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Stormwater runoff is a significant cause for impairment of many water bodies, a problem 

that will inevitably escalate due to increasing land-cover change associated with 

urbanization.  The effect of stormwater runoff has spurred legislation and the subsequent 

development and adoption of Best Management Practices (BMPs) to treat stormwater.  

This work evaluates the immobilized TiO2 nanoparticle photocatalytic treatment of 

stormwater by Puralytic’s LilyPad technology, both in lab-scale batch test and field-scale 

deployment at the OSU-Benton County Green Stormwater Infrastructure Research 

(OGSIR) Facility.  The performance during field-scale deployment is compared to 

performance data for other BMPs.  There were several key findings during lab tests.  

First, during lab tests with synthetic stormwater (SSW) containing multiple metals 

(Cu(II), Zn(II), and Fe(II)), Fe(II) inhibited the removal rates of Cu(II) and Zn(II).  

Second, in SSW containing PO4
3-, the LilyPad was responsible for a 22% reduction in 

phosphate.  Third, at chemical oxygen demand (COD) concentrations comparable to 

stormwater from the OGSIR (170 ppm COD), potassium acid phthalate (KHP), a model 

complex organic, inhibited PurBlue dye removal via competitive adsorption.  Fourth, a 

LilyPad prototype, utilizing a polypropylene substrate for TiO2 nanoparticle 



immobilization, self-catalyzed (the TiO2 photocatalytic degradation of the LilyPad’s 

polypropylene immobilization substrate) under UV lamps, raising dissolved organic 

content (DOC) by as much as 28 ppm C.  The magnitude of self-catalyization was 

greatest at low DOC concentrations with the rate decreasing with increasing DOC 

concentrations.  When DOC concentrations in stormwater were higher than 10 ppm C, 

the point at which self-catalyization potentially ceases, the LilyPad was able to remove 

DOC at 0.24 ppm C/hr from 22 ppm C to 11 ppm C and at 0.14 ppm C/hr from 14 ppm C 

to 8 ppm C.  At the field-scale, the LilyPad/retention pond combination does well 

compared to other stormwater BMPs at removing heavy metals (Cu(II), Zn(II) and 

Fe(II)), nitrate and DOC from the stormwater at the OGSIR; however, the LilyPad’s 

contribution to the removal is difficult to ascertained due to similar pollutant removal 

during periods when the LilyPad was present versus periods when the LilyPad was not 

present.  Also, the LilyPad was shown to become 50% fouled after 122 hours in 

stormwater at the OGSIR with the percent fouled rising to 80% after 800 hours.  
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Examination of Immobilized TiO2 Nanoparticle Photocatalytic Treatment of 
Stormwater by LilyPads 

1 Introduction 
Stormwater from urban runoff has been shown to be a significant cause for impairment of 

many water bodies (EPA, 1999).  Impairment may be induced by the introduction of various 

pollutants, each having a different ecological effect (Tsihrintzis, 1997).  Moreover, with the 

increasing land-cover change and increasing urbanization, stormwater runoff’s impact will 

inevitably increase (Liu, 2014; Meyer, 1992).   

The effect of stormwater runoff has spurred legislation (e.g. the EPA’s National Pollutant 

Discharge Elimination System (NPDES)) and the subsequent development and adoption of Best 

Management Practices (BMPs) to treat stormwater (NRDC, 2009; Roy-Poirier, 2010).  Although 

there are many different types of BMPs for stormwater runoff, with a lot of attention in the past 

decade going towards optimizing bioretention basins, there is still room for improvement (Liu, 

2014; Roy-Poirier, 2010).  One key short-coming of some current BMPs is the inability to remove 

harmful nitrates, copper and organic carbon with some BMPs seen to introduce more of these 

pollutants than they remove (Barrett, 2005; Database, 2015; Leisenring, 2014; EPA, 1999; Roy-

Poirier, 2010). 

This work evaluates the stormwater treatment potential of Puralytic’s LilyPad in both lab 

and field-scale systems.  Puralytics is an Oregon based company manufacturing water 

purification devices that use the photocatalytic reaction of TiO2 nanoparticles with sunlight or 

UV light to remove pollutants.  The LilyPad is a mesh material laced with the TiO2 nanoparticles 

that floats on top of a body of water to be cleaned.  The LilyPad can potentially remove a wide 

variety of contaminants through photocatalysis and adsorption (Puralytics, 2015).  Additionally, 

by being a floating technology, the LilyPad is resistant to clogging that is typically seen in 

bioretention and other filtration-based systems (EPA, 1999).  The OSU-Benton County Green 

Stormwater Infrastructure Research (OGSIR) Facility, built in Corvallis Oregon at the Benton 

County Public Works, was utilized as the field-scale testing location. 
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1.1 Hypothesis and Objectives 

After conducting a literature review, the potential for TiO2 photocatayltic pollutant removal 

in water treatment was evident (Fujishima, 2008; Hashimoto, 2005; Lee, 2013; Nakata, 2012).  

