

Figure A.3 – Field-scale experimental wetland cell 

 

Braman and Newbill  

Rosenquist  
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 The inlet and outlet were in the top (5 cm above last gravel layer) and bottom (within 

bottom gravel layer) of each cell, respectively, and fitted with bulkhead fittings to allow 

connection with polyvinylchloride (PVC) piping.  The cell inlet structure was a 41-cm PVC pipe 

with slits every 5 cm.  A network of PVC pipes connected each cell to the tank. 

Experimental Design 

 The two experimental factors in this experiment were substrate type (two experimental 

types with a control) and hydraulic residence time (two levels). The three substrate-types 

included an iron-based substrate, a calcium-based substrate, and a low-iron, low calcium control 

substrate (fig. A.4, A.5). Each substrate had four replications. 

  

 

Figure A.4 - Chemical properties for each substrate before filtration; ACCA is the calcium-based substrate, 

ACFE is the iron-based substrate, and ACYS is the control substrate 

 

Figure A.5 - Particle size distribution for each substrate 

 

 The two target hydraulic residence times were 19.3 min and 28.6 min, which 

corresponded with target, flow rates of 0.7 L/min and 0.35 L/min. Each HRT had six 

replications. A manometer (demarcated plastic tubing attached to a wooden stick) installed 

between the ball valves and the inlet structure allowed for daily flow rate monitoring and 

VT Soil Test Laboratory, fair use  

Braman and Newbill  
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adjustments. Equations 1-3 provided the target flows and anticipated head requirements from the 

target hydraulic residence times.   

 

Bernoulli's Equation 

 v1
2/2g + z1 + p1/ ! = v2

2/2g + z2 + p2/! + hL     (1) 

where 

 v = velocity  

 z = elevation  

 p = pressure 

  ! = specific weight of water  

 hL = friction loss   

 

Darcy's Law 

 Q = K*H*A/L        (2) 

where 

  Q = flow rate  

 K = hydraulic conductivity (Table A.1) 

 H = the elevation head 

 A = cross sectional area  

 L = column height.          

 

 HRT = "*V/Q        (3) 

where 

  ! = porosity (originally published values, revised with experimental values; Table A.2) 

 V = volume  

 Q = flow rate  

 

Table A.1 - Experimentally determined hydraulic conductivities for each substrate 

Substrate Type Average Value (cm/s) 

Iron-based Sand 0.026 

Calcium-based Sand 0.012 

Control Sand 0.019 

Values obtained according to standard soil test methods 
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Table A.2 - Experimentally determined porosity for each substrate 

Substrate Type Average Value (cm/s) 

Iron-based Sand 0.44 

Calcium-based Sand 0.38 

Control Sand 0.46 

Values obtained according to standard soil test methods 

Sampling and Sample Analysis 

 Grab samples were taken from the tank outlet and from the top of each of the 12 wetland 

cells every other day starting July 12, 2007 and ending July 21, 2007. Sample analysis included 

total phosphorus (TP) and dissolved reactive phosphorus (DRP) (EPA Methods 365.3 and 

365.2). Readings for pH were from days 1 and 7 with a handheld pH instrument (Hanna 

Instruments, Woonsocket, RI). 

Data Analysis 

 In order to evaluate P removal, we converted P concentrations to P load (mg) by 

including the respective flow rate and time between sampling. Consequently, cells with the 

higher flow rates had twice the influent P-load. For equitable performance evaluation, we 

converted load removal to percent P-load removal with respect to the influent P-load. A 

cumulative P-load from data combined across the entire length of the study served as an overall 

performance metric for each cell. Pairwise comparison methods tested for differences in 

performance between substrate types and for changes in pH, while Student's t-test tested for 

differences between flow rates and for positive cumulative P-load removal. A bonferroni 

correction factor adjusted p-values for multiple comparisons were where applicable and p-values 

< 0.05 indicated significance. 

Results and Discussion 

Total Phosphorus 

 P-removal performance measured by TP varied drastically during the study (fig. A.6). 

While we observed no clear increase or decrease, some of the fluctuations seem to occur at the 

same time in several substrate/HRT combinations, indicating that something other than the 

substrate and HRT is causing variation. Cumulative P-load removal percentages (fig. A.7) 
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indicate a possible difference in performance between HRTs, but the difference is not significant. 

Testing revealed no significant differences in cumulative P-load removal performance between 

substrates or between HRTs. Furthermore, no treatment group displayed a significant, positive 

removal percentage overall. Higher P level associated with the iron-based substrate as sourced 

(fig. A.4) might explain the negative removal rates seen in the long-HRT, iron-based cells (fig. 

A.7). 

 

 

Figure A.6 - P-load (TP) removal percent data trends for each substrates/HRT combination 

Rosenquist, R-Project  
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Figure A.7 - Cumulative P-load (TP) removal percentages for the entire study period 

Dissolved Reactive Phosphorus 

 P-removal performance measured by DRP also varied drastically during the study (fig. 

A.8). Again, there is no clear increase or decrease but some of the fluctuations seem to occur at 

the same time in several substrate/HRT combinations, especially within the same HRT. 

Cumulative P-load removal percentages (fig. A.9) reveal a difference in performance between 

HRTs and for DRP this difference is significant. The lower HRT had a higher mean P-removal 

percentage, opposite of the trend anticipated. Short-circuiting at the edge of the container due to 

low head and low pressure is a possible explanation for this trend. Further testing revealed no 

significant differences in cumulative P-load removal performance between substrates. Only the 

low HRT group together displayed a significant, positive removal percentage overall.  

 

Rosenquist, R-Project  
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Figure A.8 - P-load (TP) removal percent data trends for each substrates/HRT combination 

 

Figure A.9 - Cumulative P-load (TP) removal percentages for the entire study period 

Rosenquist, R-Project  

Rosenquist, R-Project  
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pH 

 Cell pH during the study remained near neutral (7.0 - 8.5) for all influent and effluent 

values; however, a significant decrease in pH from influent to effluent occurred in iron-based 

cells, but not for the other two substrates (fig A.10). This decrease was only slight as the average 

influent concentration was 8.0 and the average effluent concentration from cells with iron-based 

substrate was 7.7. Overall, none of these materials displayed problems regarding changes in pH 

between influent and effluent. 

 

Figure A.10 - Cell pH at the beginning (a, left) and towards the end (b, right) of the study period 

Potential Sources of Variability and Lessons Learned  

 There are several factors suspected that may explain variability in the data and the 

general lack of significant results. Some of the factors also represent lessons learned that might 

improve research methods for similar studies.  

 

Sampling Strategy 

 Due to the possibility of long-term trends in performance, a longer sampling period may 

provide results that are more useful. In addition, the possibility of performance fluctuations on a 

time-scale less than 1 d may necessitate more frequent sampling.  Natural systems are quite 

Rosenquist, R-Project  
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dynamic, especially during the initial stages, and time-dependent factors such as substrate 

settling and bio-fouling could contribute to performance variability. Substrates settled during the 

study by several centimeters. Filling the containers with substrate while they are full of water 

might prevent such settling.  

 

Treatment Variables 

 Another factor was a lack of precision in flow control. Cell recalibration occurred daily to 

maintain the appropriate flow rates, which were only accurate to the target value by plus or 

minus 10% at best. Settling was most likely central to this problem as the head required to 

achieve the target flow rate varied widely. In addition, fine control of the head was difficult with 

the ball valve arrangement.  

 This study based substrate selection primarily on availability. The substrates were chosen 

according to their basic composition, but their exact properties were only determined during the 

study. For example, the "Iron-based" substrate may have contained relatively little iron compared 

to possible iron-based substrate options. Future research should specify iron or calcium content 

on a mass basis in advance instead of assuming the substrate to be representative of a particular 

constituent based only on dominant constituents.    

 

Replication 

 Another contributing factor could be the lack of replication. Future studies should include 

at least three replications of each treatment combination.  

 

Equipment and Laboratory Space 

 The laboratory used to analyze the samples in this study also hosted studies involving 

dairy manure.  The manure tests utilized some of the same equipment, specifically filtration 

apparatus used for DRP analysis. Analysis of filtration blanks revealed the contamination (fig. 

A.11). Although sufficient sample was available to re-process data different filters, the 

associated time delay placed the second analysis outside of the EPA recommended procedure for 

storage and analysis for DRP.  Also based on the mixed use of the laboratory, sample bottles 

used on 7/13 and 7/15 were subject to a different cleaning process (heat treatment but not acid 

bath).  
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Figure A.11 - DRP observed in quality control filtration blanks 

 

Unspecified or Unmeasured Variables 

 Particle size distribution and the P already on substrates before filtration may have 

affected P removal and neither were consistent between substrates.  The control sand had a 

smaller and more uniform particle size distribution, resulting in a larger surface area and 

potentially providing more reactive area available for P removal. Higher P associated with the 

iron-based substrate versus the other two substrates (fig. A.4) could decrease P-removal capacity 

for this substrate. In addition, rust colored deposits on the tubing and bulkhead fittings of the 

iron-based substrate cells may indicate mobility of iron during the study and a need to measure 

and track iron concentrations in water. 

 

Short Circuiting 

 A lack of plug-type flow, short circuiting, probably occurred in at least some cells. Three 

possible explanations are proposed. First, because the ends of the PVC pipe on the inlet structure 

were open, the majority of the flow probably entered the gravel through the end of the pipe at the 

edge of the container. Future setups should plug this opening, forcing distribution through the 

slits along the pipe. Second, a combination of low head and low flows could have caused short 

circuiting, allowing the majority of the flow to pass in the less flow-resistant boundary area 

between the substrate and the smooth walls of the container. If insufficient head was available to 

force flow through the substrate, minimal contact would occur for sorption. Increasing roughness 

Braman and Newbill  
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on the interior of the container to promote flow through the substrate may correct this problem. 

Third, both localized and generalized fluidization of the substrate occurred with sufficiently high 

head, resulting in pipe flow through the substrate. This fluidization may present a serious 

limitation to the use of vertical subsurface-flow wetlands with upward flow regime and non-

cohesive substrates. 

Conclusions 

The results of this study indicate that none of the designs tested were optimal for P-removal from 

stormwater ponds; however, the study provided many useful insights for the development of 

improved research methods in future work. Regarding the specific hypotheses: 1) neither the 

calcium-based nor iron-based substrates had statistically different P removal than P removal in 

the control substrate; and 2) cells with longer hydraulic residence times removed a lower 

percentage of P than cells with shorter retention times, the opposite of the hypothesized 

relationship. 
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Field-scale study of phosphorus removal by sorption: 
substrate and residence time study follow-up 
S.E. Rosenquist, W.C. Hession, D.H. Vaughan 

Abstract 

 A previous study by the authors on phosphorus (P) sorption to wetland substrates 

provided limited results based, at least in part, on the methods used. This study followed up on 

objectives of the previous study while incorporating the lessons learned. Specific changes 

included a different regulation system for hydraulic residence time (HRT), more replications for 

statistical power, improved specifications and analysis of substrate properties, and different time 

scales for sampling. Results indicated that both short-term and long-term variation exists with 

long-term variation being larger than short term. Differences in HRT did appear to affect P 

removal performance with shorter HRT possibly providing increased removal. Another 

interesting result was higher than expected P removal in gravel substrates in comparison to the 

iron-based sand substrate.   

Introduction 

 A previous study by the authors, "Field-Scale Study of Phosphorus Removal by Sorption: 

Comparison of Substrates and Residence Times" included several key recommendations to 

improve the quality of the study and the results. The purpose of this study was to follow-up on 

the previous study, refining the results and conclusions through improved methods. One issue 

raised in the previous study was the effect of diurnal variations in system properties on 

performance monitoring. Previous studies have indicated a phosphorus (P) removal dependence 

on pH (Shang et al., 1992) and redox potential (Carleton et al., 2000). Eutrophic ponds can 

sometimes demonstrate large diurnal variations in pH and dissolved oxygen (DO) (Correll, 1998) 

indicating that sampling time may be critical to an accurate quantification of system performance 

over time. For this reason, this study includes both long-term and diurnal analysis to determine 

performance. Another addition to this study in follow-up from the previous study was the 

monitoring of substrate properties in addition to water properties. Iron-based substrate showed 

the most promise for the purposes of this design based on the efficacy of P removal by sorption 

at neutral pH (McBride, 1994), equivalent performance with other substrates in the previous 
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study, and the redox activity of iron as part of a future rejuvenation strategy for sorption 

capacity. Previous research suggests that substrate size has a large effect on sorption capacity 

(Zhu et al., 2003) and would predict very little removal for large gravel, making it a good 

theoretical control substrate. Substrate specific properties in addition to the general specifications 

used in the previous study have indicated influence on P removal performance, and a more 

accurate analysis should provide a better understanding of P removal in the system by sorption 

processes. The objectives for this study are to re-evaluate the affect of substrate type and 

hydraulic residence time (HRT) on P removal by sorption processes in wetland cells designed to 

complement the stormwater treatment already present in stormwater ponds.   Specific hypotheses 

in this study were: 1) that an iron-based sand substrate will achieve more P removal than a gravel 

substrate; 2) that longer HRT will increase P removal in the wetland cells; and 3) that daily 

sampling time has an impact on P removal performance monitoring.  

 

Materials and Methods 

Experimental Setup 

 The experimental setup in this study was the same as he previous except for several key 

differences. The first difference was moving the head tank down from the top of the earthen 

embankment that contained the pond and the experimental cells placed on concrete blocks. 

Moving the tank enabled the setup of a siphon system and the elimination of the pumping 

requirement. The siphon enabled a long-term study without the need for continuous power 

requirement. Laser survey verified correct placement of the concrete blocks that held the cells to 

the heights for the desired levels of head, theoretically eliminating the need for the ball valve and 

manometer setup to control head. Cells were located in two offset rows of six cells with 5-ft 

spacing between each cell. The iron-based substrate used in this study different from the one 

used in the previous study. The iron-based sand substrate came from a local quarry in New 

Castle, VA, and contains Fe at a concentration of 0.2 % - 0.7 % by mass. The gravel substrate 

was the same #9 stone from the previous study and both cells had a 13-cm bottom layer of the 

#57 stone (fig. A.3). This study did not include the top layer of gravel to allow for periodic 

substrate sampling. In order to correct for possible short-circuiting around the edges seen in a 

previous study, a commercially available surfacing roughening product designed for lining the 
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bed of pick-up trucks was applied to the inside surface of the containers throughout the area were 

the substrate is located.  

Experimental Design 

 The experimental factors in this study were HRT (low, medium, and high) and substrate 

type (gravel and iron-based sand). The HRT levels corresponded to three levels of head (7.6 cm, 

15.2 cm, and 22.9 cm) produced by the surveyed concrete block locations. Of twelve total 

experimental cells, nine contained the iron-based sand substrate at different HRT, and three 

contained the gravel substrate at the lowest HRT.  

Sampling and Sample Analysis 

 Flow started in cells in June 2008 and continued to Dec 2008. Sampling included both a 

short-term sampling set (every 2 h over a 10-h period) to test for diurnal variations and a long-

term set (0 d, 15 d, 22 d, 29 d, 37 d, 45 d, 50 d, 59 d, 65 d, 72 d, 93 d, 121 d) to test for long-term 

variations. Water sampling in both of these sets included pH (Hanna Instruments, Woonsocket, 

RI), Temperature (Air and Water), DO (YSI Incorporated, Yellow Spring, OH), and grab 

samples from the water at the top of the cells and the tank outlet. Sampling for total iron (TI) and 

total phosphorus (TP) consisted of digestion of grab samples by the K-persulfate method 

(Clesceri et al., 1999) with 2:1 volumetric concentration followed by analysis by Inductively 

Coupled Plasma Atomic Adsorption Spectroscopy (ICP-AES). Substrate sampling as part of the 

long-term set occurred monthly and included Melich-1 extractable Fe and P, pH, and organic 

matter (OM) by the loss-on-ignition method.  

Data Analysis 

 The primary performance metric used in this study was P-mass removal rate (mg/day) 

instead of removal percentage as used in the previous study. The authors prefer this method since 

it is the ultimate goal of stormwater treatment, even if it means a lower removal percentage with 

a higher flow rate. The EPA has also moved away from removal percentages citing multiple 

reasons (USEPA, 2002). P-mass removal rate calculations included the flow rate and the 

difference between influent and effluent concentrations at each sampling time. Either pairwise 

comparison or the student's t-test enabled statistical comparison, depending on the number of 

comparisons. Multiple regression provided analysis for the effect of various measured variables 

in the long-term data set. P-values > 0.05 represented significant results.  
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Results and Discussion 

Diurnal Variations 

 

Figure A.12 - Diurnal variation in key properties  

 
 The loss of two data points for TP and TI due to label confusion limited the results of this 

portion of the study (fig. A.12). Results for pH and temperatures do indicate diurnal fluctuations, 

while DO or flow rate indicate no clear trends. Some variation in P removal occurred, possibly 

due to pH trends, though no clear trends in this variation were obvious. Another interesting trend, 

though not statistically verifiable with this data set, is the positive correlation between TI and TP, 

especially in influent. This correlation may be explained by Fe reduction resulting in P release in 

the pond (Redshaw et al., 1990). 

Rosenquist, R-Project  
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Long Term Variations – Water Testing 

 

Figure A.13 - Long-term variation in P removal performance for field-scale wetland cells 

 Results for the long-term data set reveal a general reduction in performance over time 

with very little P removal taking place after day 40 (fig. A.13); however, several low P removal 

rates occurred before day 40 as well. Surprisingly, P removal rates in the gravel substrate tended 

to be higher than the sand substrate throughout the study. The gravel cells probably had higher 

removal rates than the sand cells (p-value = 0.06), and the HRT for the gravel cells was 

significantly shorter than the sand cells.  

 The HRT groups based on head did not function as intended as only the high HRT group 

was significantly different from the other two. Analysis of P removal revealed no differences 

between these groups. Using measured flow rates to predict P removal performance (fig. A.15) 

results revealed a very weak relationship by visual analysis. Regression analysis found no 

reliable results for any of the measured variables as predictors of P removal rate. In addition, 

some fluidization occurred in this study even with efforts to prevent short-circuiting and more 

closely regulate head. 

Rosenquist, R-Project  
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 Trends in key variables throughout the long-term data set indicated larger variations 

outside of diurnal trends (fig. A.14). Only pH and temperature indicate clear trends by visual 

analysis. None of these variables provided explanation for the variability in P-removal rate.   

   

 
Figure A.14 - Measured variables from the long-term data set 

Rosenquist, R-Project  
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Figure A.15 - Variability in P removal performance across flow rates 
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Long-term Variations – Substrate Testing 

 

Figure A.16 - Trends in four substrate constituents 

 
 Trends from the substrate analysis indicated trends by visual analysis in pH, OM, and 

extractable Fe and P (fig. A.16). Increases in pH and extractable P appeared to stop at about the 

same time (day 40 – day 50) as removal rates became negligible in the water analysis. These two 

results together suggest that P removal by sorption processes reached a capacity at about 40 d 

with this loading regime and cell size. OM concentrations appeared to stabilize earlier than pH 

and extractable P, while extractable Fe appeared to increase throughout the study. This increase 

in extractable Fe in the sand samples may explain the removal performance seen in the gravel, 

since this substrate should have had little sorption capacity.  

Rosenquist, R-Project  
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Conclusions 

 The results of this study support a few valuable conclusions pertaining to the 

experimental factors and pertaining to the changes made in this study from the previous one. 

Diurnal variation was present in the short-term data set suggesting that the use of one sample to 

represent even daily performance will make investigation into sources of variability difficult. 

Results for the gravel substrate suggest either that the original sorption capacity for larger 

substrates was equivalent for some reason, that the constituents of influent water, specifically Fe, 

can affect the sorption capacity, or that flow rate has an overriding effect on P removal 

performance. The relationship of all cells with flow rate suggests that this factor may explain at 

least some of this difference in P removal. Long-term trends is removal rate suggest that removal 

capacity for these substrates and loading regime decreased significantly after approximately a 

month. Both water and substrate testing verified this performance decline. Regarding the specific 

hypotheses tested: 1) iron-based sand substrate did not achieve more P removal than a gravel 

substrate, even with the significant difference in substrate size; 2) longer HRT did not increase P 

removal in the wetland cells, while a trend in the opposite direction as seen in the previous study 

was again suggested by these results 3) daily sampling time probably does have an impact on P 

removal performance monitoring, though no predictable trends could be established.  

 Regarding the changes made form the previous study, flow rate control with set levels of 

head was not capable of repeatedly regulating HRT between cells or over time. It was 

particularly difficult to regulate similar flow rates between substrates of different size. The 

persistent occurrence of fluidization presents a major downside to upward, vertical flow and 

indicates that this flow regime may actually be less capable than the downward, vertical flow at 

promoting mixing due to short-circuiting associated with fluidization. The siphon system was an 

effective method for maintaining flow to experimental cells. The long-term and short-term 

sampling sets suggested that more sampling was necessary to monitor variability in performance 

adequately. Long-term sampling suggested that variation in performance does occur over time as 

sorption capacity fills, and short-term sampling suggested that sampling is necessary over much 

shorter periods than once a day to capture all variation.  
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Effect of humic acid on microbial reduction of iron and  
release of phosphorus from wetland substrates 
S.E. Rosenquist, A. Egner, J. Pennington, M. J. Eick, D. H. Vaughan 

Abstract 

 Declines in sorption capacity over time in wetland substrates have lead to the 

development of novel techniques for the removal of adsorbed phosphorus (P). These techniques 

show promise in harvesting P from wetland substrates through facilitated Fe iron reduction, but 

require a faster cycle time for optimal field application. This study investigated the ability of 

humic acids to increase the rate of microbial iron reduction and the rate of associated P release. 