Therefore, it was hypothesized that the LilyPad would effectively treat stormwater to a quality 

consistent with or better than current BMPs.  Evaluation of the LilyPad technology is based on 

key pollutant water quality categories, including dissolved organic carbon (DOC), heavy metals 

(i.e. copper, zinc and iron), nutrients (i.e. nitrite, nitrate and phosphate), and temperature. 

The specific goals of this project were: 

1) To evaluate pollutant removal from synthetic and collected stormwater in laboratory batch 

assays 

2) To evaluate pollutant removal during field scale trials at the OGSIR  

3) To identify potential applications, maintenance issues and remedies for LilyPad 

deployment. 

1.2 Approach 
The first goal was achieved through laboratory batch performance tests on three different 

LilyPad prototypes.  Each LilyPad prototype contained TiO2 nanoparticles (NPs) but differed in 

two major respects: immobilization substrate material and coatings (aka “finishes”).  The 

immobilization substrate material varied from ceramic (L1), polypropylene (L2), to a 

polypropylene/polyethylene mix (L3).  The LilyPad with a ceramic substrate did not have any 

coatings applied while the other two had several coatings applied in order to increase polymer 

fiber integrity and to improve wettability.  The test were conducted in 2 liter beakers filled with 

either synthetic or collected stormwater.  Samples were taken and evaluated for pollutant 

concentrations (organics, heavy metals, nutrients) and water quality parameters (pH, dissolved 

oxygen [DO], turbidity, conductivity) before, during and after each experiment.  A variety of test 

parameters where examined to determine their influence on LilyPad performance.  These test 

parameters include different types of light sources (sunlight or UV light bulbs), the presence and 

absence of aeration and mixing, and adjusting the initial contaminant concentrations by varying 

the strength of the collected stormwater from 100 % (v/v) down to as low as 5% (v/v) collected 

stormwater.   
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The second goal was achieved by evaluating samples taken from field-scale deployment of 

the LilyPad at the OGSIR.  During the field scale test, 15,000+ liters of well-mixed ponded 

stormwater were treated with 400 sq ft of LilyPad.  Samples were taken approximately twice per 

day to evaluate pollutant concentrations and water quality parameters. 

The third goal was achieved with laboratory batch tests and field tests.  Laboratory test 

were conducted to examine the relevance of deactivation to the LilyPad technology.  Also, 

during field-scale deployment deactivation and maintenance issues were investigated. 

This thesis is split into pertinent sections.  The literature review provides the reader 

background and a basis for experimentation.  Following the literature review is an explanation 

of the materials and methods used in this work.  This is followed by a presentation and 

discussion of the laboratory and field-scale results in terms of their relevance to both the 

scientific community and practicing engineers. 

The conclusion synthesizes the results and suggests future studies as well as suggestions for 

field-scale use of the LilyPad technology.  The appendices include supplemental materials, 

including calculations and procedures.  
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2 Literature Review and Background 

2.1 Stormwater Pollutants and BMPs 

When water travels over the earth’s surface, from a rain event or artificial irrigation, the 

water collects pollutants from a wide range of sources, including roads, highways, commercial 

and industrial sites, residential areas, and agricultural fields.  This polluted water, called 

stormwater runoff, enters water bodies (rivers, lakes, streams and oceans) both via point and 

non-point sources.  The point sources consist of sewer systems, including separate storm sewer 

systems, combined sewer systems and industrial wastewater.  The non-point sources consist of 

sheet flow and discrete, diffuse flows from areas such as parking lots, highways, and farm land.  

The consequences of stormwater flow to water bodies are limits to fishing and recreation due to 

health risks, and negative impacts to the environment (EPA, 1999). 

Historically, and still in many cases, the stormwater drainage infrastructure has focused on 

flood control in urban areas but not on effects to downstream environments and ecologies.  

Only recently has awareness shifted to effects to downstream hydrology and water chemistries 

(i.e. pollutant concentrations and water quality parameters) (EPA, 1999).   

It is important to note that meteorological conditions and land-cover changes can 

significantly impact the quantity and quality of stormwater produced from a rain event.  

Meteorological conditions include the rainfall variability and atmospheric composition of 

particulate matter.  These factors can influence the characteristics of stormwater quality and 

quantity in a given area.  For example, longer dry periods lead to more accumulation of 

pollutants in the air and on the earth’s surface.  It can also result in a hardening of the soil’s 

surface.  Therefore, when a rain event occurs, the stormwater will infiltrate less into the soil.  

This results in higher overland flows with higher pollutant concentrations (aka “first flush”) 

compared to the stormwater that is produced near the end of a wet cycle (EPA, 1999).   

Land-cover changes from urbanization and land cultivation have led to an increase in 

impervious surfaces (e.g. roads, roofs, and concrete walk-ways).  These impervious surfaces lead 

to greater spikes in stormwater runoff hydrology (Figure 2-1).  This phenomena is particularly 

detrimental in receiving water environments that are sensitive to spikes in pollutant loads.  The 

effects of changing hydrology is well documented in the EPA’s report, “Urbanization and 
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Streams: Studies of Hydrologic Impacts.”  In the report, nine cases were studied showing the 

results of changing hydrology with impacts such as flooding, habitat loss, erosion, channel 

widening and streambed alterations (EPA, 2012).  The effect to these water environments may 

be compounded in areas that have combined sewer overflows (CSOs), where spikes in hydrology 

can lead to more overflow events.  These overflows, occurring due to the inability for a 

wastewater facility to accept influent waste streams, contain stormwater as well as untreated 

human and industrial waste, comprised of toxic and harmful pollutants (EPA, 2014). 

 

 

 

Figure 2-1: Impervious effect on runoff 
(EPA, 1999) 
 

There are many pollutants found in stormwater but the pollutant parameters of most 

concern in this work are organics, nutrients, heavy metals and temperature.  Table 2-1 shows 

sources of pollutants and Table 2-2 shows typical concentrations of the pollutants of concern.   
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Table 2-1: Sources of pollutants 
(EPA, 1999) 
 

 

 

Table 2-2: Typical stormwater concentrations 
“Ptot” is total phosphorus (Gobel, 2007) 
 

 
 

Organics typically found in stormwater can be problematic in two important respects: they 

may be oxygen-demanding and they may contain carcinogenic synthetic organic compounds 

Parameter Unit Min Max
COD ppm 63 146
Cu ppb 21 104
Zn ppb 15 2000
Ptot ppm 0.23 0.34

NO3 ppm 0 16

NH4 ppm 0.5 2.3

SO4 ppm 5.1 139
Cl ppm 3.9 669
pH - 6.4 7.9
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(SOCs). Dissolved oxygen (DO) is a major indicator of the health of a body of water, specifically 

for aquatic organisms like fish, with the minimum DO level often set at 5 mg/L.  However, when 

organics are introduced into a body of water, via stormwater, the DO levels may drop due to the 

consumption of oxygen by bacteria as they decompose the organics.  In extreme cases, hypoxia 

with major kill-offs of aquatic life can occur (Masters, 2008).  Examples of oxygen-demanding 

organics typically found in stormwater include animal waste, decomposing plant and animals, 

and industrial waste (e.g. paper mill waste) (EPA, 1999).  Although stormwater compositions 

vary drastically, from source to source, for urban runoff the typical DO concentration is 5 mg/l or 

greater, therefore the impact to dissolved oxygen levels in receiving water bodies is “not 

thought to be substantial” (EPA, 1999). 

With advances in industrial organic chemistry and medicine, SOCs are becoming widely 

used.  SOCs include surfactants, pesticides, herbicides, pharmaceuticals, cosmetics, dyes, and 

industrial chemicals such as 1,4-dioxane and 1,1,1 trichloroethane.   Unlike naturally occurring 

organic compounds that can be biodegraded, most SOCs are resistant to biodegradation.  In 

some cases where a SOC is biodegradable, the daughter products may be similar in toxicity or 

more toxic than the parent compound (Ghatak, 2014; Kralj, 2007).  For example, in a study of 

oxidation of the pesticide Imidacloprid by photo-Fenton reaction, toxic effects remained after 

the parent compound was completely removed, indicating its by-products were also toxic 

(Segura, 2008). 