Experimental cells had humic acids introduced to P-saturated media at treatment concentrations 

of 0, 2, 20, and 200 mg/L.  Results indicated a positive relationship between humic acid and 

microbial iron reduction and potentially with the subsequent release of P as well.  

Introduction 

 In addition to a high affinity for sequestering phosphorus (P) by sorption processes, iron 

(Fe) oxides have demonstrated the ability to release P under anaerobic, reducing conditions such 

as in benthic sediments or saturated wetland soils (Komatsu et al., 2006; Aldous et al., 2007).  

This study is part of a larger effort to develop a controlled Fe-reduction process capable of 

periodic rejuvenation of P removal capacity in filtration substrates without replacement of 

substrate. While this process shows promise, the rejuvenation process is much slower than P 

sequestration by sorption and shortening of the cycle time will enable more practical field 

application. 

 The Fe reduction process is mainly dependent on microorganisms and varies according to 

their biotic requirements (Lovley, 1991; Kostka et al., 1996; Chen et al., 2003). These microbes 

reduce Fe as a part of an anaerobic or facultative aerobic respiration process where ferric iron 

(Fe3+) serves as the terminal electron acceptor (Martinko and Madigan, 2006).  Therefore, 

conditions which favor Fe reduction, and hence P release, should correspond to those which 

favor the growth of the microbial population. Factors which support microbial respiration 

include sufficient and bioavailable electron donors and acceptors as well as favorable 

environmental conditions such as temperature and optimal pH  (Martinko and Madigan, 2006). 
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 Several organic moieties have been tested to catalyze indirect Fe reduction by serving as 

electron shuttles, including nitrotriacetate (NTA), anthraquinone-2,6-disulfonate (AQDS), and 

humic acids (Lovley et al., 1998; Luu et al., 2003).  Due to their ubiquity in the natural 

environment and typical freshwater biospheres, humic acids appear to be the most applicable 

electron shuttle for field application. Prevalent in aquatic and terrestrial environments, humic 

acids are a heterogeneous class of compounds resulting from the degradation of numerous 

organic sources including vascular plant material and algae (Steenson, 1994). While coming 

from such diverse sources, the chemical properties vary depending on the extent of breakdown 

and organic carbon source (Aiken et al., 1985).  However, a shared characteristic is the ubiquity 

of organic radicals, or free, unpaired electrons, which result from chemical degradation.  A 

majority of these radicals have been documented as quinone moieties, cyclic carbon structures 

with an even number of carbonyl groups (Scott et al., 1998).  The presence of such organic 

radicals provides humic acids with large oxidation-reduction potential. 

 In the absence of humic acids or some other electron shuttling mechanism, Fe-reducing 

bacteria must be in physical contact with Fe3+ in order to donate an electron and allow respiration 

to occur (Lovley, 1991).  This need for physical contact can prove to be a limiting factor to 

microbial growth due to insufficient bioavailabity of the electron acceptor. However, the redox-

active quinone groups of humic acid have great ability to both donate and receive electrons under 

favorable conditions. This ability allows for humic acids to accept electrons from Fe-reducing 

microbes during respiration and donate them to Fe3+ (Scott et al., 1998) as an ‘electron shuttle’ or 

redox mediator (Lovley et al., 1998).  Therefore, the presence of humic acids generally increases 

Fe reduction by eliminating the requirement direct physical for electron transfer. 

 The addition of humic acid as an electron shuttle is also able to increase Fe reduction by 

interacting with a more diverse microbial population.  Included in this phylogenetically diverse 

group are sulphate-reducing, methanogenic, and halorespiring microorganisms as well as Fe-

reducing bacteria, which are all able to reduce humic acids (Lovley et al., 1998; Cervantes et al., 

2002; Coates et al., 2002).  This diversity allows Fe3+ reduction to occur in more geographically 

diverse areas in which microbial populations may differ and with a larger variety of potential 

carbon-sources accessible to various types of bacteria.  A more diverse biotic population should 

increase the rate of humic acid reduction and thereby provide for increased Fe reduction by 

decreasing the possibility of the process being environmentally or carbon-source limited.   
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 Indirect Fe reduction by microorganisms with supplemented humic substances has 

resulted in rates up to seven times that of direct reduction by Fe-reducing bacteria (Jiang and 

Kappler, 2008).  Even low concentrations of humic acids can significantly increase Fe reduction 

through the reuse of humics as a pseudo-catalyst (Nevin and Lovley, 2000).   

 While most studies documenting the effects of humic acid on microbial reduction of Fe 

have occurred in near ideal laboratory conditions, Fe reduction by native populations of 

microorganisms has demonstrated increase with the addition of humic substances (Rakshit et al., 

2009) and the electron shuttling capabilities of humic acids have been documented in freshwater 

sediments (Kappler et al., 2004).  Such cases provide evidence that comparable results could be 

possible under field conditions. Increased reduction in the presence of humic acids should also 

lead to increases in P release, but there has been little research in this area. As prior research 

shows that the rate of P release without further facilitation is to slow for practical usage as a 

renewal strategy for sorption capacity, studies examining the effect of humic acid on the kinetics 

of Fe reduction by microbes are critical to the development of the rejuvenation process.  

The objective of this research is to examine the effects of humic acid on microbial Fe 

reduction and subsequent P release. Specifically, this research will evaluate the following 

research questions: 

1. Does the inclusion of humic acids in a saturated wetland media increase not only 

the rate of Fe reduction but the rate of P release as well?;  

2. Does the increase in Fe reduction or P release correlate to the amount of humic 

acid included?; and 

3. Does the inclusion of humic acid affect the total mass of Fe reduced or P 

released? 

Methods 

Experimental Setup 

 A synthetic stormwater consisted of dilute phosphate solution with a concentration 

typical of rainwater runoff prepared with a naturally occurring pH buffer, sodium bicarbonate.  

The buffer was included to more accurately simulate stormwater alkalinity.  The solution 

included 2 mM NaHCO3 with 0.5 mg-P/L from reagent grade salts and deionzed water.  
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 USDA grade medium sand with total extractable Fe content between 0.2% - 0.7% by 

mass constituted the sorption media due to its Fe content and local availability in Blacksburg, 

VA.  The required Fe content enabled P sorption mainly to Fe3+ sites.  Hand mixing of 10 kg of 

the same ensured a homogeneous mixture.  Then, we distributed 600 g quantities into each of 16 

glass-jar cells (fig. A.17).  In order for P sorption to occur, we added 600 mL of the synthetic 

stormwater solution to each cell.  Plastic wrap covering the cells decreased evaporation while the 

P adsorption process occurred over 11 d.  
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Figure A.17 - Layout of experimental cells including substrate and supernatant 

 

 Humic acid used in the experiment was from Aldrich Corporation. To ensure uniform 

addition to all cells within each treatment level, 20mL of extracted supernatant from each cell 

provided 80mL of water in which to dissolve the humic acid. Agitation of this solution for 30 

minutes promoted dissolution and homogeneity. While the majority of humic acid dissolved, 

some particulate remained, especially in the highest treatment solution. Continuously agitation 

during transfer by pipette to the cells ensured that treatment remained uniform. 

 The glass jars had flat threaded rings and thin plastic wrap to provide an airtight seal, 

promoting an anaerobic environment. The plastic allowed for gas expansion but also sealed the 

cells, supporting the anaerobic conditions desired in a rejuvenation process. Optimum 

temperature for growth of mesophilic microorganisms, found in temperate aquatic climates, is 

between 30° C and 45° C (Madigan and Martinko, 2006).  Therefore, cell incubation took place 

at 35° C to promote microbial activity and expedite the rejuvenation process under field-feasible 

temperature conditions.  
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Experimental Design 

 We divided the sixteen cells into four groups including a control and three humic acid 

treatment levels (Table A.3). All four groups received a uniform quantity (1000 mg/L) of organic 

carbon, in the form of granulated sucrose sugar. A high concentration of sucrose ensures that an 

electron donor source will not be a limiting factor in microbial growth.  

 

 

 

 

Table A.3 – Initial cell treatment levels of humic acid 

Treatment Control Level 1 Level 2 Level 3 

Added Humic Acid (mg/L) 0 2 20 200 

Organic Carbon (mg/L) 1000 1000 1000 1000 

 

 

These treatment levels were chosen because it has been documented that microbial Fe 

reduction shows most correlation with humic acid concentrations between 5 mg/L - 25 mg/L 

(Jiang and Kappler, 2008).  Therefore, it is advantageous to study the effects of humic acids 

within this range in order to determine any relationship between humic acid level and Fe 

reduction.  Treatment level 3 was included to give the system an abundance of humic acid, 

ensuring that it is not a limiting factor to microbial growth. Four replications of each treatment 

provided greater statistical sample size and reduced standard error. 

Sampling and Sample Analysis 

 In order to determine the percentage of total organic carbon attributable to humic acid, 

rather than the added sucrose, TOC occurred after the humic acid treatment but before sucrose 

addition (1000 mg/L). 

 Sample timing was three times per week (Monday, Wednesday, and Friday) over the 

course of four weeks.  At each sampling time, we collected a 25 mL sample by syringe from the 

supernatant of each cell.  Filtration to partition dissolved constituent was through a 0.45 #m 

mixed-cellulose-ester, sterile syringe filter. Acid-washed glass vials contained the samples and 

were stored in a refrigerator in advance of analysis. 
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 After sample results for the first 14 d were analyzed, it was determined that the cells had 

not received adequate amounts of sucrose, and were probably carbon-source limited. An 

additional 50g sugar addition to each of the cells on day 15 remedied the carbon limitation, and 

sampling continued as scheduled. Sample analysis included the following elements and followed 

the procedures described below: 

 

Total Dissolved Iron  

 Total dissolved iron (TDI) samples consisted of a 10 mL aliquot sent to Virginia 

Polytechnic University’s Soil Chemistry Lab for analysis by Inductively-Coupled Plasma (ICP-

AES) atomic emission spectroscopy. 

 

Ferrous Iron 

 The 1,10 Phenanthroline Method was followed according to standard procedure (Method 

8146 Iron, Ferrous, 2001). A spectrophotometer (Hach Co, Odyssey DR/2500 

Spectrophotometer, Loveland, Colorado) provided the analysis. The method measures ferrous 

iron (Fe2+) in concentrations up to 3.0 mg/L in 25 mL of sample. A 5 mL aliquot from each cell, 

diluted to 25 mL with DI water provided for the analysis. If concentrations of Fe2+ rose above 

detectable limits, further dilution of 1.0 mL and 0.5 mL aliquots occurred.  

 

Total Dissolved Phosphorus   

 Total dissolved phosphorus (TDP) analysis included taking samples from a 10 mL aliquot 

and sending them to Virginia Polytechnic University’s Soil Chemistry Lab for analysis by 

Inductively-Coupled Plasma (ICP-AES) atomic emission spectroscopy. 

 

Dissolved Reactive Phosphorus   

 A 9 mL aliquot allowed for dissolved reactive phosphorus (DRP) analysis. We analyzed 

with a  SEAL continuous flow analyzer (Seal Analytical GmbH, AutoAnalyzer 3, Norderstedt, 

Germany), and processed according to (Phosphate in Water and Seawater, Total P in Pursulfate 

or Kjeldahl Digests, 2008) . 
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Total Organic Carbon   

 The Sievers 900 Laboratory TOC Analyzer measured total organic carbon (General 

Electric Ionics Instrument Business Group, Sievers 900 Laboratory TOC Analyzer, Boulder, 

CO). We diluted 1 milliliter of sample with 29 mL of de-ionized water for analysis. The mean of 

three TOC measurements from each sample provided a TOC value for each cell.  

 

pH   

 pH was measured using a portable probe rinsed thoroughly with distilled water and dried 

between sampling each cell (Hanna Instruments, Woonsocket, RI). 

Data Analysis 

Multiple regression analysis was performed on the data using R-Project, v2.9.1, statistical 

software (R Development Core Team, 2009). The independent variables analyzed in each 

regression were time and treatment level and the dependent variable was the concentration of the 

various constituents (TDI, Fe2+, TDP, and DRP). Indicator variables represented the treatment 

levels. Analysis of each data set included both the entire study period and from day 15 to the end, 

in order to recognize trends after additional carbon was included. P-values less than 0.05 

indicated statistical significance.  

Results and Discussion 

After the 11-d adsorption period, day 0 measurements constituted a baseline for the Fe-

reduction/P-release process. Baseline TDI levels were very low, ranging from 0.023 to 0.182 

mg/L between cells. The level of TDP ranged from 0.138 to 0.202 mg/L between cells. Baseline 

Fe2+ levels were mostly undetectable by the analytical method used. Cell pH ranged from 7.62 to 

8.02 between cells. 

Total Dissolved Iron 

The concentration of TDI increased over time (fig. A.18a). The most rapid release of Fe occurred 

during days 16-28 (fig. A.18b). 
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Figure A.18 - Total Fe Concentrations for the entire study (a, above) and after day 15 with associated 

regression models (b, below); lines from top to bottom represent T1, T3, C, and T2 

 

  

Egner and Pennington, R-Project  



Appendix A 

 -150- 

 Multiple linear regression analysis provided rate estimates for each treatment group in the 

following model (R2 = 0.67). The general equation produced was: 

    

where: 

 x1 = time (d) 

  = Treatment 1 

 x3 = Treatment 2 

 x4 = Treatment 3 

 y = Fe concentration (mg/L) 

  

 The rate of Fe reduction for each treatment level corresponded to the equation, such 

that the slope of each regression line is the release of TDI in mg-Fe/L/d. The slope coefficient 

preceding each indicator variable is the change in rate in comparison to the control. The rate of 

Fe reduction after day 15 in treatment level one is significantly greater than that of the control, 

increasing the rate by 3.027 mg-Fe/L*d (p-value = 0.0053). Fe reduced after day 15 in treatment 

level two is significantly less than in the control, decreasing the rate by 3.059 mg-Fe/L*d (p-

value = 0.0048). There was no significant difference between the Fe reduction rates of the 

control and treatment level three. The results for Fe reduction between the treatment levels was 

unexpected, as the lowest humic acid treatment level shows the greatest rate of Fe reduction, and 

the highest treatment level showed no effect on the rate of Fe reduction, while the second level of 

treatment has a negative effect on Fe reduction, in comparison to the control.   

 TDI data is inconclusive overall regarding the effects of humic acid on the rate of Fe 

release, due to the inconsistency of Fe released between treatment levels. Differences compared 

to results of previous studies (Nevin and Lovley, 2000; Jiang and Kappler, 2008; Rakshit et al., 

2009) could be explained by sample filtration, specifically removal of Fe from the samples 

during the filtration process. Visual observations confirmed that red-brown particles, typical in 

Fe-rich soils, accumulated on filter papers (fig. A.19). Sample filtration was a possible source of 

the discrepancy seen between this study and previous studies for Fe reduction and humic acids 

and may suggest that Fe inclusion of suspended materials is necessary for complete 

quantification of Fe reduction in substrates. 



Appendix A 

 -151- 

 

Figure A.19 – Day-28 filter disks after filtration 

Ferrous Iron  

Fe2+ also increased during the study (fig. A.20a). Like TDI, The most rapid release of Fe2+ 

occurred during days 16-28 (fig. A.20b).  

 

Egner and Pennington  
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Figure A.20 - Fe2+ Concentrations for the entire study (a, above) and after day 15 with associated regression 

models (b, below); lines from top to bottom represent T1, C, T3, and T2 

 

 Multiple linear regression analysis provided rate estimates for each treatment group in the 

following model (R2 = 0.79).The general equation produced was:  

    

where: 

 x1 = time (d) 

  = Treatment 1 

 x3 = Treatment 2 

 x4 = Treatment 3 

 y  = Fe2+ concentration (mg-Fe/L) 

  

 The Fe2+ release rate was not statistically different between the control and treatment 

levels one or three. The Fe2+ release rate for treatment level two was significantly less than the 

control, decreasing the rate of Fe reduction by 1.141 mg-Fe/L*d ( p-value = 0.0021). This 

decrease in Fe reduction rate in treatment two was consistent with the results for TDI. 

Egner and Pennington, R-Project  
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Total Dissolved Phosphorus 

 As expected, P concentrations increased during the study (fig. A.21), presumably due to 

corresponding reduction of Fe. The release of P into solution generally followed Fe reduction; 

however, unlike TDI or Fe2+, TDP concentrations fluctuated widely from days 0 - 14.  This 

decrease is possibly due to P re-adsorbing onto sorption sites remaining in the media. It is also 

possible, since very little Fe-reduction was observed before day 15, that these fluctuations in P 

concentration may be associated with ion exchange (outer-sphere interactions) and not specific 

adsorption (inner-sphere interactions). There does appear to be a positive relationship between 

time and P concentration after the additional carbon source was added on day 15 (fig. A.21b). 
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Figure A.21 - TDP Concentrations for the entire study (a, above) and after day 15 with associated regression 

models (b, below); lines from top to bottom represent T1, T3, C, and T2 

 

 Multiple linear regression analysis was performed on TDP after day 15 with time and 

treatment levels as predictor variables (R2 = 0.42).  The multiple regression model equation was: 

 

 

where: 

x1 = time (d) 

x2 = 1 for Treatment 1, 0 otherwise 

x3 = 1 for Treatment 2, 0 otherwise 

x4 = 1 for Treatment 3, 0 otherwise 

y = P concentration (mg-P/L) 

 

 The rate of P release for treatment level one was significantly greater than the control, 

increasing the rate by 0.00539 mg-P/L*d (p-value = 0.00547).  Similarly, rate of P release for 

treatment level three was significantly greater than the control, increasing the rate by 0.00473 

mg-P/L*d (p-value = 0.0142).  The rate of P release for treatment level two was not statistically 

different from the control.  The significance increase in P release rate in treatments one and 

Egner and Pennington, R-Project  
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three, but not in treatment two, follows approximately the results for Fe reduction above and 

indicates that the affect of humic acid on Fe reduction does carry over to P release. The possible 

effects of sample filtration discussed in relation to Fe could also have affected the results for P 

released due to associated with filtered material.  

Dissolved Reactive Phosphate 

 

Figure A.22 - DRP concentrations during the humic acid study 

 

 In agreement with total P, the level of DRP fluctuated widely before day 15 (fig. A.22).  

However, the following days present confusing results as DRP concentrations continue to 

fluctuate.  Unlike TDI, Fe2+, and TDP, no significant relationships existed between DRP and 

time and/or treatments groups before or after the carbon source addition on day 15.  

Egner and Pennington, R-Project  
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Total Organic Carbon 

 

 

Figure A.23 - Total organic carbon concentrations during the humic acid study 

  

 Relatively little change occurs during the first 14 d of the experiment for TOC (fig. 

A.23).  However, the addition of sugar on day 15 corresponds to a spike in TOC.  Concentrations 

of TOC decrease relatively quickly in the next few sampling events.  Microbial metabolism of 

the carbon source may explain this decrease and support the theory that the microorganism 

community was carbon-source limited during the first 14 d.  

pH 

 Trends in pH were generally downward sloping (fig. A.24), with the greatest uniform 

decrease in pH occurring in the days following the addition of carbon on day 15. The trends in 

pH suggest that increased microbial growth decreased pH. A lack of microbial growth during 

days 5 and 15 may explain the steady or possibly upward sloping region during this time based 

on carbon limitation. The initial decrease in pH, while not accompanied by significant Fe 

Egner and Pennington, R-Project  
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reduction, may explain the variation in TDP seen before day 15, since P adsorption is known to 

be dependent on pH (McBride, 1994).   

 

 

Figure A.24 - pH trends during the humic acid study 

Conclusions 

 While this study provides no definitive conclusions regarding to the relationship between 

levels of humic acid and the rate of Fe reduction or P release, the results do suggest that the 

presence of humic acid does have some effect on Fe-reduction/p-release rate. TDI, Fe2+, and 

TDP results all indicate some possible relationship with humic acid levels.  The similar order 

observed in the magnitude of this effect between treatment levels across the various elements of 

interest (TDI, Fe2+, and TDP) indicates that the whatever relationship exists between humic acid 

inclusion and Fe reduction is probably also present between humic acid inclusion and P release. 

However, with conflicting results for the treatment levels in TDI, Fe2+, and TDP data, this study 

does not firmly support any conclusions about the correlation between humic acid level and the 

rates of Fe-reduction or P release.  

 Since neither Fe nor P concentrations reached an equilibrium position or peak level in 

this system, conclusions regarding the total capacity for Fe reduction or P release and any affect 

Egner and Pennington, R-Project  
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of humic acid inclusion are not possible.  Future research should include a longer sampling 

period to allow Fe and P levels to reach an equilibrium concentration so that conclusions 

regarding humic acid effects on total capacity of Fe reduction and P release are possible. Future 

experiments may also benefit from higher concentrations of P and by including sample analysis 

without filtration in the data set.  
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Appendix B: Comprehensive Materials and Methods 
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Variability in adsorptive phosphorus removal by structural stormwater best 

management practices  

 Based on copyright agreements, methods for this study are limited to those provided in 

chapter 2. 
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Facilitated Iron Reduction as a Means of Rejuvenating Phosphorus Removal 

Performance of Filtration Substrates 

 This study included two complementary experimental setups. The main portion of the 

study took place using flow-through wetland cells (FTWC) to investigate the central research 

questions with conditions approximating field installation. In addition, a set of batch reactor 

wetland cells (BRWC) were utilized to allow for testing of additional experimental factors, 

addressing additional research questions, and providing replicates of multiple factors for 

statistical power.  

Flow-through wetland cells (FTWC) 

Experimental Setup 

 The FTWC consisted of six, 20-L cylindrical containers filled with 25 kg of USDA-

grade, medium sand media placed above a layer of limestone gravel (fig. 3.1). The sand media, 

sourced from a pit mine in New Castle, VA, had total Fe content between 0.2% and 0.7% by 

mass. The P-loading process was the main focus of another study in this research program and is 

described in detail by Rosenquist, et al. (In Review). The flow regime during P-loading was from 

bottom to top through the gravel layer then the sand media. The gravel layer served to distribute 

flow throughout the sand and promote piston-type flow. The filter media remained saturated 

throughout the loading process, but flow was intermittent and characterized by a 20-h flow 

period followed by "antecedent dry periods" of varying duration.  Influent concentrations during 

P-loading were between 0.1 mg/L and 0.6 mg/L. The standard procedure for a given loading run 

with only before and after sampling included the following steps: 

1. Turn on pump, making sure valve is set to recirculation only 

2. Allow pump to cycle tank for 20-30 minutes to stir  

3. Take a final pH reading for the previous cell and record 

4. Take 3 samples from the top of the HT rising twice before taking the sample 

5. Measure out the appropriate volume of stock solution and add to tank 

6. Verify that the total volume in the tank is appropriate and add distilled water if 

evaporation has occurred 

7. Take initial pH for the next cell and record 
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8. Switch hoses and clamps to prepare for flow into and out of the next cell 

9. Allow 1-2 hours for tank to stir after addition of stock solution 

10. Take 3 initial samples for the next cell by the same method as above 

11. Move valve to open flow to the CHT 

12. Set timer on pump and record start and stop times 

13. After flow stabilizes, measure flow rate twice and record 

14. Place samples in cooler for storage  

During the reduction-reaction period conducted in this study, cells had opaque lids to minimize 

evaporation and algal growth. 

Experimental Design 

 The FTWC included two treatment groups with three replications. For a control group 

(cells 1-3), no additional carbon-source was added, while the experimental treatment group (cells 

4-6) involved exchanging the water in the FTWC with a sucrose solution carbon source by flow-

through over a 2-h period. The final concentration of sucrose in the FTWC was between 100 

mg/L and 150 mg/L, depending on the extent of the pore-water exchange. 

Sampling and Sample Analysis Procedures  

 Sampling was from the standing water on top of each bucket in 20-mL volumes at the 

time of carbon addition and initially at one-day intervals. After temporal trends were established, 

sampling intervals increased to between 3-d and 7-d. Sampling included 306 samples overall 

from the six FTWC over a 253-d period. Gravimetric settling in the FTWC provided 

differentiation of dissolved constituents for sample analysis, as this portion of the study did not 

include sample filtration. All samples were analyzed by Inductive Coupled Plasma Atomic 

Emission Spectroscopy (ICP-AES) in accordance with EPA Method 200.7 (USEPA, 1994) to 

determine total dissolved phosphorus (TDP) and total dissolved iron (TDI) for each sample. 

Along with the above sampling schedule, a handheld pH meter (Hanna Instruments, 

Woonsocket, RI) provided pH measurements and a handheld dissolved oxygen meter (YSI 

Incorporated, Yellow Spring, OH) provided dissolved oxygen measurements. Dissolved oxygen 

served as a surrogate for estimating gross changes in redox potential. Periodic calibration of both 

the pH and dissolved oxygen instruments followed in accordance with the manufacturer's 

instructions.  
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Data Analysis  

 Graphical analysis included the following variables: 1) pH, 2) dissolved oxygen, 3) TDP, 

4) TDI, and 5) TDP/TDI correlation. After a distinct break in the TDP/TDI correlation appeared, 

including two linear regions of differing slope, a least-squares breakpoint analysis determined 

the threshold concentration between the two linear regions. This procedure preceded a 

segmented linear regression analysis using a model with an indicator variable for the breakpoint 

between the two slope regions. This process tested for a correlation between Fe reduction and 

release of previously adsorbed P into solution, and for differences in the slope observed in the 

two regions. Lastly, a comparison between the final concentrations in the carbon-treated FTWC 

and the influent concentrations used to load the FTWC enabled concentration comparison and 

estimates the percentage of previously adsorbed P released. Statistical analyses were performed 

with software from the R-project (R Development Core Team, 2009). For data values below the 

analytical limits of the instrument, the analytical limit served for calculations. 

Batch-reactor wetland cells (BRWC) 

Experimental Setup 

 The BRWC consisted of 36, 250-mL NalgeneTM containers containing 100 g of USDA-

grade-medium sand of the same type described under the FTWC setup. The addition of 90 mL of 

distilled water and 10 mL of 350-mg/L stock P solution enabled the saturation of the sand in 

each BRWC was saturated with P. The BRWC were agitated for 72 h and dewatered by vacuum 

filtration. After filtration, the glass-fiber filter used became part of  the dewatered sample to 

conserve P in the cell.  

Experimental Design  

 Once saturated with P, the 36 BRWC became four experimental groups based on the 

carbon source provided. These carbon sources included: 1) distilled water (control), 2) 250 g/L 

sucrose solution, 3) surface water grab sample from a local retention pond (with slight P-

contribution accounted for), and 4) a 50% combination of sucrose solution and surface-water 

sample. These groups subdivided into one-day, two-day, and three-day reaction times. There 

were three replications for each carbon-source and reaction-time combination. Each BRWC had 
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100 mL of the designated carbon source added gravimetrically. Each BRWC received a cap, 30 s 

of agitation, and storage in a dark, climate-controlled space.  

Sampling and Sample Analysis Procedures  

 After the dewatering process in the BRWC, gravimetric analysis enabled estimation of 

the extent of dewatering and together with sample taken for TDP analysis provided an estimate 

of un-sorbed P remaining. After the designated reaction time, a sample taken from each BRWC 

by pipetting from the standing water on top of the substrate and filtering through 0.45-µm glass-

fiber filter provided for analysis. Additional samples taken in the same manner from three 

BRWC of each carbon-source type after 20-d and 36-d reaction times provided for extended 

monitoring. One filtered sample and one filtrate weight was lost in processing resulting in two 

lost data points from the set. The remaining 59 samples were analyzed by ICP-AES in 

accordance with EPA Method 200.7 (USEPA, 1994) to determine TPD and TDI for each sample.  

 

Data Analysis  

 Three calculated values for each of the 36 BRWC provided for further analysis:  1) the 

mass of P initially adsorbed, 2) the mass of P released at each time interval, and 3) the 

percentage of initially-adsorbed P released at each time interval. For data values below the 

analytical limits of the instrument, the analytical limit served for calculations. Due to a lack of 

normality among residuals, a Kruskal non-parametric test applied to the data tested for 

differences between means with pairwise multiple comparisons with a Bonferroni correction 

factor to determine which means were different. Statistical analyses were again performed with 

software from the R-project (R Development Core Team, 2009).  
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The Urban Wetland Filter: Field Results in the Development of a Renewable 

Practice for Managing Phosphorus in Stormwater Runoff from High Land-

Value Areas 

 Six, rectangular, plastic containers (38 cm tall x 46 cm L x 33 cm W) contained the 

scaled wetland cells (fig. 4.1). Cell construction began with 8 cm of limestone gravel containing 

a slotted section of plastic pipe. This pipe connected to a bulkhead fitting on one end of the 

container to function as the water outlet for the cell. Above the gravel, 8.5 L of substrate 

including USDA grade medium sand (0.2% - 0.7% Fe by mass) sourced from Newcastle, VA 

and in some cases a cast-iron filing waste product sourced from a local machining operation. The 

water inlet and flow control structure was located above the wetland substrate and connected 

through another bulkhead fitting in the opposite end of the container from the outlet. Cells were 

set up with downward, vertical flow. Between 5 cm and 6 cm of head remained above the 

substrate due to a constant-head float valve (Hudson Valve Company, Bakersville, CA) that 

restricted flow to a single direction.  

  A siphon system fed stormwater simultaneously to two wetland cells from a stormwater 

retention pond located on the Virginia Tech campus (fig. 4.2). A section of slotted well screen 

(slot width of 0.5 mm) pre-filtered the water to exclude trash and detritus. The retention pond 

used in this study drains several areas that are likely contributors of P through runoff including a 

dairy farm, a recently active construction area with associated erosion of high-P sediments, and 

heavily fertilized turf areas. 

Experimental Design 

 This study had two experimental factors, sand-only versus iron/sand substrates and pre-

rejuvenation versus post-rejuvenation runs of the wetland cells. The iron/sand cells, included 

sand thoroughly mixed with cast-iron filings at a 2:1 volumetric ratio, which corresponded 

roughly to a 1:1 mass ratio. There were three replicates of each type of cell, but only six cells in 

total since a given cell provided both a pre- and post-rejuvenation filtration run (fig. 4.3). The 

rejuvenation cycle consisted of adding 1000 g of sucrose sugar to each of the saturated cells 

without flow to initiate Fe-reduction, then storing them for 50 days to promote the release of 

adsorbed P. Cells were stored in a climate-controlled space, which maintained a temperature 
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between 18oC and 26oC. Each 48-h filtration run included one sand-only cell and one iron/sand 

cell run simultaneously. Three of these runs occurred before and three occurred after the 

rejuvenation cycle. 

Sampling and Sample Analysis 

 Water sampling during each run involved three automated samplers (ISCO 3700, 

Lincoln, NE), one located at the inlet to both cells and one located at each outlet. Preparation of 

automated samplers included rinsing of lines with approximately 5L of distilled water to prevent 

contamination. During each filtration run, the automated sampler gathered 24 multiplexed 

samples consisting of four, 200 mL samples taken at 30-min intervals combined to form each 

multiplexed sample. The result of tests runs with longer sampling intervals (4h or more) that did 

not sufficiently capture trending in performance led to the 30-min sampling intervals. During one 

of the six runs, specifically the second post-rejuvenation run, automated sampler failure resulted 

in 12 missing inlet samples. A triplicate grab sample, taken at the end of the run and interpolated 

with the last sample taken by the automated sampler estimated the inlet concentration during this 

period. A pH measurement taken from each of the 24 sample bottles after the run by a handheld 

pH meter (Hanna Instruments, Woonsocket, RI) tracked any changes in pH during the run. An 

additional sample bottle positioned at each outlet, received effluent from the cells and held 

1000mL of continuously overflowing effluent for collection by two of the automated samplers. 

The third automated sampler collected influent samples from the inlet structure behind the float 

valves.  Volumetric capture involving a graduate cylinder and stopwatch provided flow rate 

measurements for the beginning and the end of each filtration run (Table 1). Interpolation of 

these two values provided flow rate estimates for each sampling time during a particular run.  

 Grab samples, taken from the top of the cells at day 0, day 33, and day 50 captured the 

changes occurring during the rejuvenation cycle. Sampling on day 50 included a composite 

sample in addition to the grab sample and a pH measurement. A volume measurement of the 

water resident in the cells when they were gravity drained allowed for mass calculations. The 

rejuvenation cycle did not include any cell rinsing prior to the post-rejuvenation filtration runs. 

After some consideration of whether the foam in the iron/sand cells should be part of the 

removed liquid or part of the retained solid, it remained as part of the retained solid with only a 
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small sampled removed for possible further analysis. However, additional foaming did occur in 

the drain bucket.  

 Sample preparation involved digestion of all samples by the ascorbic acid method 

(Stream_Team 2008). A colorimetric autoanalyzer (SEAL Analytical, Mequon, WI) used in 

accordance with standard operating procedures (Stream_Team 2008) provided analysis for total 

phosphorus (TP) from six filtration runs. Quality control measures for the analytical runs on the 

colorimetric autoanalyzer included lab blanks, duplicates on 10% of samples, and spikes on 5% 

of samples. Based on concerns of color interference, inductively coupled plasma atomic emission 

spectroscopy (ICP-AES) conducted according to EPA method 200.7 (USEPA 1994)  provided 

analysis of TP and total iron (TI) for samples from the rejuvenation cycle.  

Data Analysis 

Filtration Runs 

 Visual analysis included graphing observed TP and pH trends for all filtration runs. For 

each 2-hr period in the filtration runs, a P-mass removal rate (mg/h) calculation drew on the 

associated influent concentration, effluent concentration, and flow rate data. Because of a lack of 

normality among residuals (Shapiro-Wilkes Test, p-value < 2.2E-16) and the overall likelihood 

of non-normality in environmental sampling the Kruskal-Wallis Test was the best choice to test 

for a any differences both between treatment types including all cells and within treatment 

groups between replicate cells. Pairwise analysis with a bonferroni correction factor to adjust p-

values followed the initial test to determine which groups where different from each other. A 

bootstrap method (Chernick 1999) with 106 iterations provided confidence intervals for P-mass 

removal rates and P-mass in solution during rejuvenation. Software from R-project (R 

Development Core Team 2009) provided for all statistical analyses in this study. 

Rejuvenation Process 

 A linear regression model using an indicator variable for substrate type tested the 

relationship between Fe and P in solution for to the rejuvenation data. A significant relationship 

between these two variables supported the Fe-reduction process as a means to release adsorbed P 

from CW substrate. Pairwise analysis with a bonferroni correction factor, using P-mass in 

solution as an estimate of the amount of P released through rejuvenation of the substrate, enabled 
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comparisons between substrate types and sampling times during rejuvenation. Confidence 

intervals gathered by the bootstrap method cited above, provided additional comparison between 

substrate types and sampling time and between estimated rejuvenation totals and estimated 

filtration totals. Pairwise analysis with a bonferroni correction factor also provided testing for 

significant differences in pH between rejuvenation and filtration.  

Modeling Variability in Removal 

 Multivariate linear regression with backward selection was applied to the removal rate 

data to test for correlations with suspected variables including time, Effluent pH, influent 

concentration, and the maximum previous effluent concentration at each point during the run 

(since this concentration should represent the existing substrate/solution equilibrium point). 

Effluent pH data were only included for analysis of pre-rejuvenation runs since the relationship 

between pH and removal was confounded in post-rejuvenation runs by carryover from the 

rejuvenation process. A bonferroni correction factor provided adjustment to the p-value to 

account for model application to subsets of the data.  

Quality Control 

 Use of the pH meter in this study included periodical calibration in accordance with 

manufacturer specifications. Because TP and not TDP was used to measure differences in P 

removal (due to sample collection and preservation requirements), measurements of total 

suspended solids (TSS) ensured that any differences in removal between cells could not be 

attributed to differences in physical removal processes. Measurements of TSS included a 

randomly selected group of five inlet, five sand-only effluent, and five iron/sand effluent 

samples. Mean TSS removals for the cells were was 3.44 mg/L (sand-only) and 1.76 mg/L 

(iron/sand). Analysis indicated no significant difference between mean TSS removal in the two 

substrate types (p-value = 0.15), thereby supporting the assumption of similar physical removal 

properties in the two substrate types. Visual analysis of the filtered solids indicates that some of 

the solid mass filtered from the iron/sand effluent may be Fe exported from the cells. Another 

quality control measure was the inclusion of a known standard to compare results for TP 

between the two analytical instrument types. Means for the standard analyzed in three separate 

runs on each instrument were 0.77 mg/L (ICP-AES) and 0.75 mg/L (colorimetric autoanalyzer). 

Analysis indicated no significant difference between these means (p-value = 0.16). A test of the 
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sampling bottles ensured that variations in sample holding time were not affecting measured 

concentrations. This test revealed no significant correlation between time and TP in samples 

including influent, sand-only effluent, and iron/sand effluent held in bottles up to 9 days (all p-

values ! 0.26). To eliminate interference caused by carryover from the rejuvenation process, data 

management included omission of the first two data points for all post-rejuvenation cells from 

the removal rate comparison between treatment groups and the multivariate regression analysis 

for variability in removal rate.  
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Adsorption Isotherm Experiment 

 This supporting experiment was conducted in a soil science department laboratory, 

closely following the methods described by (Arias et al., 2001). The dependent variable was final 

equilibrium concentration of phosphorus in the water, while the independent variable was the 

initial concentration of phosphorus in the water. The sand used (fig. 1) was a sample from the 

bulk sand in the experiments described above that not been used in a previous experiment. 

Approximately 10g of sand started each of the 200mL plastic containers, with a total fill volume 

adding water up to 200mL. The experiment included fourteen containers, with two at each 

concentration including 5, 10, 15, 20, 25, 30, and 35 mg-P/L. A stir plate provided agitation for 

approximately 24 hours to mix the sand and water. Then containers were all titrated to a pH of 7, 

with the volume of acid or base required recorded. After another 24-h stir plate period to reach 

equilibrium, samples taken from each of the containers and filtered through a 0.45-micron filter 

provided for analysis. ICP-AAS provided for analysis of samples for dissolved phosphorus. 

Calculations for the mass of phosphorus adsorbed included the initial and final concentrations, 

along with the specific amounts of sand and water added to each container. The data collected 

and applied to the Langmuir isotherm model, shown as equation 1, determined a theoretical 

maximum for adsorption to this substrate. 

 

C/q = 1/kb+C/b        (1) 

Where C is the equilibrium concentration of adsorptive, q is the adsorbed quantity, k is the rate 

constant, and b is the adsorption maximum. An estimate of the percentage of the maximum 

sorption capacity based on the isotherm curve produced and the maximum influent 

concentrations utilized in bench-scale testing predicts that cumulative sorption will only reach 

10% of the theoretical maximum. 
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Figure B.1 – Chemical and physical properties reports for sand sourced from New Castle, VA 

Provided by Castle Sands Company, fair use 
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Retention Pond Survey 

 Four ponds in the local Blacksburg, VA area (fig. 2) where studied to assess the typical 

chemical conditions of a retention pond. Properties measured included depth at sampling 

locations, pH and phosphorus concentrations.   

 

Figure B.2 – Location and number of samples in the four retention ponds included in this study

Rosenquist  
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Re-oxidation/Precipitation Experiment 

 The purpose of this supporting experiment was to determine the feasibility of 

precipitating Fe-P solids from the water contained in post-rejuvenation cells that contained high 

concentrations of dissolved iron and phosphorus. Theoretically, aeration of the samples 

(presumed to be anaerobic) might initiate precipitation based on redox potential. Approximately 

60mL of water removed from each of three rejuvenation cells into beakers provided sample for 

this experiment. Preparation for all glassware and the air hose used in this experiment included 

acid washing to prevent contamination and DI rinsing between samples. Unfiltered and filtered 

20-mL subsamples provided controls for the experiment. After aeration of the remaining 20-mL 

of sample in a graduated cylinder with a small aquarium-style bubbler for 1.5 h there was no 

indication of precipitation. This lack of precipitation indicated that no further sample analysis 

was necessary to confirm the lack of effectiveness of this method for precipitating Fe-P solids. 