Nutrients are chemicals necessary for living organisms and include nitrogen, primarily in the 

form of ammonia, nitrite and nitrate, and phosphorus, primarily in the form of phosphate.  One 

of the most important problems with the introduction of high nutrient loads into a water body is 

that they may lead to accelerated eutrophication with subsequent algae blooms and possible 

hypoxia.  Moreover, since nitrogen and phosphorus tend to be the most crucial limiting 

nutrients in regards to growth, their removal from stormwater is highly desired.  Nitrate is 

especially problematic because, in addition to inducing algae blooms, it can lead to 

methemoglobinemia, also known as Blue Baby syndrome.  This can be an issue if the 

stormwater is draining into a body of water that also serves as a source of drinking water.   

Heavy metals refers to metals with a specific gravity greater than 4 or 5, with most of these 

metals being toxic (Masters, 2008).  According to the Nationwide Urban Runoff Program, “heavy 
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metals (especially copper, lead and zinc) are by far the most prevalent priority pollutant 

constituents found in urban runoff” (EPA, 1983a; EPA, 1999).  These metals come from a variety 

sources with industry and automobiles being the primary sources.   

Dissolved copper can have a negative impact on a host of aquatic organisms with 

concentrations as low as 2 ppb impairing the olfactory sense necessary for survival of adolescent 

Coho salmon, a threatened or endangered species in the Endangered Species Act (McIntyre, 

2008; Sandahl, 2007; Silvertooth, 2014).  Zinc is similarly toxic with concentrations of 5.6 ppb 

causing acute effects on salmon in freshwaters (Riedel, 2014). 

Temperature changes, also known as thermal pollution, are also considered a water 

pollutant.  Temperature rises are often associated with industrial wastewaters.  Raises in 

temperature can be detrimental to aquatic life, such as trout and salmon (Masters, 2008).  As 

temperature raises, metabolic activity increases so aquatic animals then need more oxygen but 

at the same time the amount of DO water can hold goes down with rising temperatures.   

 Thus, in order to lower the pollutant load from stormwater runoff before it enters into a 

receiving body of water, BMPs have been developed.  BMPs, also referred to as Low Impact 

Developments (LIDs), may be structural or nonstructural (Liu, 2014; Roy-Poirier, 2010). 

Structural BMPs use engineered devices and systems to treat stormwater, such as curb cuts to 

retention basins, pervious concrete or constructed wetlands.  Nonstructural BMPs use 

maintenance and educational practices, such as street sweeping and outreach programs.  BMPs 

may fall into both categories like the OGSIR, which is an engineered bioretention system that 

treats water and also serves to educate the general public (Figure 2-2).  BMPs, like the OGSIR, 

incorporate infiltration and water detainment to mitigate urban development impacts to 

hydrology, and filtration, plant uptake, plant shading and biodegradation to treat pollutants.   
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Figure 2-2: OGSIR in Corvallis, OR. 
 

The comparison of different types of BMPs as well as the comparison of BMPs within the 

same class is difficult.  BMPs are installed in conditions that vary drastically over time and 

location.  Often comparison is based on simple concentration reduction percentage ( 

Table 2-3) but this can be misleading.  For instance, lower removal percentages may be 

obtained when influent concentrations are low while high removal percentages may be 

obtained when influent concentrations are high.  In this case, BMPs that treat influents with 

higher concentrations may be deemed better performers than BMPs that treat influents with 

lower concentrations even though the latter BMP may performer as well as or better than the 

former BMP given the same influent concentration.  Moreover, concentration reduction 

percentage does not take into account evaporation and evapotranspiration that will raise 

pollutant concentrations.   

As a better alternative, mass pollutant removal has been recommended as a better 

performance indicator (Roy-Poirier, 2010).  Although mass removal may be a better alternative, 

there are still shortcomings to comparisons such as differences in hydraulic residence time and 

pollutant detection limits.  There have been attempts to create better performance indicators 

(Barrett, 2005; Strecker, 2001).  For example, one technique uses linear regression analysis 

based on influent and effluent estimated mean concentrations (EMCs) in order to calculate 

expected percent mass load reductions, which serve as a better means for comparison (Table 

2-4).   
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Table 2-3: Median percent concentration reductions of different BMPs 
(Database, 2015; Leisenring, 2014).  All pollutants are in dissolved form. 
 