An explanation proposed for the lack of success was the possible organic complexion of Fe 

and/or P, making them resistant to oxidation. Oxidation may be possible with a stronger oxidizer, 

but the practicality of using a chemical oxidizer at full-scale is questionable.  
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Variability in Adsorptive Phosphorus Removal by Structural Stormwater Best 
Management Practices 

 
Cell Run Time Date Time Date Rest Time Method Initial Final Tank Volume (L) Test Volume(L) Rate 1(L/min) Rate 2 (L/min) Added SS (ml) SS (mg/L)

1 1 4:00 PM 1/18/2008 12:00 PM 1/19/2008 Hach 218 5 0.179 0.179 0.15 0.17 0.15 0.31 0.4 0.31 0.34 0.33 0.26 0.17 0.24 0.26 0.06 0.06 0.07
2 1 3:45 PM 1/21/2008 11:45 AM 1/22/2008 Hach 218 0.5 0.227 0.227 0.20 0.18 0.20 0.46 0.43 0.48 0.38 0.37 0.44 0.40 0.36 0.42 0.10 0.09 0.09
3 1 4:45 PM 1/24/2008 12:45 PM 1/25/2008 Hach 218 0.5 0.194 0.203 0.14 0.10 0.11 0.22 0.21 0.24 0.20 0.16 0.34 0.19 0.17 0.16 0.07 0.04 0.03
4 1 4:45 PM 1/25/2008 12:45 PM 1/26/2008 Hach 218 0.5 0.207 0.222 0.18 0.18 0.15 0.30 0.46 0.51 0.32 0.35 0.38 0.33 0.3 0.37 0.08 0.07 0.08
5 1 3:30 PM 1/27/2008 11:30 AM 1/28/2008 Hach 218 0.5 0.188 0.200 0.09 0.16 0.13 0.35 0.33 0.32 0.33 0.31 0.27 0.59 0.22 0.2 0.07 0.06 0.08
6 1 5:15 PM 1/28/2008 1:15 PM 1/29/2008 Hach 218 0.5 0.166 0.168 0.15 0.14 0.14 0.35 0.37 0.37 0.35 0.35 0.34 0.26 0.25 0.32 0.07 0.07 0.09
1 2 5:00 PM 1/29/2008 1:00 PM 1/30/2008 10 Hach 218 0.5 0.194 0.188 0.12 0.13 0.13 0.34 0.31 0.34 0.26 0.26 0.28 0.20 0.21 0.21 0.05 0.05 0.07
2 2 4:45 PM 1/31/2008 12:45 PM 2/1/2008 9 Hach 218 0.5 0.201 0.201 0.19 0.17 0.18 0.47 0.47 0.46 0.41 0.42 0.44 0.30 0.36 0.28 0.10 0.09 0.09
3 2 3:30 PM 2/4/2008 11:30 AM 2/5/2008 10 Hach 218 0.5 0.194 0.192 0.11 0.12 0.15 0.54 0.3 0.33 0.29 0.27 0.31 0.21 0.22 0.25 0.06 0.07 0.07
4 2 2:30 PM 2/6/2008 10:30 AM 2/7/2008 11 Hach 218 0.5 0.210 0.204 0.13 0.14 0.15 0.31 0.32 0.38 0.23 0.25 0.31 0.21 0.32 0.33 0.07 0.06
5 2 7:00 PM 2/7/2008 3:00 PM 2/8/2008 10 Hach 218 0.5 0.207 0.208 0.15 0.22 0.23 0.44 0.43 0.54 0.42 0.35 0.32 0.35 0.51 0.42 0.09 0.08 0.06
6 2 2:15 PM 2/11/2008 10:15 AM 2/12/2008 13 Hach 218 0.5 0.169 0.169 0.17 0.15 0.16 0.45 0.35 0.78 0.47 0.45 0.48 0.37 0.31 0.5 0.11 0.16 0.09
1 3 2:10 PM 2/18/2008 10:10 AM 2/19/2008 19 Hach 218 0.5 0.227 0.227 0.12 0.13 0.11 0.34 0.34 0.3 0.35 0.34 0.25 0.26 0.27 0.23 0.07 0.11 0.09
2 3 3:00 PM 2/20/2008 11:00 AM 2/21/2008 19 ICP 218 0.5 0.197 0.197 0.09 0.09 0.11 0.27 0.30 0.26 0.24 0.17 0.27 0.20 0.23 0.19 0.03 0.04 0.04
3 3 5:45 PM 2/20/2008 1:45 PM 2/21/2008 15 ICP 218 0.5 0.173 0.178 0.11 0.14 0.14 0.39 0.36 0.34 0.24 0.33 0.31 0.21 0.22 0.22 0.07 0.06 0.06
4 3 4:00 PM 2/25/2008 12:00 PM 2/26/2008 18 Hach 218 0.5 0.196 0.197 0.13 0.12 0.11 0.29 0.39 0.43 0.34 0.3 0.32 0.32 0.28 0.27 0.08 0.06 0.07
5 3 4:15 PM 2/28/2008 12:15 PM 2/29/2008 20 ICP 7.8 7.3 218 0.5 0.190 0.197 0.12 0.13 0.13 0.29 0.29 0.32 0.26 0.25 0.25 0.18 0.15 0.16 0.06 0.05 0.05
6 3 2:00 PM 3/3/2008 10:00 AM 3/4/2008 20 ICP 7.1 7.2 218 0.5 0.170 0.165 0.09 0.09 0.09 0.22 0.23 0.21 0.19 0.20 0.19 0.13 0.17 0.17 0.04 0.04 0.04
1 4 2:00 PM 3/4/2008 10:00 AM 3/5/2008 14 ICP 7.1 7.0 218 0.5 0.201 0.214 0.07 0.09 0.09 0.18 0.20 0.22 0.14 0.16 0.19 0.06 0.16 0.08 0.02 0.04
2 4 2:30 PM 3/5/2008 10:30 AM 3/6/2008 13 ICP 6.4 7.3 218 0.5 0.191 0.185 65.00 744.48 0.10 0.11 0.06 0.18 0.25 0.23 0.18 0.16 0.10 0.07 0.13 0.14 0.02 0.02
3 4 2:20 PM 3/6/2008 10:20 AM 3/7/2008 14 ICP 6.9 7.2 218 0.5 0.179 0.173 60.00 744.48 0.10 0.10 0.08 0.21 0.23 0.26 0.17 0.15 0.16 0.12 0.17 0.18 0.03 0.04 0.05
4 4 11:50 AM 3/7/2008 7:50 AM 3/8/2008 10 ICP 7.6 7.4 218 0.5 0.197 0.199 70.60 744.48 0.11 0.13 0.05 0.22 0.23 0.28 0.15 0.2 0.18 0.14 0.15 0.05 0.05 0.04
5 4 2:20 PM 3/9/2008 10:20 AM 3/10/2008 9 ICP 7.6 7.6 218 0.5 0.179 0.182 59.00 744.48 0.05 0.10 0.06 0.31 0.23 0.22 0.29 0.19 0.21 0.15 0.18 0.16 0.04 0.03 0.00
6 4 4:05 PM 3/10/2008 12:05 PM 3/11/2008 6 ICP 7.2 218 0.5 0.157 0.165 63.80 744.48 0.11 0.11 0.11 0.29 0.29 0.29 0.2 0.22 0.2
1 5 3:45 PM 3/13/2008 11:45 AM 3/14/2008 8 ICP 7.4 218 0.5 0.180 0.155 66.50 744.48 0.12 0.14 0.12 0.27 0.3 0.28 0.21 0.23 0.25 0.14 0.18 0.2 0.05 0.05 0.06
2 5 4:02 PM 3/17/2008 12:02 PM 3/18/2008 11 ICP 218 0.5 0.191 0.197 70.90 744.48 0.11 0.13 0.13 0.27 0.28 0.29 0.19 0.22 0.19 0.16 0.16 0.17 0.04 0.04 0.04
3 5 5:38 PM 3/19/2008 1:38 PM 3/20/2008 12 ICP 218 0.5 0.169 0.170 76.00 744.48 0.13 0.14 0.13 0.29 0.29 0.28 0.21 0.24 0.25 0.16 0.17 0.17 0.04 0.04 0.05
4 5 3:55 PM 3/24/2008 11:55 AM 3/25/2008 16 ICP 6.8 7.1 208 0.5 0.190 0.194 69.50 744.48 0.12 0.13 0.13 0.26 0.26 0.26 0.19 0.19 0.2 0.13 0.15 0.14 0.03 0.04
5 5 3:42 PM 3/25/2008 11:42 AM 3/26/2008 15 ICP 7.1 7.6 208 0.5 0.191 0.194 74.90 744.48 0.13 0.13 0.12 0.25 0.29 0.27 0.2 0.2 0.21 0.15 0.17 0.16 0.03 0.04
6 5 4:30 PM 3/27/2008 12:30 PM 3/28/2008 16 ICP 7.5 7.6 218 0.5 0.179 0.164 45.60 744.48 0.08 0.08 0.09 0.21 0.21 0.22 0.16 0.16 0.16 0.14 0.14 0.14 0.03 0.04 0.03
1 6 3:25 PM 4/7/2008 11:25 AM 4/8/2008 24 ICP 7.7 7.7 218 0.5 0.152 0.151 70.40 1202.31 0.16 0.17 0.17 0.39 0.42 0.42 0.31 0.34 0.33 0.26 0.26 0.27 0.07 0.08 0.07
2 6 4:40 PM 4/8/2008 12:40 PM 4/9/2008 21 ICP 7.5 7.8 218 0.2 0.203 0.194 73.20 1202.31 0.21 0.21 0.21 0.44 0.48 0.47 0.34 0.34 0.37 0.28 0.26 0.27 0.06 0.06 0.07
3 6 3:40 PM 4/14/2008 11:40 AM 4/15/2008 25 ICP 7.9 7.3 218 0.5 0.130 0.132 71.80 1202.31 0.20 0.21 0.21 0.51 0.51 0.5 0.42 0.48 0.43 0.36 0.38 0.37 0.09 0.10 0.09
4 6 4:55 PM 4/17/2008 12:55 PM 4/18/2008 23 ICP 7.8 7.5 218 0.5 0.181 0.188 63.20 1202.31 0.21 0.22 0.22 0.63 0.69 0.68 0.07 0.07 0.08
5 6 3:40 PM 4/21/2008 11:40 AM 4/22/2008 26 ICP 7.2 7.6 218 0.5 0.171 0.170 70.50 1202.31 0.17 0.18 0.17 0.06 0.07 0.06
6 6 - 4/22/2008 - 4/23/2008 25 ICP 7.8 7.7 218 0.5 0.227 0.227 69.50 1202.31 0.21 0.20 0.18 0.08 0.07 0.06
1 7 5:30 PM 4/23/2008 1:30 PM 4/24/2008 15 ICP 7.8 7.8 218 0.5 0.135 0.134 71.70 1202.31 0.18 0.18 0.17 0.09 0.09 0.08
2 7 4:00 PM 4/24/2008 12:00 PM 4/25/2008 15 ICP 7.8 7.7 218 0.5 0.219 0.189 73.20 1202.31 0.25 0.24 0.24 0.10 0.09 0.09
3 7 5:00 PM 4/28/2008 1:00 PM 4/29/2008 13 ICP 7.9 218 0.5 0.130 0.124 67.45 1202.31 0.22 0.21 0.21 0.10 0.08 0.09
4 7 1:00 PM 4/30/2008 9:00 AM 5/1/2008 12 ICP 218 0.5 0.192 0.183 71.10 1202.31 0.24 0.23 0.25 0.10 0.08 0.07
5 7 - - - - ICP 7.7 218 0.5 - - 0.22 0.23 0.24 0.11 0.11 0.11
6 7 5:10 PM 5/4/2008 1:10 PM 5/5/2008 11 ICP 7.8 7.8 218 0.5 0.138 0.146 68.10 1202.31 0.24 0.25 0.24 0.12 0.12 0.12
1 8 11:15 AM 5/7/2008 7:15 AM 5/8/2008 13 ICP 7.7 7.7 218 0.5 0.136 0.136 60.43 1202.31 0.25 0.25 0.24 0.14 0.12 0.13
2 8 12:30 PM 5/8/2008 8:30 AM 5/9/2008 13 ICP 7.7 7.9 218 0.5 0.191 0.191 65.75 1202.31 0.26 0.25 0.25 0.15 0.13 0.14
3 8 12:30 PM 5/9/2008 8:30 AM 5/10/2008 10 ICP 7.9 8.0 218 0.5 0.114 0.113 67.05 1154.01 0.26 0.27 0.28 0.14 0.15 0.14
4 8 12:00 PM 5/12/2008 8:00 AM 5/13/2008 11 ICP 7.7 7.8 218 0.5 0.172 0.173 67.25 1154.01 0.27 0.26 0.28 0.15 0.16 0.17
5 8 12:30 PM 5/13/2008 8:30 AM 5/14/2008 ICP 7.8 7.9 218 0.5 0.160 0.162 66.15 1154.01 0.26 0.27 0.27 0.15 0.15 0.14
6 8 12:15 PM 5/14/2008 8:15 AM 5/15/2008 9 ICP 8.0 8.0 218 0.25 0.161 0.147 55.00 1154.01 0.25 0.26 0.25 0.15 0.15 0.13
1 9 2:15 PM 5/15/2008 10:15 AM 5/16/2008 7 ICP 8.0 8.0 218 0.25 0.140 0.129 61.76 1154.01 0.28 0.28 0.27 0.18 0.17 0.18
2 9 1:30 PM 5/16/2008 9:30 AM 5/17/2008 7 ICP 8.0 7.9 218 0.25 0.179 0.183 63.87 1154.01 0.30 0.31 0.30 0.21 0.19 0.21
3 9 11:30 AM 5/19/2008 7:30 AM 5/20/2008 9 ICP 7.8 7.8 218 0.25 0.111 0.101 65.00 1154.01 0.34 0.33 0.33 0.20 0.20 0.21
4 9 1:15 PM 5/20/2008 9:15 AM 5/21/2008 7 ICP 7.7 7.9 218 0.25 0.165 0.165 57.03 1154.01 0.33 0.31 0.32 0.21 0.21 0.21
5 9 11:45 AM 5/21/2008 7:45 AM 5/22/2008 7 ICP 7.8 8.0 218 0.25 0.163 0.156 61.23 1154.01 0.34 0.33 0.34 0.22 0.23 0.23
6 9 10:30 AM 5/22/2008 6:30 AM 5/23/2008 7 ICP 7.9 7.7 218 0.25 0.176 0.174 62.74 1154.01 0.35 0.35 0.35 0.23 0.23 0.22
1 10 12:00 PM 5/23/2008 8:00 AM 5/24/2008 7 ICP 7.9 8.1 218 0.25 0.155 0.133 65.00 1154.01 0.37 0.36 0.35 0.26 0.27 0.26
2 10 11:45 AM 5/27/2008 7:45 AM 5/28/2008 10 ICP 8.0 7.9 218 0.25 0.192 0.188 56.39 1154.01 0.37 0.37 0.37 0.26 0.26 0.25
3 10 12:00 PM 5/28/2008 8:00 AM 5/29/2008 8 ICP 7.9 7.7 218 0.2 0.096 0.092 55.34 1154.01 0.38 0.37 0.37 0.27 0.31 0.28
4 10 4:15 PM 5/29/2008 12:15 PM 5/30/2008 8 ICP 7.9 8.0 218 0.25 0.179 - 50.00 1154.01 0.35 0.36 0.36 0.25 0.24 0.25
5 10 2:30 PM 5/30/2008 10:30 AM 5/31/2008 8 ICP 8.0 7.7 218 0.25 0.176 0.160 51.35 1154.01 0.34 0.35 0.36 0.28 0.27 0.27
6 10 12:00 PM 6/2/2008 8:00 AM 6/3/2008 10 ICP 7.9 8.1 218 0.25 0.170 0.158 38.16 1154.01 0.33 0.35 0.34 0.25 0.25 0.26
1 11 12:00 PM 6/3/2008 8:00 AM 6/4/2008 10 ICP 8.2 8.0 218 0.25 0.143 0.133 51.80 1129.04 0.33 0.34 0.34 0.24 0.21 0.27
2 11 12:30 PM 6/4/2008 8:30 AM 6/5/2008 7 ICP 8.0 7.8 218 0.25 0.200 0.183 51.61 1129.04 0.39 0.28 0.39 0.29 0.29 0.31
3 11 10:35 AM 6/5/2008 6:35 AM 6/6/2008 7 ICP 8.1 8.3 218 0.25 0.120 0.109 50.50 1129.04 0.38 0.38 0.39 0.30 0.31 0.32
4 11 11:45 AM 6/6/2008 7:45 AM 6/7/2008 7 ICP 7.8 8.4 218 0.25 0.181 0.181 51.04 1129.04 0.42 0.42 0.39 0.32 0.30 0.32
5 11 10:50 AM 6/7/2008 6:50 AM 6/8/2008 7 ICP 8.4 8.8 218 0.25 0.174 0.163 52.07 1129.04 0.40 0.41 0.41 0.33 0.34 0.31
6 11 6:20 PM 6/9/2008 2:20 PM 6/10/2008 6 ICP 8.5 8.7 218 0.25 0.167 0.150 52.21 1129.04 0.44 0.43 0.43 0.32 0.32 0.32
1 12 9:15 AM 6/11/2008 5:15 AM 6/12/2008 7 ICP 8.9 218 0.25 0.161 0.140 1129.04 0.35 0.34 0.34 0.32 0.32 0.33
2 12 6:20 PM 6/9/2008 2:20 PM 6/10/2008 4 ICP 8.7 218 0.25 0.200 0.183 60.40 1129.04 0.44 0.43 0.43 0.32 0.32 0.32
3 12 11:15 AM 6/12/2008 7:15 AM 6/13/2008 6 ICP 8.9 9.4 218 0.25 0.139 0.129 1129.04 0.42 0.42 0.43 0.36 0.36 0.34
4 12 11:00 AM 6/13/2008 7:00 AM 6/14/2008 6 ICP 9.2 7.5 218 0.25 0.158 0.167 60.60 1129.04 0.47 0.46 0.48 0.40 0.38 0.41
5 12 1:55 PM 6/16/2008 9:55 AM 6/17/2008 8 ICP 7.9 9.0 218 0.25 0.176 0.156 61.10 1129.04 0.51 0.52 0.47 0.43 0.40 0.43
6 12 4:20 PM 6/17/2008 12:20 PM 6/18/2008 7 ICP 9.2 8.8 218 0.25 0.163 0.144 60.60 1129.04 0.53 0.52 0.51 0.42 0.42 0.44
1 13 3:50 PM 6/18/2008 11:50 AM 6/19/2008 6 ICP 8.9 9.2 218 0.25 0.163 0.181 42.00 1129.04 0.48 0.49 0.49 0.43 0.39 0.37
2 13 3:20 PM 6/19/2008 11:20 AM 6/20/2008 9 ICP 9.1 9.1 218 0.25 0.208 0.188 40.70 1129.04 0.46 0.49 0.48 0.38 0.38 0.41
3 13 3:45 PM 6/20/2008 11:45 AM 6/21/2008 7 ICP 8.9 9.0 218 0.25 0.144 0.138 40.60 1129.04 0.44 0.45 0.46 0.40 0.41 0.40
4 13 1:50 PM 6/23/2008 9:50 AM 6/24/2008 9 ICP 8.8 7.9 218 0.25 0.181 0.172 42.10 1129.04 0.46 0.44 0.48 0.41 0.40 0.40
5 13 1:50 PM 6/24/2008 9:50 AM 6/25/2008 7 ICP 7.8 7.5 218 0.25 0.161 0.160 39.60 1129.04 0.47 0.45 0.44 0.35 0.41 0.37
6 13 1:50 PM 6/25/2008 9:50 AM 6/26/2008 7 ICP 7.7 7.8 218 0.25 0.153 0.142 40.30 1129.04 0.32 0.33 0.48 0.32 0.33 0.38
1 14 2:15 PM 6/26/2008 10:15 AM 6/27/2008 7 ICP 8.3 8.2 218 0.25 0.179 0.149 40.70 0.49 0.49 0.49 0.40 0.43 0.43
2 14 12:30 PM 6/27/2008 8:30 AM 6/28/2008 7 ICP 8.7 8.7 218 0.25 0.217 0.203 40.20 0.49 0.49 0.51 0.46 0.46 0.44
3 14 2:00 PM 6/30/2008 10:00 AM 7/1/2008 9 ICP 8.6 8.9 218 0.25 0.147 0.143 40.28 0.52 0.53 0.52 0.44 0.43 0.43
4 14 2:00 PM 7/1/2008 10:00 AM 7/2/2008 7 ICP 8.9 8.6 218 0.25 0.181 0.167 40.63 0.51 0.50 0.50 0.43 0.44 0.44
5 14 12:00 PM 7/2/2008 8:00 AM 7/3/2008 7 ICP 8.6 9.1 218 0.25 0.160 0.169 40.84 0.52 0.50 0.51 0.46 0.45 0.44
6 14 12:00 PM 7/7/2008 8:00 AM 7/8/2008 11 ICP 9.2 9.1 218 0.25 0.140 0.142 38.47 0.54 0.54 0.54 0.51 0.52 0.51
1 15 12:00 PM 7/8/2008 8:00 AM 7/9/2008 11 ICP 9.0 9.0 218 0.25 0.152 0.142 42.05 0.57 0.58 0.58 0.48 0.50 0.50
2 15 12:30 PM 7/9/2008 8:30 AM 7/10/2008 11 ICP 9.0 9.2 218 0.25 0.227 0.211 43.57 0.57 0.58 0.55 0.50 0.50 0.50
3 15 7/10/2008 7/11/2008 9 ICP 9.2 9.3 218 0.25 0.167 0.160 40.03 0.58 0.59 0.58 0.52 0.50 0.51
4 15 12:30 PM 7/11/2008 8:30 AM 7/12/2008 9 ICP 9.2 9.2 218 0.25 0.188 0.185 40.17 0.57 0.56 0.59 0.51 0.50 0.49
5 15 10:00 AM 7/12/2008 6:00 AM 7/13/2008 9 ICP 9.1 9.0 218 0.25 0.163 0.158 0.00 0.51 0.50 0.49 0.47 0.46 0.47
6 15 3:30 PM 7/13/2008 11:30 AM 7/14/2008 5 ICP 9.1 9.6 218 0.25 0.147 0.138 0.00 0.47 0.46 0.47 0.45 0.47 0.46
C 1 4:45 PM 7/15/2008 12:45 PM 7/16/2008 1 ICP 9.0 9.0 218 0.1 0.115 0.109 0.00 0.43 0.43 0.44 0.35 0.38 0.37
C 2 3:30 PM 7/28/2008 11:30 AM 7/29/2008 12 ICP 8.0 218 0.1 0.050 0.050 0.46 0.46 0.43 0.45 0.45 0.45
C 3 12:00 PM 7/29/2008 8:00 AM 7/30/2008 0 ICP 8.0 218 0.1 0.171 0.171 0.45 0.45 0.45 0.43 0.48 0.45
C 4 9:30 AM 7/30/2008 5:30 AM 7/31/2008 0 ICP 8.0 218 0.1 0.133 0.133 0.52 0.52 0.52 0.54 0.51 0.52

Start Time Stop Time Flow Rates Concentration DatapH

10 15 200 5
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Facilitated Iron Reduction as a Means of Rejuvenating Phosphorus Removal 
Performance of Filtration Substrates 

 
Date Day Cell Fe P pH DO Date Day Cell Fe P pH DO Date Day Cell Fe P pH DO Date Day Cell Fe P pH DO

7/15/2008 Bucket 0.100 0.208 7/24/2008 9 6 78.105 0.180 3.7 3.1 8/5/2008 21 1 0.005 0.240 8/18/2008 34 2 0.005 0.326 7.8 7.7
7/15/2008 Bucket 0.048 0.176 7/25/2008 10 1 0.098 0.327 6.8 7.8 8/5/2008 21 2 0.015 0.279 8/18/2008 34 3 0.005 0.256 7.9 7.5
7/15/2008 0 1 0.040 0.391 7/25/2008 10 2 0.118 0.342 7.1 7.8 8/5/2008 21 3 0.035 0.063 8/18/2008 34 4 315.732 1.465 3.8 1.8
7/15/2008 0 2 0.078 0.407 7/25/2008 10 3 0.055 0.287 7.0 7.6 8/5/2008 21 4 224.606 0.435 8/18/2008 34 5 351.666 1.328 3.9 1.9
7/15/2008 0 3 0.110 0.398 7/25/2008 10 4 63.171 0.204 3.7 3.8 8/5/2008 21 5 259.725 0.475 8/18/2008 34 6 350.003 0.968 4.0 2.0
7/15/2008 0 4 0.107 0.401 7/25/2008 10 5 64.154 0.177 3.7 3.4 8/5/2008 21 6 277.464 0.441 8/19/2008 35 1 0.018 0.298 7.7 7.9
7/15/2008 0 5 0.091 0.383 7/25/2008 10 6 105.881 0.173 3.8 2.8 8/6/2008 22 1 0.213 0.268 8/19/2008 35 2 0.005 0.317 7.8 7.7
7/15/2008 0 6 0.098 0.393 7/26/2008 11 1 0.140 0.339 7.1 7.8 8/6/2008 22 2 0.005 0.345 8/19/2008 35 3 0.005 0.265 7.8 7.6
7/15/2008 0 1 0.070 0.398 5.7 7.8 7/26/2008 11 2 0.081 0.387 7.2 7.7 8/6/2008 22 3 0.005 0.263 8/19/2008 35 4 320.612 1.566 3.8 1.9
7/15/2008 0 2 0.075 0.383 5.7 7.5 7/26/2008 11 3 0.065 0.275 7.1 7.6 8/6/2008 22 4 240.827 0.498 8/19/2008 35 5 354.401 1.368 3.8 1.9
7/15/2008 0 3 0.028 0.286 5.7 7.3 7/26/2008 11 4 79.578 0.190 3.7 3.4 8/6/2008 22 5 271.830 0.550 8/19/2008 35 6 348.112 0.958 4.0 1.8
7/15/2008 0 4 0.023 0.243 5.5 6.4 7/26/2008 11 5 98.951 0.219 3.8 2.7 8/6/2008 22 6 285.906 0.468 8/20/2008 36 1 0.005 0.889 7.6 8.0
7/15/2008 0 5 0.015 0.242 5.6 6.6 7/26/2008 11 6 145.590 0.215 3.9 2.5 8/7/2008 23 1 0.164 0.274 8/20/2008 36 2 0.005 0.354 7.8 7.8
7/15/2008 0 6 0.062 0.234 5.6 6.4 7/27/2008 12 1 0.087 0.291 7.1 7.5 8/7/2008 23 2 0.005 0.336 8/20/2008 36 3 0.005 0.244 7.7 7.7
7/16/2008 1 1 0.079 0.398 6.3 8.3 7/27/2008 12 2 0.056 0.346 7.2 7.7 8/7/2008 23 3 0.005 0.277 8/20/2008 36 4 324.136 1.670 3.8 1.8
7/16/2008 1 2 0.083 0.395 6.3 7.9 7/27/2008 12 3 0.075 0.272 6.7 7.6 8/7/2008 23 4 248.862 0.566 8/20/2008 36 5 357.268 1.443 3.8 1.8
7/16/2008 1 3 0.008 0.331 6.3 7.9 7/27/2008 12 4 93.608 0.199 3.7 3.7 8/7/2008 23 5 281.937 0.572 8/20/2008 36 6 355.561 1.044 3.9 1.8
7/16/2008 1 4 0.091 0.265 6.0 7.8 7/27/2008 12 5 105.214 0.199 3.8 2.6 8/7/2008 23 6 292.287 0.508 8/21/2008 37 1 0.009 0.284 7.7 8.0
7/16/2008 1 5 0.072 0.252 6.0 7.9 7/27/2008 12 6 153.190 0.224 3.9 2.6 8/8/2008 24 1 0.005 0.262 8/21/2008 37 2 0.009 0.317 7.9 7.9
7/16/2008 1 6 0.101 0.245 6.1 7.8 7/28/2008 13 1 0.092 0.293 7.3 7.7 8/8/2008 24 2 0.005 0.334 8/21/2008 37 3 0.009 0.260 7.9 7.8
7/17/2008 2 1 0.015 0.217 6.3 8.1 7/28/2008 13 2 0.059 0.330 7.2 7.7 8/8/2008 24 3 0.005 0.243 8/21/2008 37 4 372.028 2.000 3.8 1.8
7/17/2008 2 2 0.074 0.383 6.3 7.7 7/28/2008 13 3 0.072 0.286 7.0 7.6 8/8/2008 24 4 260.552 0.587 8/21/2008 37 5 406.006 1.801 3.8 1.7
7/17/2008 2 3 0.004 0.294 6.0 7.1 7/28/2008 13 4 122.252 0.241 3.8 3.7 8/8/2008 24 5 289.031 0.613 8/21/2008 37 6 412.179 1.223 4.0 1.7
7/17/2008 2 4 0.207 0.218 5.6 2.7 7/28/2008 13 5 145.880 0.259 3.9 2.4 8/8/2008 24 6 296.378 0.555 8/22/2008 38 1 0.067 0.294 8.1 7.9
7/17/2008 2 5 0.158 0.204 5.7 3.0 7/28/2008 13 6 190.623 0.268 3.9 2.4 8/9/2008 25 1 0.005 0.547 7.3 7.8 8/22/2008 38 2 0.009 0.316 8.0 7.8
7/17/2008 2 6 0.143 0.225 5.8 3.0 7/29/2008 14 1 0.048 0.295 7.3 7.7 8/9/2008 25 2 0.005 0.334 7.2 7.8 8/22/2008 38 3 0.009 0.271 8.0 7.7
7/18/2008 3 1 0.008 0.316 6.1 7.6 7/29/2008 14 2 0.050 0.325 7.4 7.8 8/9/2008 25 3 0.131 0.165 6.9 7.5 8/22/2008 38 4 375.490 2.054 3.9 1.5
7/18/2008 3 2 0.072 0.379 6.1 8.0 7/29/2008 14 3 0.061 0.286 7.4 7.7 8/9/2008 25 4 265.825 0.719 3.9 2.3 8/22/2008 38 5 411.160 1.882 3.9 1.5
7/18/2008 3 3 0.004 0.282 5.9 7.1 7/29/2008 14 4 135.008 0.266 3.8 3.0 8/9/2008 25 5 292.022 0.701 3.9 2.4 8/22/2008 38 6 413.295 1.289 4.0 1.5
7/18/2008 3 4 1.381 0.215 5.2 2.8 7/29/2008 14 5 162.463 0.311 3.9 2.7 8/9/2008 25 6 300.771 0.588 3.9 2.5 8/23/2008 39 1 0.009 0.284 7.6 7.7
7/18/2008 3 5 0.245 0.199 5.6 3.0 7/29/2008 14 6 207.073 0.305 3.9 2.7 8/11/2008 27 1 0.005 0.378 8/23/2008 39 2 0.009 0.338 7.8 7.5
7/18/2008 3 6 0.165 0.206 5.9 2.9 7/30/2008 15 1 0.141 0.327 7.4 7.8 8/11/2008 27 2 0.005 0.360 8/23/2008 39 3 0.009 0.251 7.8 7.5
7/19/2008 4 1 0.020 0.320 5.9 7.4 7/30/2008 15 2 0.064 0.382 7.6 7.8 8/11/2008 27 3 0.005 0.236 8/23/2008 39 4 381.485 2.233 3.8 1.9
7/19/2008 4 2 0.089 0.361 6.2 8.4 7/30/2008 15 3 0.103 0.328 7.6 7.7 8/11/2008 27 4 279.222 0.922 8/23/2008 39 5 420.424 1.992 3.8 1.7
7/19/2008 4 3 0.022 0.204 6.1 7.7 7/30/2008 15 4 129.893 0.238 4.2 2.6 8/11/2008 27 5 304.365 0.894 8/23/2008 39 6 421.234 1.389 3.9 1.8
7/19/2008 4 4 2.446 0.216 4.0 3.3 7/30/2008 15 5 157.734 0.264 4.3 2.4 8/11/2008 27 6 313.717 0.722 8/25/2008 41 1 0.009 0.292 7.8 15.5
7/19/2008 4 5 0.855 0.169 4.7 3.1 7/30/2008 15 6 195.874 0.262 4.3 2.4 8/12/2008 28 1 0.005 0.373 8/25/2008 41 2 0.009 0.317 7.9 15.9
7/19/2008 4 6 1.386 0.185 4.8 3.1 7/31/2008 16 1 0.174 0.328 7.8 7.7 8/12/2008 28 2 0.005 0.344 8/25/2008 41 3 0.009 0.241 7.9 16.2
7/20/2008 5 1 0.093 0.320 6.4 8.1 7/31/2008 16 2 0.059 0.367 7.8 7.9 8/12/2008 28 3 0.005 0.230 8/25/2008 41 4 396.206 2.420 4.0 3.2
7/20/2008 5 2 0.113 0.356 6.4 8.3 7/31/2008 16 3 0.089 0.307 7.8 7.8 8/12/2008 28 4 280.337 0.941 8/25/2008 41 5 431.154 2.233 3.9 2.9
7/20/2008 5 3 0.082 0.231 6.2 6.9 7/31/2008 16 4 144.204 0.266 4.3 2.6 8/12/2008 28 5 314.392 0.867 8/25/2008 41 6 424.730 1.488 4.0 2.9
7/20/2008 5 4 5.186 0.160 3.7 3.6 7/31/2008 16 5 179.874 0.340 4.3 2.4 8/12/2008 28 6 319.002 0.699 8/26/2008 42 1 0.009 0.282 7.8 10.1
7/20/2008 5 5 4.938 0.174 4.0 2.8 7/31/2008 16 6 222.308 0.305 4.0 2.4 8/13/2008 29 1 0.005 0.363 8/26/2008 42 2 0.009 0.311 7.8 10.1
7/20/2008 5 6 9.292 0.174 3.9 3.0 8/1/2008 17 1 0.129 0.292 7.5 7.9 8/13/2008 29 2 0.005 0.346 8/26/2008 42 3 0.009 0.266 7.9 10.1
7/21/2008 6 1 0.166 0.310 6.6 7.5 8/1/2008 17 2 0.099 0.337 7.5 8.1 8/13/2008 29 3 0.005 0.244 8/26/2008 42 4 396.298 2.465 4.0 1.8
7/21/2008 6 2 0.219 0.372 6.4 7.7 8/1/2008 17 3 0.089 0.287 7.5 7.7 8/13/2008 29 4 294.943 1.061 8/26/2008 42 5 436.053 2.293 3.9 1.9
7/21/2008 6 3 0.128 0.281 6.2 7.0 8/1/2008 17 4 160.235 0.333 5.1 2.5 8/13/2008 29 5 319.042 0.973 8/26/2008 42 6 424.706 1.480 4.0 2.0
7/21/2008 6 4 8.726 0.165 3.7 4.4 8/1/2008 17 5 208.888 0.405 5.1 2.3 8/13/2008 29 6 320.830 0.751 8/27/2008 43 1 0.009 0.270 7.5 7.9
7/21/2008 6 5 14.370 0.155 3.9 3.6 8/1/2008 17 6 256.182 0.401 4.3 2.3 8/15/2008 31 1 0.071 0.376 7.8 7.9 8/27/2008 43 2 0.009 0.311 7.7 7.6
7/21/2008 6 6 25.428 0.183 4.0 3.3 8/2/2008 18 1 0.177 0.226 6.7 8.0 8/15/2008 31 2 0.005 0.508 7.9 7.8 8/27/2008 43 3 0.009 0.249 7.8 7.6
7/22/2008 7 1 0.177 0.308 6.6 7.7 8/2/2008 18 2 0.057 0.309 6.7 8.0 8/15/2008 31 3 0.005 0.299 7.8 7.5 8/27/2008 43 4 398.625 2.607 3.8 2.0
7/22/2008 7 2 0.168 0.374 6.6 7.8 8/2/2008 18 3 0.093 0.282 6.7 8.0 8/15/2008 31 4 303.474 1.302 3.9 2.5 8/27/2008 43 5 440.629 2.406 3.8 1.9
7/22/2008 7 3 0.158 0.263 6.6 7.3 8/2/2008 18 4 196.221 0.437 4.0 2.5 8/15/2008 31 5 334.109 1.167 3.9 2.2 8/27/2008 43 6 429.439 1.547 3.9 1.8
7/22/2008 7 4 11.947 0.135 3.6 4.8 8/2/2008 18 5 234.737 0.488 4.3 2.5 8/15/2008 31 6 334.310 0.957 4.0 2.3 8/28/2008 44 1 0.009 0.254 7.5 7.9
7/22/2008 7 5 21.784 0.130 3.7 4.3 8/2/2008 18 6 263.128 0.417 4.3 2.4 8/16/2008 32 1 0.035 0.705 7.8 8.0 8/28/2008 44 2 0.009 0.333 7.7 7.8
7/22/2008 7 6 40.268 0.165 3.8 4.1 8/3/2008 19 1 0.091 0.216 7.5 5.7 8/16/2008 32 2 0.726 0.362 7.9 7.9 8/28/2008 44 3 0.009 0.255 7.7 7.7
7/23/2008 8 1 0.194 0.324 6.7 7.7 8/3/2008 19 2 0.096 0.312 7.3 7.5 8/16/2008 32 3 0.005 0.259 7.8 7.8 8/28/2008 44 4 399.602 2.756 4.0 1.9
7/23/2008 8 2 0.150 0.363 6.8 7.7 8/3/2008 19 3 0.131 0.272 7.0 7.5 8/16/2008 32 4 309.957 1.311 3.9 2.2 8/28/2008 44 5 442.397 2.509 3.9 1.8
7/23/2008 8 3 0.149 0.269 6.7 7.6 8/3/2008 19 4 207.776 0.509 3.2 2.1 8/16/2008 32 5 336.690 1.175 3.9 2.1 8/28/2008 44 6 434.202 1.573 4.0 1.7
7/23/2008 8 4 22.393 0.146 3.5 4.8 8/3/2008 19 5 252.154 0.561 3.7 2.1 8/16/2008 32 6 337.298 0.846 4.0 2.0 8/29/2008 45 1 0.009 0.280 8.0 10.1
7/23/2008 8 5 29.883 0.146 3.6 4.6 8/3/2008 19 6 273.809 0.489 3.7 2.1 8/17/2008 33 1 0.005 1.005 7.7 8.0 8/29/2008 45 2 0.009 0.319 8.0 9.7
7/23/2008 8 6 55.107 0.174 3.7 4.3 8/4/2008 20 1 0.038 0.221 7.5 6.9 8/17/2008 33 2 0.005 0.349 7.7 7.9 8/29/2008 45 3 0.009 0.252 8.0 9.6
7/24/2008 9 1 0.061 0.341 6.6 8.0 8/4/2008 20 2 0.079 0.312 7.3 7.9 8/17/2008 33 3 0.005 0.253 7.7 7.8 8/29/2008 45 4 409.760 2.835 4.0 1.7
7/24/2008 9 2 0.073 0.380 6.8 8.9 8/4/2008 20 3 0.096 0.284 7.0 7.9 8/17/2008 33 4 314.104 1.403 3.8 2.3 8/29/2008 45 5 445.848 2.629 3.9 1.7
7/24/2008 9 3 0.028 0.267 6.8 7.7 8/4/2008 20 4 202.177 0.496 2.9 2.3 8/17/2008 33 5 343.862 1.281 3.9 2.2 8/29/2008 45 6 437.995 1.659 4.0 1.7
7/24/2008 9 4 40.097 0.142 3.5 3.6 8/4/2008 20 5 232.283 0.522 3.5 2.3 8/17/2008 33 6 347.278 0.909 4.0 2.0 8/30/2008 46 1 0.009 0.279 7.4 7.5
7/24/2008 9 5 39.234 0.154 3.6 4.1 8/4/2008 20 6 259.944 0.461 3.5 2.2 8/18/2008 34 1 0.005 0.306 7.7 7.8 8/30/2008 46 2 0.009 0.298 7.6 7.4  
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Date Day Cell Fe P pH DO Date Day Cell Fe P pH DO Date Day Cell Fe P pH DO Date Day Cell Fe P pH DO
8/30/2008 46 3 0.009 0.242 7.7 7.3 9/17/2008 64 3 0.016 0.209 8.7 11.4 10/17/2008 94 3 0.011 0.200 7.8 7.0 12/5/2008 143 3 0.011 0.229 7.0 7.9
8/30/2008 46 4 416.965 2.922 4.0 1.9 9/17/2008 64 4 355.934 2.711 3.5 2.0 10/17/2008 94 4 570.279 5.510 3.2 1.5 12/5/2008 143 4 685.801 8.570 3.2 1.6
8/30/2008 46 5 454.706 2.755 3.9 1.7 9/17/2008 64 5 382.084 2.440 3.4 1.9 10/17/2008 94 5 582.223 4.968 3.2 1.3 12/5/2008 143 5 665.116 7.828 3.2 1.3
8/30/2008 46 6 440.343 1.728 4.0 1.7 9/17/2008 64 6 403.303 2.130 3.5 1.9 10/17/2008 94 6 600.796 4.460 3.3 1.5 12/5/2008 143 6 695.067 7.046 3.4 1.5
9/1/2008 48 1 0.009 0.260 7.4 7.5 9/18/2008 65 1 0.413 0.350 8.5 11.3 10/20/2008 97 1 0.011 0.417 8.1 8.7 12/8/2008 146 1 0.009 0.312 6.8 8.4
9/1/2008 48 2 0.009 0.298 7.6 7.4 9/18/2008 65 2 0.094 0.241 8.6 11.0 10/20/2008 97 2 0.011 0.263 8.1 8.5 12/8/2008 146 2 0.009 0.342 6.9 8.2
9/1/2008 48 3 0.009 0.244 7.7 7.4 9/18/2008 65 3 0.040 0.178 8.7 10.5 10/20/2008 97 3 0.011 0.246 8.1 8.2 12/8/2008 146 3 0.009 0.140 6.9 7.7
9/1/2008 48 4 417.020 3.140 3.9 1.7 9/18/2008 65 4 364.628 2.745 3.4 1.8 10/20/2008 97 4 580.567 5.647 3.2 1.1 12/8/2008 146 4 706.673 8.662 3.2 1.7
9/1/2008 48 5 460.482 2.931 3.9 1.7 9/18/2008 65 5 388.773 2.451 3.4 2.0 10/20/2008 97 5 589.860 5.068 3.2 1.1 12/8/2008 146 5 676.933 7.907 3.2 1.3