Median Percent Removal Based On Concentration 

BMP 
Nitrate 

(mg/L as N) 
Phosphorus 
(mg/L as P) 

Copper 
(µg/L) 

Zinc 
(µg/L) 

Iron 
(µg/L) 

DOC 
(mg/kg) 

Biofilter - Grass 
Strip 27 -233 52 59 -228 -32 Biofilter - Grass 

Swale 8 -23 14 40 NA 

Bioretention -26 NA -11 38 NA 17 

Composite 43 45 56 68 NA NA 

Detention Basin 14 2 40 40 NA -27 

Media Filter -75 6 14 80 NA 7 

Porous Pavement NA -6 -3 89 -42 NA 

Retention Pond 47 48 34 35 -17 0 

Wetland Basin 72 42 36 65 NA NA 
Wetland 

Basin/Retention 
Pond 53 44 29 46 -17 NA 

Wetland Channel 15 -13 NA 18 NA NA 
Manufacturer 

Device  NA  NA NA  NA   NA 11 
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Table 2-4: Expected percent mass load reductions 
(Barrett, 2005). All pollutants are in dissolved form. 
 

 Copper Zinc Nitrate 

BMP 
% mass 

reduction ppb 
% mass 

reduction ppb 
% mass 

reduction ppm N 
Wet 
Basin 50 9 73 32 55 0.42 

MCTT 47 9.5 78 28 -15 1.1 
Delaware 

Filter 45 10 95 8 -45 1.4 

Austin 
Filter 16 15.3 68 39 -35 1.25 

Swales 62 13 73 57 35 1.25 
Strips 73 6.8 70 50 15 1.25 

Extended 
Detention 31 17.6 48 90 37 0.9 

 

After reviewing Table 2-3 and Table 2-4, the possibility of improvement is apparent.  For 

example, Table 2-3 shows many BMPs with low and even negative removal percentages.  

Although these numbers may not be an accurate account of removal (due to evaporation and 

evapotranspiration), they are concerning. Interestingly, the BMPs that one would imagine to 

have the most evaporation (and therefore highest effect to effluent concentration, with rises in 

effluent concentrations), have some of the best removal, such as the retention ponds and 

wetland basins; however, DOC removal was low for the retention pond.  In addition, a BMP that 

has seen considerable attention in the past decade, the bioretention basin has negative 

numbers for nitrate and copper.  Bioretention basin have been shown to produce nitrates even 

on a mass percent basis (Roy-Poirier, 2010). 

Furthermore, even after conducting a technique to compare BMPs more efficiently (Table 

2-4), several BMPs have negative numbers for expected nitrate removal.  Even the multiple 

chambered treatment train (MCTT), an advanced engineered treatment system, had negative 

treatment for nitrate (Pitt, 1999).   
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2.2 TiO2 Photocatalytic Nanotechnology 

TiO2 is an abundant compound in the Earth’s crust and its use as a white pigment goes back 

thousands of years (Hashimoto, 2005).  In more modern times, TiO2 has been used in a myriad 

of consumer products from paints, adhesives, paper, plastics, and ceramics to food colorants, 

pharmaceuticals, sunscreens and toothpaste (TDMA, 2013).  In the 1960s, there was an attempt 

to use TiO2 for photo-electrolysis (splitting) of water for energy production which brought much 

attention during oil crisis of the 20th century (Ochiai, 2012).  Then, during the 1980s research 

into the use of TiO2 had shifted from energy production to environmental applications such as 

self-cleaning surfaces, sterilization, air and water purification (Figure 2-3) (Nakata, 2012).  The 

shift occurred due to the more practical nature of using TiO2 for environmental clean-up than 

energy production (Ochiai, 2012).  There are many reasons TiO2 has been widely used and 

studied: biological and chemical inertness, strong oxidizing abilities, superhydrophilicity, long-

term chemical stability with ability to be recycled, transparency, and low cost with the use of 

sunlight as energy source (Nakata, 2012; Shinde, 2013; Wang, 2013).   
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Figure 2-3: Uses for TiO2 photocatalysis. 
(Nakata, 2012) 
 

TiO2 is a metal oxide semiconductor that exists in three polymorphs: rutile, anatase, and 

brookite.  The stable phase for each of the polymorphs differs with rutile, anatase and brookite 

being more stable above 35, below 11 and between 11 – 35 nm sizes, respectively.  Of the three 

polymorphs, Brookite is rarer and more difficult to prepare so research has focused on anatase 

and rutile (Fujishima, 2008).  Of these two, the anatase polymorph has been shown, from as far 

back as the 1950s, to have higher activity than rutile with more recent studies demonstrating 

anatase’s ability to more readily transport excitons (holes and electrons; explained further 

below) to the surface (Hashimoto, 2005; Luttrell et al., 2014).  Although anatase shows the most 

activity, mixtures of the polymorphs have shown synergistic effects that increase activity 

compared to use of pure polymorphs (Luttrell, 2014).   
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TiO2 utilizes two main processes in environmental remediation: adsorption and 

heterogeneous photocatalysis (Wang, 2013).  Adsorption occurs with the selective accumulation 

of chemicals at liquid/solid phase of the surface of the TiO2 due to both chemical and physical 

processes.  Chemical adsorption refers to adsorption due to a chemical reaction between the 