9/1/2008 48 6 448.192 1.888 3.9 1.7 9/18/2008 65 6 406.559 2.158 3.4 1.9 10/20/2008 97 6 610.465 4.644 3.4 1.1 12/8/2008 146 6 704.284 7.017 3.4 1.4
9/2/2008 49 1 0.009 0.298 7.7 7.9 9/19/2008 66 1 0.009 0.380 7.9 11.4 10/22/2008 99 1 0.011 0.379 8.1 8.3 12/12/2008 150 1 0.009 0.301 6.7 8.2
9/2/2008 49 2 0.009 0.300 8.1 7.7 9/19/2008 66 2 0.009 0.239 8.3 11.2 10/22/2008 99 2 0.011 0.294 8.1 8.1 12/12/2008 150 2 0.009 0.302 6.8 7.8
9/2/2008 49 3 0.009 0.254 8.2 7.7 9/19/2008 66 3 0.012 0.232 8.4 11.1 10/22/2008 99 3 0.011 0.242 8.1 7.7 12/12/2008 150 3 0.009 0.197 6.8 7.4
9/2/2008 49 4 421.873 3.216 3.5 1.6 9/19/2008 66 4 366.702 2.807 3.4 2.1 10/22/2008 99 4 577.012 5.716 3.2 1.4 12/12/2008 150 4 708.655 8.936 3.2 1.2
9/2/2008 49 5 461.343 3.063 3.4 1.6 9/19/2008 66 5 383.152 2.547 3.3 2.2 10/22/2008 99 5 584.612 5.188 3.2 1.3 12/12/2008 150 5 679.239 8.200 3.2 1.2
9/2/2008 49 6 452.810 2.020 3.5 1.7 9/19/2008 66 6 403.575 2.218 3.4 2.1 10/22/2008 99 6 623.701 4.837 3.3 1.2 12/12/2008 150 6 711.493 7.207 3.4 1.2
9/3/2008 50 1 0.009 0.285 8.2 7.6 9/20/2008 67 1 0.291 0.406 7.9 8.0 10/27/2008 104 1 0.011 0.369 7.6 8.1 12/15/2008 153 1 0.009 0.251 6.8 8.1
9/3/2008 50 2 0.009 0.308 8.4 7.5 9/20/2008 67 2 0.097 0.248 8.2 8.1 10/27/2008 104 2 0.011 0.290 7.4 8.0 12/15/2008 153 2 0.009 0.270 7.2 7.9
9/3/2008 50 3 0.009 0.270 8.4 7.2 9/20/2008 67 3 0.046 0.214 8.5 7.9 10/27/2008 104 3 0.011 0.255 7.5 8.5 12/15/2008 153 3 0.009 0.224 7.3 7.6
9/3/2008 50 4 425.995 3.245 3.5 1.7 9/20/2008 67 4 365.059 2.829 3.6 3.0 10/27/2008 104 4 604.597 6.222 3.1 1.9 12/15/2008 153 4 733.914 9.200 3.2 1.2
9/3/2008 50 5 466.349 3.055 3.4 1.6 9/20/2008 67 5 389.721 2.501 3.4 1.7 10/27/2008 104 5 606.091 5.522 3.1 1.8 12/15/2008 153 5 678.825 8.308 3.2 1.3
9/3/2008 50 6 455.229 2.052 3.4 1.8 9/20/2008 67 6 411.361 2.282 3.4 1.6 10/27/2008 104 6 636.106 5.161 3.3 1.5 12/15/2008 153 6 723.248 7.369 3.3 1.4
9/4/2008 51 1 0.009 0.293 8.1 7.6 9/22/2008 69 1 0.027 0.341 8.4 15.1 10/28/2008 105 1 0.011 0.698 6.9 8.0 12/19/2008 157 1 0.009 0.291 6.9 7.7
9/4/2008 51 2 0.009 0.321 8.2 7.5 9/22/2008 69 2 0.009 0.239 8.4 14.8 10/28/2008 105 2 0.011 0.260 7.3 8.3 12/19/2008 157 2 0.009 0.235 7.1 7.3
9/4/2008 51 3 0.009 0.232 8.2 7.5 9/22/2008 69 3 0.015 0.207 8.5 14.4 10/28/2008 105 3 0.011 0.199 7.4 8.6 12/19/2008 157 3 0.009 0.205 7.1 7.5
9/4/2008 51 4 429.268 3.321 3.5 1.7 9/22/2008 69 4 371.735 2.889 3.2 2.8 10/28/2008 105 4 603.632 6.256 3.1 1.7 12/19/2008 157 4 735.222 9.272 3.0 1.3
9/4/2008 51 5 466.084 3.063 3.4 1.6 9/22/2008 69 5 393.853 2.633 3.3 2.5 10/28/2008 105 5 599.982 5.540 3.1 2.2 12/19/2008 157 5 691.211 8.380 3.0 1.3
9/4/2008 51 6 463.179 2.107 3.4 1.6 9/22/2008 69 6 420.584 2.350 3.4 2.6 10/28/2008 105 6 645.519 5.156 3.2 1.6 12/19/2008 157 6 720.446 7.498 3.1 1.3
9/5/2008 52 1 0.009 0.374 7.7 9.7 9/23/2008 70 1 0.191 0.367 8.3 10.0 11/3/2008 111 1 0.011 0.372 12/29/2008 167 1 0.009 0.319 6.8 7.9
9/5/2008 52 2 0.009 0.306 8.2 9.7 9/23/2008 70 2 0.084 0.237 8.5 9.7 11/3/2008 111 2 0.011 0.255 12/29/2008 167 2 0.009 0.296 6.7 7.5
9/5/2008 52 3 0.009 0.241 8.4 9.6 9/23/2008 70 3 0.053 0.217 8.6 7.5 11/3/2008 111 3 0.011 0.259 12/29/2008 167 3 0.009 0.193 6.8 6.8
9/5/2008 52 4 430.377 3.429 3.5 2.3 9/23/2008 70 4 373.695 2.893 3.1 1.8 11/3/2008 111 4 620.093 6.462 12/29/2008 167 4 762.494 9.771 3.0 1.7
9/5/2008 52 5 468.458 3.109 3.4 1.9 9/23/2008 70 5 393.002 2.673 3.2 1.8 11/3/2008 111 5 616.234 5.802 12/29/2008 167 5 707.702 8.819 2.9 1.7
9/5/2008 52 6 468.074 2.193 3.4 1.8 9/23/2008 70 6 417.096 2.406 3.4 2.0 11/3/2008 111 6 656.758 5.555 12/29/2008 167 6 749.874 8.181 3.2 1.7
9/6/2008 53 1 0.009 0.354 7.6 11.7 9/25/2008 72 1 0.031 0.374 11/6/2008 114 1 0.011 0.399 1/5/2009 174 1 0.009 0.397 6.9 7.5
9/6/2008 53 2 0.009 0.331 8.2 12.0 9/25/2008 72 2 0.012 0.257 11/6/2008 114 2 0.011 0.324 1/5/2009 174 2 0.009 0.277 7.1 6.6
9/6/2008 53 3 0.017 0.219 8.5 11.8 9/25/2008 72 3 0.013 0.212 11/6/2008 114 3 0.011 0.258 1/5/2009 174 3 0.009 0.201 7.2 7.3
9/6/2008 53 4 437.638 3.454 3.5 2.4 9/25/2008 72 4 379.987 3.047 11/6/2008 114 4 636.374 6.775 1/5/2009 174 4 784.821 10.193 3.0 1.4
9/6/2008 53 5 471.969 3.224 3.4 2.4 9/25/2008 72 5 399.199 2.776 11/6/2008 114 5 630.593 6.089 1/5/2009 174 5 706.716 9.079 3.0 1.5
9/6/2008 53 6 472.773 2.335 3.4 2.1 9/25/2008 72 6 415.039 2.420 11/6/2008 114 6 656.374 5.584 1/5/2009 174 6 746.879 8.445 3.1 1.7
9/8/2008 55 1 0.009 0.490 8.4 8.4 9/26/2008 73 1 0.274 0.400 11/7/2008 115 1 0.011 0.578 1/12/2009 181 1 0.009 0.367 6.6 8.3
9/8/2008 55 2 0.009 0.314 8.4 8.3 9/26/2008 73 2 0.071 0.255 11/7/2008 115 2 0.011 0.328 1/12/2009 181 2 0.009 0.251 6.6 8.0
9/8/2008 55 3 0.009 0.255 8.4 8.0 9/26/2008 73 3 0.024 0.204 11/7/2008 115 3 0.011 0.205 1/12/2009 181 3 0.009 0.218 6.7 6.3
9/8/2008 55 4 440.160 3.525 3.5 1.5 9/26/2008 73 4 374.665 3.048 11/7/2008 115 4 640.159 6.885 1/12/2009 181 4 792.093 10.625 3.0 1.5
9/8/2008 55 5 472.218 3.377 3.1 1.6 9/26/2008 73 5 400.305 2.833 11/7/2008 115 5 621.227 6.116 1/12/2009 181 5 715.756 9.406 2.9 1.7
9/8/2008 55 6 483.212 2.473 3.2 1.3 9/26/2008 73 6 420.440 2.462 11/7/2008 115 6 657.099 5.634 1/12/2009 181 6 777.275 8.951 3.1 1.7
9/9/2008 56 1 0.121 0.400 8.1 10.5 9/29/2008 76 1 0.012 0.310 11/14/2008 122 1 0.011 0.679 1/19/2009 188 1 0.011 0.436 6.6 7.9
9/9/2008 56 2 0.009 0.318 8.4 10.4 9/29/2008 76 2 0.014 0.237 11/14/2008 122 2 0.011 0.282 1/19/2009 188 2 0.011 0.236 6.8 7.5
9/9/2008 56 3 0.009 0.271 8.4 10.2 9/29/2008 76 3 0.022 0.205 11/14/2008 122 3 0.011 0.215 1/19/2009 188 3 0.011 0.201 6.9 7.2
9/9/2008 56 4 441.417 3.598 3.3 1.9 9/29/2008 76 4 388.958 3.287 11/14/2008 122 4 639.183 7.384 1/19/2009 188 4 787.574 10.975 3.0 1.7
9/9/2008 56 5 479.367 3.428 3.4 2.0 9/29/2008 76 5 412.329 2.987 11/14/2008 122 5 626.522 6.684 1/19/2009 188 5 726.443 9.767 2.9 1.8
9/9/2008 56 6 482.226 2.567 3.6 2.1 9/29/2008 76 6 427.312 2.630 11/14/2008 122 6 663.296 5.869 1/19/2009 188 6 764.679 9.509 3.0 1.8
9/11/2008 58 1 0.009 0.474 7.7 7.7 10/1/2008 78 1 0.011 0.433 7.8 14.4 11/17/2008 125 1 0.011 0.320 1/26/2009 195 1 0.011 0.499 6.5 8.0
9/11/2008 58 2 0.009 0.313 8.1 7.5 10/1/2008 78 2 0.011 0.315 7.9 12.9 11/17/2008 125 2 0.011 0.280 1/26/2009 195 3 0.011 0.202 6.6 7.5
9/11/2008 58 3 0.009 0.177 8.3 7.5 10/1/2008 78 3 0.011 0.254 8.0 13.3 11/17/2008 125 3 0.011 0.233 1/26/2009 195 4 795.181 11.383 3.0 1.7
9/11/2008 58 4 375.378 2.731 3.5 1.6 10/1/2008 78 4 517.146 4.440 3.2 2.5 11/17/2008 125 4 648.911 7.679 1/26/2009 195 5 734.213 10.176 2.9 1.7
9/11/2008 58 5 398.955 2.482 3.4 1.3 10/1/2008 78 5 548.399 3.861 3.1 2.5 11/17/2008 125 5 636.383 6.839 1/26/2009 195 6 770.951 10.019 3.0 2.0
9/11/2008 58 6 416.975 2.064 3.4 1.4 10/1/2008 78 6 574.046 3.548 3.2 2.3 11/17/2008 125 6 656.681 6.264 2/5/2009 205 1 0.011 0.323 6.4 7.1
9/12/2008 59 1 0.109 0.491 7.6 8.5 10/6/2008 83 1 0.011 0.384 11/19/2008 127 1 0.011 0.402 2/5/2009 205 3 0.011 0.234 6.5 7.4
9/12/2008 59 2 0.027 0.290 8.4 8.5 10/6/2008 83 2 0.011 0.311 7.8 7.8 11/19/2008 127 2 0.011 0.292 2/5/2009 205 4 816.616 12.102 2.9 1.8
9/12/2008 59 3 0.010 0.207 8.5 8.1 10/6/2008 83 3 0.011 0.233 11/19/2008 127 3 0.011 0.230 2/5/2009 205 5 741.652 10.604 2.8 1.3
9/12/2008 59 4 375.387 2.765 3.4 1.5 10/6/2008 83 4 552.211 4.766 11/19/2008 127 4 656.807 7.767 2/5/2009 205 6 778.497 10.452 3.0 1.3
9/12/2008 59 5 401.110 2.482 3.4 1.6 10/6/2008 83 5 560.046 4.263 11/19/2008 127 5 640.270 6.883 2/10/2009 210 1 0.011 0.315 6.9 6.2
9/12/2008 59 6 424.427 2.114 3.4 1.4 10/6/2008 83 6 584.947 3.694 3.1 1.6 11/19/2008 127 6 670.903 6.196 2/10/2009 210 4 833.399 12.555 3.0 1.5
9/13/2008 60 1 0.009 0.535 7.7 10.0 10/9/2008 86 1 0.011 0.365 8.0 7.7 11/24/2008 132 1 0.011 0.324 2/10/2009 210 5 762.890 10.990 2.8 1.5
9/13/2008 60 2 0.009 0.288 8.3 10.3 10/9/2008 86 2 0.011 0.284 8.0 7.7 11/24/2008 132 2 0.011 0.290 2/10/2009 210 6 790.649 10.663 3.0 1.4
9/13/2008 60 3 0.009 0.226 8.4 10.0 10/9/2008 86 3 0.011 0.259 8.1 7.5 11/24/2008 132 3 0.011 0.228 2/17/2009 217 1 0.011 0.298 6.8 8.2
9/13/2008 60 4 374.274 2.716 3.5 2.0 10/9/2008 86 4 545.084 4.928 3.2 1.2 11/24/2008 132 4 674.246 8.044 2/17/2009 217 4 847.355 13.057 3.1 1.6
9/13/2008 60 5 397.441 2.520 3.4 2.1 10/9/2008 86 5 568.155 4.456 3.2 1.1 11/24/2008 132 5 646.515 7.198 2/17/2009 217 5 802.059 11.667 3.0 1.5
9/13/2008 60 6 413.399 2.177 3.4 1.7 10/9/2008 86 6 581.323 3.854 3.3 1.0 11/24/2008 132 6 674.712 6.539 2/17/2009 217 6 837.551 11.652 3.0 1.5
9/15/2008 62 1 0.258 0.728 7.7 17.2 10/13/2008 90 1 0.011 0.354 7.7 7.7 12/1/2008 139 1 0.011 0.351 7.0 8.3 3/3/2009 231 1 0.011 0.276 7.1 7.7
9/15/2008 62 2 0.101 0.290 8.1 17.3 10/13/2008 90 2 0.011 0.280 8.0 7.8 12/1/2008 139 2 0.011 0.291 7.0 8.1 3/3/2009 231 4 895.228 15.052 3.1 1.4
9/15/2008 62 3 0.083 0.216 8.3 17.3 10/13/2008 90 3 0.011 0.262 8.1 7.7 12/1/2008 139 3 0.011 0.240 7.1 7.7 3/3/2009 231 5 825.926 12.846 3.0 1.4
9/15/2008 62 4 378.192 2.850 3.7 2.8 10/13/2008 90 4 559.616 5.106 3.1 1.1 12/1/2008 139 4 688.926 8.280 3.2 1.8 3/3/2009 231 6 860.233 12.645 3.1 1.4
9/15/2008 62 5 402.371 2.561 3.5 2.8 10/13/2008 90 5 578.337 4.665 3.2 1.2 12/1/2008 139 5 659.388 7.530 3.2 1.5 3/12/2009 240 1 0.026 0.399 6.4 8.0
9/15/2008 62 6 428.456 2.211 3.5 2.6 10/13/2008 90 6 595.223 4.154 3.3 1.1 12/1/2008 139 6 691.127 6.865 3.4 1.4 3/12/2009 240 4 917.822 15.805 3.1 1.6
9/16/2008 63 1 0.680 0.442 8.3 8.1 10/15/2008 92 1 0.011 0.350 7.5 8.0 12/3/2008 141 1 0.011 0.312 6.8 8.0 3/12/2009 240 5 868.790 13.278 3.0 1.5
9/16/2008 63 2 0.239 0.245 8.3 8.0 10/15/2008 92 2 0.011 0.268 7.6 7.8 12/3/2008 141 2 0.011 0.300 7.1 8.1 3/12/2009 240 6 881.860 13.503 3.0 1.6
9/16/2008 63 3 0.092 0.239 8.3 8.0 10/15/2008 92 3 0.011 0.195 7.7 7.6 12/3/2008 141 3 0.011 0.207 7.2 7.8 3/25/2009 253 1 0.011 0.369 6.5 9.1
9/16/2008 63 4 384.652 2.923 3.2 1.6 10/15/2008 92 4 562.586 5.286 3.2 1.3 12/3/2008 141 4 693.208 8.420 3.2 1.6 3/25/2009 253 4 965.131 16.986 3.1 4.6
9/16/2008 63 5 402.199 2.576 3.2 1.7 10/15/2008 92 5 573.718 4.864 3.2 1.3 12/3/2008 141 5 658.204 7.689 3.3 1.6 3/25/2009 253 5 878.781 14.160 2.9 4.8
9/16/2008 63 6 426.766 2.296 3.4 1.4 10/15/2008 92 6 605.511 4.284 3.3 1.2 12/3/2008 141 6 698.737 6.985 3.4 1.3 3/25/2009 253 6 907.522 14.682 3.0 4.7
9/17/2008 64 1 0.238 0.342 8.4 11.7 10/17/2008 94 1 0.011 0.401 7.4 7.7 12/5/2008 143 1 0.026 0.309 6.7 8.4
9/17/2008 64 2 0.009 0.272 8.6 11.5 10/17/2008 94 2 0.011 0.290 7.9 7.5 12/5/2008 143 2 0.011 0.262 7.0 8.3
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The Urban Wetland Filter: Field Results in the Development of a Renewable 
Practice for Managing Phosphorus in Stormwater Runoff from High Land-Value 
Areas 

 
Time (h) Run Group Cell Sample TP(ppm) Duplicate Spikes (1.0 / 0.1 ppm) Spike Recovery pH Flow Rate (L/m)

2 Pre IN 1 1 0.041 7.93
4 Pre IN 1 2 0.022 8.05
6 Pre IN 1 3 0.032 8.11
8 Pre IN 1 4 0.031 8.15
10 Pre IN 1 5 0.027 8.16
12 Pre IN 1 6 0.024 0.024 8.22
14 Pre IN 1 7 0.028 8.23
16 Pre IN 1 8 0.024 8.22
18 Pre IN 1 9 0.021 8.22
20 Pre IN 1 10 0.020 8.21
22 Pre IN 1 11 0.026 8.27
24 Pre IN 1 12 0.028 8.31
26 Pre IN 1 13 0.024 8.33
28 Pre IN 1 14 0.023 8.38
30 Pre IN 1 15 0.021 8.42
32 Pre IN 1 16 0.020 8.49
34 Pre IN 1 17 0.019 8.54
36 Pre IN 1 18 0.018 8.55
38 Pre IN 1 19 0.020 8.52
40 Pre IN 1 20 0.021 0.019 8.46
42 Pre IN 1 21 0.018 8.39
44 Pre IN 1 22 0.019 8.33
46 Pre IN 1 23 0.017 8.31
48 Pre IN 1 24 0.020 8.29
2 Pre SO 1 1 0.017 8.25 0.52
4 Pre SO 1 2 0.020 8.28
6 Pre SO 1 3 0.027 8.34
8 Pre SO 1 4 0.027 8.36
10 Pre SO 1 5 0.030 8.38
12 Pre SO 1 6 0.032 8.38
14 Pre SO 1 7 0.030 8.36
16 Pre SO 1 8 0.026 8.35
18 Pre SO 1 9 0.017 8.32
20 Pre SO 1 10 0.026 8.30
22 Pre SO 1 11 0.024 8.29
24 Pre SO 1 12 0.026 0.026 8.30
26 Pre SO 1 13 0.027 8.32
28 Pre SO 1 14 0.028 8.35
30 Pre SO 1 15 0.032 8.40
32 Pre SO 1 16 0.035 8.46
34 Pre SO 1 17 0.034 0.033 8.52
36 Pre SO 1 18 0.031 8.55
38 Pre SO 1 19 0.022 8.54
40 Pre SO 1 20 0.021 8.51
42 Pre SO 1 21 0.021 8.50
44 Pre SO 1 22 0.019 8.40
46 Pre SO 1 23 0.017 8.38
48 Pre SO 1 24 0.018 8.38 0.59
2 Pre IS 1 1 0.032 0.034 1.043 100.90% 8.41 0.48
4 Pre IS 1 2 0.027 8.43
6 Pre IS 1 3 0.027 8.45
8 Pre IS 1 4 0.020 8.48
10 Pre IS 1 5 0.024 8.46
12 Pre IS 1 6 0.021 8.46
14 Pre IS 1 7 0.020 8.46
16 Pre IS 1 8 0.018 8.46
18 Pre IS 1 9 0.017 8.44
20 Pre IS 1 10 0.018 8.42
22 Pre IS 1 11 0.019 8.43
24 Pre IS 1 12 0.020 8.43
26 Pre IS 1 13 0.016 0.015 0.957 94.20% 8.45
28 Pre IS 1 14 0.016 8.46
30 Pre IS 1 15 0.016 8.47
32 Pre IS 1 16 0.015 8.49
34 Pre IS 1 17 0.017 8.48
36 Pre IS 1 18 0.014 8.49
38 Pre IS 1 19 0.016 8.49
40 Pre IS 1 20 0.017 8.45
42 Pre IS 1 21 0.013 8.41
44 Pre IS 1 22 0.014 8.37
46 Pre IS 1 23 0.012 8.34
48 Pre IS 1 24 0.015 8.30 0.63  
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Time (h) Run Group Cell Sample TP(ppm) Duplicate Spikes (1.0 / 0.1 ppm) Spike Recovery pH Flow Rate (L/m)
2 Pre IN 2 1 0.101 8.14
4 Pre IN 2 2 0.087 8.14
6 Pre IN 2 3 0.072 8.13
8 Pre IN 2 4 0.062 8.11
10 Pre IN 2 5 0.054 8.08
12 Pre IN 2 6 0.042 0.044 8.06
14 Pre IN 2 7 0.030 8.04
16 Pre IN 2 8 0.029 8.02
18 Pre IN 2 9 0.024 8.00
20 Pre IN 2 10 0.022 8.00
22 Pre IN 2 11 0.023 7.96
24 Pre IN 2 12 0.017 7.97
26 Pre IN 2 13 0.021 7.98
28 Pre IN 2 14 0.024 8.02
30 Pre IN 2 15 0.015 8.01
32 Pre IN 2 16 0.013 8.00
34 Pre IN 2 17 0.013 8.04
36 Pre IN 2 18 0.019 8.07
38 Pre IN 2 19 0.015 8.11
40 Pre IN 2 20 0.019 0.018 8.14
42 Pre IN 2 21 0.013 8.14
44 Pre IN 2 22 0.011 8.13
46 Pre IN 2 23 0.016 8.13
48 Pre IN 2 24 0.016 8.13
2 Pre SO 2 1 0.037 8.13 0.60
4 Pre SO 2 2 0.040 8.16
6 Pre SO 2 3 0.046 8.16
8 Pre SO 2 4 0.043 8.16
10 Pre SO 2 5 0.048 8.16
12 Pre SO 2 6 0.040 8.16
14 Pre SO 2 7 0.036 8.16
16 Pre SO 2 8 0.026 8.16
18 Pre SO 2 9 0.031 8.16
20 Pre SO 2 10 0.027 8.16
22 Pre SO 2 11 0.027 8.17
24 Pre SO 2 12 0.023 0.025 8.21
26 Pre SO 2 13 0.026 8.23
28 Pre SO 2 14 0.025 8.26
30 Pre SO 2 15 0.025 8.28
32 Pre SO 2 16 0.030 8.28
34 Pre SO 2 17 0.029 0.030 8.26
36 Pre SO 2 18 0.032 8.21
38 Pre SO 2 19 0.029 8.15
40 Pre SO 2 20 0.030 8.09
42 Pre SO 2 21 0.029 8.03
44 Pre SO 2 22 0.023 7.96
46 Pre SO 2 23 0.022 7.90
48 Pre SO 2 24 0.019 7.83 0.53
2 Pre IS 2 1 0.003 0.006 7.95 0.58
4 Pre IS 2 2 0.008 7.90
6 Pre IS 2 3 0.012 7.93
8 Pre IS 2 4 0.020 7.96
10 Pre IS 2 5 0.021 7.97
12 Pre IS 2 6 0.021 7.98
14 Pre IS 2 7 0.021 8.02
16 Pre IS 2 8 0.022 8.05
18 Pre IS 2 9 0.023 8.07
20 Pre IS 2 10 0.020 8.07
22 Pre IS 2 11 0.017 8.09
24 Pre IS 2 12 0.017 8.11
26 Pre IS 2 13 0.017 0.020 8.13
28 Pre IS 2 14 0.008 8.18
30 Pre IS 2 15 0.010 8.20
32 Pre IS 2 16 0.006 8.23
34 Pre IS 2 17 0.005 8.25
36 Pre IS 2 18 0.006 8.28
38 Pre IS 2 19 0.006 8.29
40 Pre IS 2 20 0.006 8.29
42 Pre IS 2 21 0.006 8.29
44 Pre IS 2 22 0.006 8.27
46 Pre IS 2 23 0.006 8.24
48 Pre IS 2 24 0.005 8.24 0.30  
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Time (h) Run Group Cell Sample TP(ppm) Duplicate Spikes (1.0 / 0.1 ppm) Spike Recovery pH Flow Rate (L/m)
2 Pre IN 1 1 0.041 7.93
4 Pre IN 3 2 0.022 8.08
6 Pre IN 3 3 0.023 8.13
8 Pre IN 3 4 0.020 8.21
10 Pre IN 3 5 0.028 8.26
12 Pre IN 3 6 0.023 0.018 1.027 100.90% 8.29
14 Pre IN 3 7 0.023 8.29
16 Pre IN 3 8 0.022 8.28
18 Pre IN 3 9 0.021 8.27
20 Pre IN 3 10 0.026 8.26
22 Pre IN 3 11 0.022 8.24
24 Pre IN 3 12 0.017 8.24
26 Pre IN 3 13 0.022 8.25
28 Pre IN 3 14 0.026 8.27
30 Pre IN 3 15 0.013 8.29
32 Pre IN 3 16 0.017 8.31
34 Pre IN 3 17 0.010 8.33
36 Pre IN 3 18 0.012 8.33
38 Pre IN 3 19 0.019 8.30
40 Pre IN 3 20 0.014 0.012 1.028 101.60% 8.28
42 Pre IN 3 21 0.015 8.25
44 Pre IN 3 22 0.022 8.27
46 Pre IN 3 23 0.012 8.26
48 Pre IN 3 24 0.007 8.26
2 Pre SO 3 1 0.016 8.28 0.72
4 Pre SO 3 2 0.015 8.29
6 Pre SO 3 3 0.025 8.30
8 Pre SO 3 4 0.025 8.32
10 Pre SO 3 5 0.028 8.34
12 Pre SO 3 6 0.028 8.36
14 Pre SO 3 7 0.029 8.36
16 Pre SO 3 8 0.023 8.34
18 Pre SO 3 9 0.022 8.32
20 Pre SO 3 10 0.026 8.31
22 Pre SO 3 11 0.017 8.26
24 Pre SO 3 12 0.014 0.011 1.056 104.50% 8.24
26 Pre SO 3 13 0.011 8.23
28 Pre SO 3 14 0.012 8.25
30 Pre SO 3 15 0.016 8.29
32 Pre SO 3 16 0.016 8.29
34 Pre SO 3 17 0.016 0.015 8.28
36 Pre SO 3 18 0.016 8.29
38 Pre SO 3 19 0.016 8.29
40 Pre SO 3 20 0.013 8.26
42 Pre SO 3 21 0.015 8.27
44 Pre SO 3 22 0.014 8.27
46 Pre SO 3 23 0.010 8.24
48 Pre SO 3 24 0.016 8.24 0.68
2 Pre IS 3 1 0.018 0.015 8.32 0.74
4 Pre IS 3 2 0.004 8.34
6 Pre IS 3 3 0.003 8.37
8 Pre IS 3 4 0.003 8.38
10 Pre IS 3 5 0.002 8.37
12 Pre IS 3 6 -0.001 8.35
14 Pre IS 3 7 0.002 8.34
16 Pre IS 3 8 0.001 8.32
18 Pre IS 3 9 0.007 8.32
20 Pre IS 3 10 0.013 8.31
22 Pre IS 3 11 0.005 8.29
24 Pre IS 3 12 0.011 8.31
26 Pre IS 3 13 0.005 0.002 8.30
28 Pre IS 3 14 0.010 8.32
30 Pre IS 3 15 0.002 8.33
32 Pre IS 3 16 0.005 8.34
34 Pre IS 3 17 0.005 8.34
36 Pre IS 3 18 -0.003 8.32
38 Pre IS 3 19 -0.001 8.31
40 Pre IS 3 20 0.006 8.29
42 Pre IS 3 21 0.008 8.27
44 Pre IS 3 22 0.005 8.28
46 Pre IS 3 23 0.004 8.25
48 Pre IS 3 24 0.014 8.26 0.50  
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Time (h) Run Group Cell Sample TP(ppm) Duplicate Spikes (1.0 / 0.1 ppm) Spike Recovery pH Flow Rate (L/m)
2 Pre IN 1 1 0.041 7.93
4 Post IN 1 2 0.080 8.32
6 Post IN 1 3 0.060 8.40
8 Post IN 1 4 0.062 8.44
10 Post IN 1 5 0.051 8.45
12 Post IN 1 6 0.045 8.45
14 Post IN 1 7 0.045 8.44
16 Post IN 1 8 0.039 8.43
18 Post IN 1 9 0.038 8.43
20 Post IN 1 10 0.038 8.46
22 Post IN 1 11 0.041 8.52
24 Post IN 1 12 0.041 8.58
26 Post IN 1 13 0.038 0.031 0.133 102.00% 8.63
28 Post IN 1 14 0.031 8.63
30 Post IN 1 15 0.033 8.62
32 Post IN 1 16 0.032 8.59
34 Post IN 1 17 0.031 8.56
36 Post IN 1 18 0.028 8.51
38 Post IN 1 19 0.029 8.48
40 Post IN 1 20 0.025 8.46
42 Post IN 1 21 0.027 8.45
44 Post IN 1 22 0.025 0.022 0.122 100.00% 8.53
46 Post IN 1 23 0.025 8.66
48 Post IN 1 24 0.027 8.77
2 Post SO 1 1 0.393 0.394 0.477 83.00% 5.92 0.71
4 Post SO 1 2 0.093 6.87
6 Post SO 1 3 0.081 7.01
8 Post SO 1 4 0.080 7.11
10 Post SO 1 5 0.081 7.22
12 Post SO 1 6 0.066 7.30
14 Post SO 1 7 0.066 7.40
16 Post SO 1 8 0.054 7.44
18 Post SO 1 9 0.048 7.60
20 Post SO 1 10 0.047 7.71
22 Post SO 1 11 0.048 7.75
24 Post SO 1 12 0.047 7.81
26 Post SO 1 13 0.047 7.87
28 Post SO 1 14 0.045 7.83
30 Post SO 1 15 0.047 7.98
32 Post SO 1 16 0.040 8.02
34 Post SO 1 17 0.045 8.04
36 Post SO 1 18 0.040 8.07
38 Post SO 1 19 0.039 8.07
40 Post SO 1 20 0.036 0.034 0.135 101.00% 8.08
42 Post SO 1 21 0.034 8.08
44 Post SO 1 22 0.035 8.09
46 Post SO 1 23 0.037 8.12
48 Post SO 1 24 0.036 8.22 0.57
2 Post IS 1 1 0.054 6.02 0.50
4 Post IS 1 2 0.048 6.67
6 Post IS 1 3 0.044 6.88
8 Post IS 1 4 0.043 7.02
10 Post IS 1 5 0.038 7.14
12 Post IS 1 6 0.032 7.22
14 Post IS 1 7 0.030 7.30
16 Post IS 1 8 0.031 7.35
18 Post IS 1 9 0.029 7.41
20 Post IS 1 10 0.028 7.48
22 Post IS 1 11 0.029 7.55
24 Post IS 1 12 0.028 7.57
26 Post IS 1 13 0.024 7.61
28 Post IS 1 14 0.023 7.62
30 Post IS 1 15 0.023 7.65
32 Post IS 1 16 0.021 7.66
34 Post IS 1 17 0.023 0.023 0.120 97.00% 7.68
36 Post IS 1 18 0.019 7.71
38 Post IS 1 19 0.021 7.71
40 Post IS 1 20 0.022 7.74
42 Post IS 1 21 0.019 7.76
44 Post IS 1 22 0.019 7.78
46 Post IS 1 23 0.024 7.80
48 Post IS 1 24 0.017 0.018 0.119 101.00% 7.80 0.54  



Appendix C 

 -186- 

Time (h) Run Group Cell Sample TP(ppm) Duplicate Spikes (1.0 / 0.1 ppm) Spike Recovery pH Flow Rate (L/m)
2 Pre IN 1 1 0.041 7.93
4 Post IN 2 2 0.033 0.027 8.75
6 Post IN 2 3 0.029 8.71
8 Post IN 2 4 0.028 0.024 8.69
10 Post IN 2 5 0.032 8.67
12 Post IN 2 6 0.029 8.63
14 Post IN 2 7 0.030 8.63
16 Post IN 2 8 0.026 8.61
18 Post IN 2 9 0.023 8.63
20 Post IN 2 10 0.022 8.68
22 Post IN 2 11 0.069 8.79
24 Post IN 2 12
26 Post IN 2 13
28 Post IN 2 14
30 Post IN 2 15
32 Post IN 2 16
34 Post IN 2 17
36 Post IN 2 18
38 Post IN 2 19
40 Post IN 2 20
42 Post IN 2 21
44 Post IN 2 22
46 Post IN 2 23
48 Post IN 2 24 0.055 8.86
2 Post SO 2 1 0.562 5.96 0.55
4 Post SO 2 2 0.090 6.96
6 Post SO 2 3 0.071 0.062 7.24
8 Post SO 2 4 0.062 7.48
10 Post SO 2 5 0.054 7.65
12 Post SO 2 6 0.049 7.81
14 Post SO 2 7 0.046 7.91
16 Post SO 2 8 0.043 0.039 8.03
18 Post SO 2 9 0.040 8.11
20 Post SO 2 10 0.044 8.18
22 Post SO 2 11 0.048 8.25
24 Post SO 2 12 0.054 8.31
26 Post SO 2 13 0.051 8.39
28 Post SO 2 14 0.048 8.46
30 Post SO 2 15 0.050 8.51
32 Post SO 2 16 0.046 8.53
34 Post SO 2 17 0.044 8.51
36 Post SO 2 18 0.041 8.48
38 Post SO 2 19 0.040 7.70
40 Post SO 2 20 0.039 8.00
42 Post SO 2 21 0.040 8.20
44 Post SO 2 22 0.044 8.30
46 Post SO 2 23 0.045 8.38
48 Post SO 2 24 0.046 7.63 0.45
2 Post IS 2 1 0.030 6.37 0.51
4 Post IS 2 2 0.017 6.84
6 Post IS 2 3 0.020 7.11
8 Post IS 2 4 0.021 7.26
10 Post IS 2 5 0.019 7.43
12 Post IS 2 6 0.019 7.57
14 Post IS 2 7 0.019 0.024 7.70
16 Post IS 2 8 0.022 7.79
18 Post IS 2 9 0.019 7.84
20 Post IS 2 10 0.021 7.91
22 Post IS 2 11 0.020 7.96
24 Post IS 2 12 0.019 7.95
26 Post IS 2 13 0.018 7.93
28 Post IS 2 14 0.018 7.93
30 Post IS 2 15 0.019 7.95
32 Post IS 2 16 0.019 0.018 7.95
34 Post IS 2 17 0.018 7.95
36 Post IS 2 18 0.019 7.95
38 Post IS 2 19 0.019 7.94
40 Post IS 2 20 0.019 7.93
42 Post IS 2 21 0.019 7.93
44 Post IS 2 22 0.022 7.92
46 Post IS 2 23 0.019 7.90
48 Post IS 2 24 0.019 7.89 0.25  
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Time (h) Run Group Cell Sample TP(ppm) Duplicate Spikes (1.0 / 0.1 ppm) Spike Recovery pH Flow Rate (L/m)
2 Pre IN 1 1 0.041 7.93
4 Post IN 3 2 0.022 8.82
6 Post IN 3 3 0.023 8.85
8 Post IN 3 4 0.022 0.016 8.88

10 Post IN 3 5 0.021 8.88
12 Post IN 3 6 0.021 8.88
14 Post IN 3 7 0.020 8.85
16 Post IN 3 8 0.019 8.82
18 Post IN 3 9 0.022 8.80
20 Post IN 3 10 0.022 8.79
22 Post IN 3 11 0.024 8.78
24 Post IN 3 12 0.025 8.77
26 Post IN 3 13 0.021 8.77
28 Post IN 3 14 0.023 8.79
30 Post IN 3 15 0.020 8.80
32 Post IN 3 16 0.020 8.81
34 Post IN 3 17 0.020 8.79
36 Post IN 3 18 0.020 8.77
38 Post IN 3 19 0.023 8.73
40 Post IN 3 20 0.022 8.70
42 Post IN 3 21 0.025 0.023 8.64
44 Post IN 3 22 0.021 8.59
46 Post IN 3 23 0.021 8.58
48 Post IN 3 24 0.020 8.68
2 Post SO 3 1 0.882 5.88 0.53
4 Post SO 3 2 0.113 7.05
6 Post SO 3 3 0.084 7.54
8 Post SO 3 4 0.070 7.80

10 Post SO 3 5 0.056 8.18
12 Post SO 3 6 0.050 8.29
14 Post SO 3 7 0.045 8.36
16 Post SO 3 8 0.041 0.041 8.41
18 Post SO 3 9 0.035 8.44
20 Post SO 3 10 0.036 8.46
22 Post SO 3 11 0.038 8.46
24 Post SO 3 12 0.033 8.45
26 Post SO 3 13 0.033 8.45
28 Post SO 3 14 0.032 8.46
30 Post SO 3 15 0.035 8.47
32 Post SO 3 16 0.033 8.49
34 Post SO 3 17 0.033 0.032 8.49
36 Post SO 3 18 0.038 8.47
38 Post SO 3 19 0.033 8.43
40 Post SO 3 20 0.032 8.38
42 Post SO 3 21 0.049 8.34
44 Post SO 3 22 0.038 8.29
46 Post SO 3 23 0.035 8.27
48 Post SO 3 24 0.044 8.29 0.43
2 Post IS 3 1 0.031 6.48 0.39
4 Post IS 3 2 0.022 7.05
6 Post IS 3 3 0.019 7.21
8 Post IS 3 4 0.018 7.43

10 Post IS 3 5 0.017 7.49
12 Post IS 3 6 0.017 7.57
14 Post IS 3 7 0.016 7.64
16 Post IS 3 8 0.076 7.69
18 Post IS 3 9 0.016 7.76
20 Post IS 3 10 0.016 7.83
22 Post IS 3 11 0.015 7.89
24 Post IS 3 12 0.016 0.018 7.93
26 Post IS 3 13 0.016 7.96
28 Post IS 3 14 0.019 7.98
30 Post IS 3 15 0.017 8.01
32 Post IS 3 16 0.016 8.02
34 Post IS 3 17 0.016 8.04
36 Post IS 3 18 0.016 8.07
38 Post IS 3 19 0.016 0.015 8.07
40 Post IS 3 20 0.016 8.06
42 Post IS 3 21 0.020 8.07
44 Post IS 3 22 0.015 8.05
46 Post IS 3 23 0.015 8.02
48 Post IS 3 24 0.015 8.02 0.35  
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Time (d) Group Cell Sampling Location Volume Drained (L) TP (ppm) Duplicates Spikes (1ppm) Spike Recovery P Solution(mg) TI (ppm) Dups Spikes (18.5 ppm) Spike Recovery

0 SO 1 Top 12.0 0.04 0.47 0.67
0 SO 2 Top 12.0 0.05 0.62 0.18
0 SO 3 Top 11.5 0.06 0.67 0.35
0 IS 1 Top 12.0 0.03 0.03 1.01 107% 0.41 0.52 0.34 19.81 107%
0 IS 2 Top 12.0 0.11 1.33 2.11
0 IS 3 Top 16.0 0.03 0.54 0.06

33 SO 1 Top 12.0 0.88 10.60 544.07
33 SO 2 Top 12.0 1.21 1.21 1.99 97% 14.56 544.57 543.88 516.32 120%
33 SO 3 Top 11.5 1.20 13.85 595.99
33 IS 1 Top 12.0 0.25 0.19 0.33 18% 3.01 2872.80 2443.66 2292.06 388%
33 IS 2 Top 12.0 0.33 3.90 3225.60
33 IS 3 Top 16.0 0.37 5.89 2163.05
50 SO 1 Drained Effluent 12.0 3.27 39.26 922.96
50 SO 2 Drained Effluent 12.0 2.89 2.59 34.62 868.18 876.64
50 SO 3 Drained Effluent 11.5 3.39 39.02 936.31
50 IS 1 Drained Effluent 12.0 0.33 4.00 4914.80
50 IS 2 Drained Effluent 12.0 0.32 0.32 3.84 4245.60 4236.01
50 IS 3 Drained Effluent 16.0 0.28 4.48 3340.40
50 SO 1 Top 12.0 2.26 27.10 765.39
50 SO 2 Top 12.0 1.43 17.17 728.24
50 SO 3 Top 11.5 2.51 28.82 783.16
50 IS 1 Top 12.0 0.24 2.87 3660.40
50 IS 2 Top 12.0 0.24 2.86 3711.80
50 IS 3 Top 16.0 0.27 0.26 4.30 2900.80 3132.20
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Field-Scale Study of Phosphorus Removal by Sorption: Comparison of Substrates 
and Residence Times 

 

Experimental Cell 7/15/07 7/17/07 7/19/07 721/07
1 0.11 0.12 0.17 0.15
2 0.26 0.23 0.15 0.1
3 0.14 0.18 0.12 0.12
4 0.34 0.11 0.16 0.11
5 0.1 0.09 0.13 0.11
6 0.19 0.17 0.1 0.1
7 0.3 0.2 0.11 0.09
8 0.47 0.19 0.17 0.11
9 0.26 0.2 0.12 0.1

10 0.27 0.22 0.17 0.12
11 0.24 0.15 0.1 0.11
12 0.32 0.26 0.22 0.08
T 0.31 0.17 0.15 0.13

Experimental Cell 7/13/07 7/15/07 7/17/07 7/19/07 721/07
1 0.44 0.20 0.61 0.63 0.26
2 0.36 0.23 0.23 0.20 0.17
3 0.29 0.28 1.04 0.45 0.40
4 0.27 0.28 0.48 0.20 0.40
5 0.70 0.25 0.31 0.39 0.17
6 0.63 0.23 0.18 0.56 0.25
7 0.41 0.27 0.35 0.57 0.20
8 0.57 0.49 0.31 0.51 0.49
9 0.90 0.31 0.32 0.31 0.22

10 1.09 0.19 0.25 0.36 0.27
11 1.02 0.59 0.27 0.21 0.16
12 1.45 0.23 0.28 0.33 0.20
T 0.70 0.31 0.23 0.51 0.43

Standard (2 +/- 0.10mg/L) 2.18 2.02 2.30

Standard Adjustment: 0.00 -0.08 0.00 -0.20 0.00

Experimental Cell 7/13/07 7/15/07 7/17/07 7/19/07 721/07
1 0.44 0.12 0.61 0.43 0.26
2 0.36 0.15 0.23 0.00 0.17
3 0.29 0.20 1.04 0.25 0.40
4 0.27 0.20 0.48 0.00 0.40
5 0.70 0.17 0.31 0.19 0.17
6 0.63 0.15 0.18 0.36 0.25
7 0.41 0.19 0.35 0.37 0.20
8 0.57 0.41 0.31 0.31 0.49
9 0.90 0.23 0.32 0.11 0.22

10 1.09 0.11 0.25 0.16 0.27
11 1.02 0.51 0.27 0.01 0.16
12 1.45 0.15 0.28 0.13 0.20
T 0.70 0.23 0.23 0.31 0.43

Standard-Adjusted Total Phosphorus

Total Phosphorus (mg/L PO4-)

Orthophosphorus (mg/L PO4-)
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Field-Scale Study of Phosphorus Removal by Sorption: Substrate and Residence 
Time Study Follow-up 

 

Cell Type Type2 Date Day Water Temp (C) Dissolved Oxygen (mg/L) Air Temp (C) pH Total Iron (mg/L) Total P (mg/L) Flow (L/min)
1 Low S 6/24/2008 0 31.0 4.00 26 6.6 0.011 0.112 0.37
2 Med S 6/24/2008 0 28.7 8.00 26 6.8 0.000 0.000 0.79
3 High S 6/24/2008 0 27.9 8.00 26 7.0 0.011 0.047 1.25
4 High S 6/24/2008 0 28.0 26 7.0 0.000 0.043 1.25
5 Con C 6/24/2008 0 27.7 10.00 26 8.7 0.000 0.000 0.88
6 Low S 6/24/2008 0 29.9 26 6.8 0.024 0.000 0.28
7 Con C 6/24/2008 0 27.4 26 8.8 0.022 0.130 1.25
8 High S 6/24/2008 0 27.9 26 7.0 0.039 0.044 1.15
9 Med S 6/24/2008 0 28.1 26 7.1 0.080 0.046 0.83
10 Low S 6/24/2008 0 29.6 26 6.9 0.077 0.108 0.33
11 Med S 6/24/2008 0 28.6 26 6.9 0.000 0.000 0.63
12 Con C 6/24/2008 0 28.5 26 8.2 0.084 0.000 0.50
T T 6/24/2008 0 27.5 10.00 26 9.0 0.023 0.103
1 Low S 7/9/2008 15 23.4 4.85 25 7.5 0.033 0.183 0.17
2 Med S 7/9/2008 15 23.5 5.21 25 7.5 0.068 0.046 0.10
3 High S 7/9/2008 15 23.5 4.95 25 7.5 0.076 0.048 0.10
4 High S 7/9/2008 15 23.5 5.02 25 7.6 0.038 0.042 0.13
5 Con C 7/9/2008 15 24.3 7.10 25 7.6 0.042 0.016 1.50
6 Low S 7/9/2008 15 23.3 4.96 25 7.5 0.021 0.050 0.13
7 Con C 7/9/2008 15 24.7 7.00 25 7.7 0.097 0.050 1.50
8 High S 7/9/2008 15 23.7 5.27 25 7.5 0.030 0.038 0.10
9 Med S 7/9/2008 15 23.6 5.04 25 7.5 0.052 0.056 0.13
10 Low S 7/9/2008 15 23.3 6.00 25 7.5 0.019 0.042 0.13
11 Med S 7/9/2008 15 23.3 5.38 25 7.5 0.014 0.013 0.12
12 Con C 7/9/2008 15 23.3 5.55 25 7.6 0.023 0.011 0.16
T T 7/9/2008 15 24.4 7.77 25 7.7 0.038 0.032
1 Low S 7/16/2008 22 33.2 6.75 28 7.6 0.161 0.101 0.12
2 Med S 7/16/2008 22 32.8 5.20 28 7.4 0.155 0.053 0.18
3 High S 7/16/2008 22 33.2 6.21 28 7.5 0.069 0.056 0.14
4 High S 7/16/2008 22 33.0 5.16 28 7.5 0.219 0.096 0.24
5 Con C 7/16/2008 22 30.7 7.25 28 7.7 0.048 0.019 0.49
6 Low S 7/16/2008 22 33.0 6.04 28 7.6 0.020 0.033 0.24
7 Con C 7/16/2008 22 31.7 5.88 28 7.6 0.130 0.028 0.41
8 High S 7/16/2008 22 32.8 4.79 28 7.4 0.014 0.052 0.29
9 Med S 7/16/2008 22 33.1 5.28 28 7.5 0.067 0.041 0.24
10 Low S 7/16/2008 22 33.2 6.19 28 7.7 0.067 0.056 0.20
11 Med S 7/16/2008 22 33.2 5.74 28 7.6 0.062 0.027 0.12
12 Con C 7/16/2008 22 31.8 6.42 28 7.6 0.140 0.040 0.51
T T 7/16/2008 22 30.8 8.16 28 7.7 0.042 0.040
1 Low S 7/23/2008 29 30.1 8.34 26 8.3 0.242 0.067 0.07
2 Med S 7/23/2008 29 30.4 5.18 26 7.9 0.097 0.066 0.18
3 High S 7/23/2008 29 30.3 7.31 26 8.0 0.034 0.043 0.11
4 High S 7/23/2008 29 30.1 6.05 26 8.1 0.037 0.043 0.26
5 Con C 7/23/2008 29 30.1 8.09 26 8.3 0.090 0.033 0.40
6 Low S 7/23/2008 29 30.0 7.53 26 8.0 0.326 0.094 0.09
7 Con C 7/23/2008 29 30.2 6.24 26 8.1 0.196 0.025 0.42
8 High S 7/23/2008 29 30.3 5.19 26 7.9 0.094 0.041 0.29
9 Med S 7/23/2008 29 30.1 5.63 26 7.9 0.147 0.069 0.22
10 Low S 7/23/2008 29 30.1 7.25 26 7.9 0.237 0.179 0.06
11 Med S 7/23/2008 29 29.8 7.57 26 8.0 0.207 0.158 0.06
12 Con C 7/23/2008 29 30.0 7.08 26 8.2 0.075 0.033 0.48
T T 7/23/2008 29 30.0 8.26 26 8.3 0.434 0.151
1 Low S 7/31/2008 37 24.8 5.38 7.9 0.050 0.099 0.18
2 Med S 7/31/2008 37 25.6 4.32 7.8 0.150 0.084 0.48
3 High S 7/31/2008 37 25.4 4.94 7.8 0.078 0.065 0.22
4 High S 7/31/2008 37 25.4 5.90 7.8 0.176 0.119 1.80
5 Con C 7/31/2008 37 24.5 7.30 8.0 0.034 0.019 0.62
6 Low S 7/31/2008 37 24.7 5.27 7.8 0.011 0.062 0.16
7 Con C 7/31/2008 37 25.1 4.84 7.7 0.098 0.013 1.38
8 High S 7/31/2008 37 25.8 5.58 7.7 0.109 0.028 1.00
9 Med S 7/31/2008 37 25.5 4.60 7.7 0.061 0.059 0.43
10 Low S 7/31/2008 37 24.8 4.94 7.8 0.047 0.065 0.16
11 Med S 7/31/2008 37 24.9 4.81 7.8 0.018 0.057 0.19
12 Con C 7/31/2008 37 24.4 6.80 8.0 0.067 0.013 1.64
T T 7/31/2008 37 26.0 6.68 7.7 0.091 0.021
T T 8/8/2008 45 26.1 7.39 7.9 0.153 0.027
T T 8/8/2008 45 26.1 7.39 7.9 0.144 0.025
T T 8/8/2008 45 26.1 7.39 7.9 0.137 0.041
1 Low S 8/8/2008 45 25.5 7.23 7.8 0.131 0.081 0.02
2 Med S 8/8/2008 45 26.4 6.03 7.6 0.222 0.056 3.78
3 High S 8/8/2008 45 25.6 5.88 7.8 0.089 0.049 0.09
4 High S 8/8/2008 45 26.7 5.88 7.7 0.206 0.061 0.74
5 C 8/8/2008 45 26.2 5.45 7.9 0.069 0.025
6 Low S 8/8/2008 45 25.3 6.56 7.8 0.397 0.114 0.03
7 Con C 8/8/2008 45 27.0 5.48 7.6 0.111 0.013 0.80
8 High S 8/8/2008 45 26.8 5.69 7.7 0.129 0.022 0.48
9 Med S 8/8/2008 45 26.4 5.54 7.6 0.152 0.043 0.18
10 Low S 8/8/2008 45 25.3 7.42 7.9 0.242 0.083 0.02
11 Med S 8/8/2008 45 25.3 6.78 7.8 0.131 0.075 0.02
12 Con C 8/8/2008 45 26.0 5.78 7.9 0.084 0.034 0.05
1 Low S 8/13/2008 50 25.7 10.50 0.283 0.110 0.01
2 Med S 8/13/2008 50 25.5 5.78 0.096 0.026 1.52
3 High S 8/13/2008 50 25.9 6.24 0.065 0.058 0.13
4 High S 8/13/2008 50 26.2 6.43 0.333 0.064 0.80
5 Con C 8/13/2008 50 25.8 8.60 0.161 0.054 0.15
6 Low S 8/13/2008 50 25.7 10.70 1.706 0.167 0.01

Long-term Data Set
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Cell Type Type2 Date Day Water Temp (C) Dissolved Oxygen (mg/L) Air Temp (C) pH Total Iron (mg/L) Total P (mg/L) Flow (L/min)
7 Con C 8/13/2008 50 26.2 6.26 0.224 0.043 0.64
8 High S 8/13/2008 50 26.3 5.96 0.194 0.051 0.28
9 Med S 8/13/2008 50 26.0 6.10 0.231 0.105 0.08
10 Low S 8/13/2008 50 25.9 9.32 0.304 0.117 0.01
11 Med S 8/13/2008 50 25.7 9.88 0.270 0.183 0.02
12 Con C 8/13/2008 50 26.0 8.70 0.125 0.051 0.48
T T 8/13/2008 50 25.3 8.33 0.281 0.054
T T 8/13/2008 50 25.3 8.33 0.113 0.013
T T 8/13/2008 50 25.3 8.33 0.078 0.013
1 Low S 8/22/2008 59 18.9 8.66 8.4 0.196 0.098 0.01
2 Med S 8/22/2008 59 20.3 4.82 7.8 0.101 0.134 0.32
3 High S 8/22/2008 59 19.9 4.57 7.8 0.095 0.027 0.21
4 High S 8/22/2008 59 20.4 4.59 7.8 0.108 0.032 0.46
5 Con C 8/22/2008 59 20.3 5.52 7.9 0.138 0.038 0.12
6 Low S 8/22/2008 59 19.3 9.05 8.4 0.325 0.127 0.00
7 Con C 8/22/2008 59 21.0 5.52 7.9 0.117 0.013 0.26
8 High S 8/22/2008 59 20.3 4.81 7.9 0.171 0.048 0.33
9 Med S 8/22/2008 59 19.2 5.11 8.0 0.244 0.052 0.10
10 Low S 8/22/2008 59 18.9 9.72 8.7 0.407 0.073 0.00
11 S 8/22/2008 59 19.6 11.45 8.7 0.244 0.148
12 Con C 8/22/2008 59 21.8 9.74 8.1 0.086 0.041 2.04
T T 8/22/2008 59 22.3 9.98 8.2 0.095 0.013
T T 8/22/2008 59 22.3 9.98 8.2 0.213 0.091
T T 8/22/2008 59 22.3 9.98 8.2 0.093 0.041
1 Low S 8/28/2008 65 17.5 7.66 7.9 0.195 0.131
2 Med S 8/28/2008 65 17.0 2.87 7.7 0.105 0.013 0.19
3 High S 8/28/2008 65 17.3 3.08 7.6 0.074 0.013 0.34
4 High S 8/28/2008 65 16.7 2.97 7.6 0.293 0.057 0.26
5 Con C 8/28/2008 65 16.6 9.45 8.3 0.047 0.013 0.00
6 Low S 8/28/2008 65 16.6 8.17 8.3 0.172 0.143 0.00
7 Con C 8/28/2008 65 17.0 4.46 7.8 0.176 0.029 0.16
8 High S 8/28/2008 65 17.1 3.05 7.7 0.150 0.077 0.27
9 Med S 8/28/2008 65 16.8 4.19 7.9 0.143 0.049 0.07
10 Low S 8/28/2008 65 16.7 8.11 8.3 0.142 0.314 0.08
11 Med S 8/28/2008 65 16.7 8.12 8.3 0.261 0.260 0.08
12 Con C 8/28/2008 65 16.6 5.44 8.0 0.077 0.028 0.26
T T 8/28/2008 65 19.1 7.18 7.9 0.238 0.046
T T 8/28/2008 65 19.1 7.18 7.9 0.189 0.047
T T 8/28/2008 65 19.1 7.18 7.9 0.121 0.041
1 Low S 9/4/2008 72 23.1 6.43 8.6 0.170 0.098 0.02
2 Med S 9/4/2008 72 25.0 3.50 8.2 0.188 0.048 0.53
3 High S 9/4/2008 72 25.0 3.57 8.2 0.073 0.023 0.82
4 High S 9/4/2008 72 25.0 3.78 8.2 0.081 0.013 4.74
5 Con C 9/4/2008 72 24.3 4.78 8.4 0.060 0.013 0.12
6 Low S 9/4/2008 72 23.5 6.06 8.7 0.145 0.074 0.02
7 Con C 9/4/2008 72 25.1 4.58 8.6 0.105 0.028 0.72
8 High S 9/4/2008 72 25.6 3.56 8.4 0.110 0.044 0.80
9 Med S 9/4/2008 72 23.6 3.84 8.5 0.289 0.047 0.25
10 Low S 9/4/2008 72 22.7 6.34 9.0 0.090 0.090 0.02
11 Med S 9/4/2008 72 23.0 5.91 8.7 0.055 0.075 0.02
12 Con C 9/4/2008 72 25.0 8.52 8.8 0.123 0.013 2.64
T T 9/4/2008 72 25.0 8.46 8.9 0.111 0.038
T T 9/4/2008 72 25.0 8.46 8.9 0.087 0.032
T T 9/4/2008 72 25.0 8.46 8.9 0.093 0.032
1 Low S 9/25/2008 93 16.8 10.20 9.3 0.176 0.040 0.02
2 Med S 9/25/2008 93 17.9 6.60 9.0 0.115 0.031 0.40
3 High S 9/25/2008 93 17.9 6.20 8.9 0.135 0.030 0.96
4 High S 9/25/2008 93 16.8 7.30 9.1 0.080 0.013 0.20
5 Con C 9/25/2008 93 16.4 9.30 9.4 0.052 0.013 0.02
6 Low S 9/25/2008 93 16.2 10.10 9.6 0.101 0.063 0.00
7 Con C 9/25/2008 93 17.9 7.00 9.1 0.052 0.025 0.70
8 High S 9/25/2008 93 17.7 4.30 8.8 0.040 0.013 0.57
9 Med S 9/25/2008 93 17.3 6.40 9.0 0.055 0.032 0.34
10 Low S 9/25/2008 93 16.6 9.30 9.5 0.283 0.043 0.00
11 Med S 9/25/2008 93 16.5 9.70 9.5 0.344 0.050 0.00
12 Con C 9/25/2008 93 17.7 18.50 9.3 0.325 0.057 0.80
T T 9/25/2008 93 18.6 7.80 9.2 0.084 0.013
T T 9/25/2008 93 18.6 7.80 9.2 0.111 0.039
T T 9/25/2008 93 18.6 7.80 9.2 0.124 0.038
1 Low S 10/23/2008 121 8.0 8.30 8.6 0.872 0.468 0.01
2 Med S 10/23/2008 121 8.2 5.70 8.1 0.280 0.046 0.02
3 High S 10/23/2008 121 10.2 7.90 8.3 0.942 0.046 0.00
4 High S 10/23/2008 121 7.7 5.40 8.0 0.462 0.046 0.02
5 Con C 10/23/2008 121 7.7 6.20 8.2 0.208 0.046 0.00
6 Low S 10/23/2008 121 7.6 7.80 8.6 0.182 0.202 0.00
7 Con C 10/23/2008 121 9.9 7.10 8.5 0.284 0.046 0.01
8 High S 10/23/2008 121 8.6 5.50 8.1 0.278 0.046 0.02
9 Med S 10/23/2008 121 8.8 6.10 8.9 0.328 0.046 0.01
10 Low S 10/23/2008 121 7.3 7.80 8.6 0.600 0.180 0.00
11 Med S 10/23/2008 121 7.8 7.20 8.5 0.770 0.046 0.01
12 Con C 10/23/2008 121 8.7 8.40 8.6 0.206 0.046 0.01
T T 10/23/2008 121 10.5 9.00 8.7 0.892 0.268
T T 10/23/2008 121 10.5 9.00 8.7 0.650 0.288
T T 10/23/2008 121 10.5 9.00 8.7 0.768 0.192

Long-term Data Set
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Layout of the twelve experimental cells at the Price's Fork research complex 
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The three filtration substrates from front to back: control, calcium-based, and iron-based 
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#57-stone base layer 

 
#8-stone layer 

 
Filtration substrate layer 
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Housing for pump and battery 

 
Pump inside housing 
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Outlet Structure at the top of a cell 

 
Sieved substrates from left to right (iron-based, control, calcium-based) 

 
Sample preparation for hydraulic conductivity testing 
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Appendix E 

 
-211- 

 
Double ball-valve flow control setup 

 
Manometer on an experimental cell 
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Post-study view of iron-based substrate 

 
Post-study view of calcium-based substrate 

 
Post-study view of control substrate 
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Fouling on water inlet after completion of the study 

 
Experimental setup for hydraulic conductivity testing 

Newbill & Braman 
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Location of the head tank atop the earthen embankment of the pond 

 
Taking a flow rate measurement on one of the experimental cells 

Newbill & Braman 

Newbill & Braman 
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Bulk density testing on the various materials involved in this study 

 
Filtration setup used for analysis of dissolved phosphorus 

Newbill & Braman 

Newbill & Braman 



Appendix E 

 
-216- 

 
Photo spectrometer used for determination of phosphorus in samples 
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Variability in Adsorptive Phosphorus Removal by Structural Stormwater Best 
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Constant head tank with associated plumbing 

 
Setup showing several of the experimental cells 
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Holding tank 

 
Measuring head relative to the experimental cells to set the correct height for the Hudson flow control valve 

Julian 
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Sealing the fittings to connect the constant head tank to the experimental cells 

 
Fittings and tubing used to connect cells to the constant head tank and back to the holding tank 
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Julian 
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Completed fittings on the constant head tank 

 
Gravel layer in the bottom of each experimental cell where the inlet was located 
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Bulk density testing on substrate 

 
Experimental cell completed and ready for runs 
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Completed setup being tested for flow rate before transitioning to single cell flow back to the holding tank 
including a view of the recirculation system which continuously mixed the tank water 

Rosenquist 
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Facilitated Iron Reduction as a Means of Rejuvenating Phosphorus Removal 
Performance of Filtration Substrates 
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Possible oxidized and reduced iron forms in top and bottom, respectively, of a rejuvenation cell 

 
Over months of reduction, the water in the cells developed a dark amber color 
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Treatment cells with carbon-source addition 

 
Control cell with no carbon-source addition

Sell amd Levy 
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Field-Scale Study of Phosphorus Removal by Sorption: Substrate and Residence 
Time Study Follow-up 

S.E. Rosenquist, W.C. Hession, D.H. Vaughan 

 
Experimental setup modified for follow-up study including raised concrete-block pedestals and head tank 
located below the pond with cells   

 
Cell arrangement with supply lines operating a siphon from the pond located to the left of the photo 

Sell  

Rosenquist 
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Valve setup including a Hudson ValveTM that regulated flow to maintain a constant head 

 
Cells were elevated on concrete and in some cases wooden blocks to set their desired relative elevation in an 
attempt to control flow rates while the 90o elbows were an attempt at finer control 

Rosenquist 
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A sand substrate cell 

 
A gravel substrate cell
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The Urban Wetland Filter: Field Results in the Development of a Renewable 
Practice for Managing Phosphorus in Stormwater Runoff from High Land-
Value Areas 

S. E. Rosenquist, W.C. Hession, M.J. Eick, D.H. Vaughan 

 
Retention pond used in this study 
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Pond inlet during a storm event with turbid flow from an upstream construction site 

 
Surface runoff entering the pond form the nearby dairy farm 
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Another view of the pond inlet 

 
Filtration setup at the retention pond with two experimental cells, inlet structure, and automated samplers 
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Gleyed matrix in sand-only cells after rejuvenation compared to un-rejuvenated substrate 

 
Another view of the gleyed matrix 
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Post-rejuvenation iron/sand substrate retains a red color throughout 

 
Foam present in iron/sand cells during rejuvenation 
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Sand-only cells produced little or no foam 

 
Iron and sand from this experiment with weights (g) listed for the containers shown  
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Experimental cells in storage during the rejuvenation cycle 

 
Samples collected from experimental cells during rejuvenation 
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Draining process after completion of the rejuvenation cycle 

 
Water drained from one of the experimental cells at the end of the rejuvenation cycle 
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Iron/sand (left) and Sand-only (right) substrate layers in containers 

 
Incomplete bottom gravel layer showing outlet structure 
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Complete bottom gravel layer with outlet structure covered 

 
Adding the filtration substrate layer over the gravel layer 
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Finished filtration substrate layer 

 
Mixing the Iron/sand substrate (1:2 volume ratio) 
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Effect of Humic Acid on Microbial Reduction of Iron and  
Release of Phosphorus from Wetland Substrates 

S.E. Rosenquist, A. Egner, J. Pennington, M. J. Eick, D. H. Vaughan 

 
Experimental cells in incubator during the reduction process 

  
Filters with labels corresponding to treatment group, level, then replication  

Egner and Pennington 

Egner and Pennington 
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Sample collection from experimental cells 

Egner and Pennington 
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