TiO2 surface and an adsorbate with the formation of new electronic bonds (Oura, 2003).  The 

reaction is dependent on the identity of an adsorbate.  Physical adsorption refers to adsorption 

due to electrostatic forces which results in only small changes in the electronic characteristics of 

the adsorbate and TiO2 (Desjonqueres, 2002).  Chemical adsorption is stronger than physical 

adsorption due to the higher energies involved (Masel, 1996).   

With respect to metal adsorption to metal oxides, the process of adsorption is pH 

dependent with dramatic increases in the rate of adsorption with increases in pH, which is 

portrayed by pH-adsorption edges (Benjamin, 2002).   The dependence on pH is due to aquatic 

constituent speciation and changing oxide surface charge characteristics.  The LilyPad, which 

incorporates 75% anatase, likely has a negatively charged TiO2 surface in our system with 

stormwater pH around 5 to 9.  Examples of pH-adsorption edges for adsorption onto TiO2 of 

Cd(II) and Cu(II), at varying concentrations, are given in (Figure 2-4) (Yang, 1999).   

Although sorption of metal cations to a oxide is based on the tendency for a metal cation to 

undergo hydrolysis reactions which is dependent on acidity of the surface (point of zero charge) 

and specific surface area of metal ions, the general trend of metal adsorption affinity to a metal 

oxide results in the following trend: 

Ca2+ < Cd2+, Ni2+ < Zn2+, Co2+, Cu+ < Cu2+ < Pb2+ < Cr3+, Fe3+, Hg2+ (Benjamin, 2002). 
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       (a)           (b) 

 

Figure 2-4: TiO2 adsorption of (a) Cd(II) and (b) Cu(II).  
Both modeled with a line at different concentrations. 
(Yang, 1999) 
 

Heterogeneous photocatalysis (catalyst surface is different phase as reactant) can be 

described as an advanced oxidation process (AOP) that involves the production of highly 

oxidative species and reducing electrons.  When UV light hits the surface of the TiO2 with an 

energy greater than the semiconductor bandgap, an electron moves from the valance band to 

the conduction band, leaving a hole (h+) in its place (Equation 2-1)(Ghatak, 2014).   

 

2TiO hv e h− ++ → +  Equation 2-1 

 

The hole formed may then diffuse from the valance band, moving on to oxidize hydroxyl 

ions and water (Equation 2-2 and Equation 2-3).  This creates hydroxyl radicals (OH•) that are 

robust in further oxidation of key pollutants or the holes may oxidize adsorbed pollutants 

directly (Equation 2-4) (Augugliaro, 2012).   
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2h H O OH H+ ++ → •+  Equation 2-2 

h OH OH+ −+ → •  Equation 2-3 

h R R+ ++ →  Equation 2-4 

 

The electron may also diffuse from the conduction band and go on to reduce electron 

acceptors in solution.  Oxygen for example may be reduced into a superoxide (Equation 2-5).  

The superoxide may lead to the creation of hydrogen peroxide which then reacts with electrons 

to generate more hydroxyl radicals (Rammohan, 2013).  Additionally, the superoxide may lead 

to the formation of water radicals (Equation 2-6), which along with the superoxide and the 

hydroxyl radicals, are found to be the most active oxidants in the TiO2 photocatalytic process 

(Augugliaro, 2012).  

 

2 2e O O− −+ → •  Equation 2-5 

2 2O H HO− +• + → •   Equation 2-6 

2 2 2 22HO H O O•→ +
  Equation 2-7 

2 2H O OH OH−→ + •   Equation 2-8 

 

 If an electron acceptor is not accessible to the electron, the electron may recombine with 

the hole with an undesired release of heat (Equation 2-9) (Wang, 2013).  This process is not 

desirable for stormwater treatment because the electron and hole are no longer available to for 

reactions to remove pollutants.  Figure 2-5 gives a good schematic of the overall process. 
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2e h TiO heat− ++ → +  Equation 2-9 

 

 

 

Figure 2-5: Schematic of photocatalytic process.  
(Ibhadon, 2013) 
 

With the advent of nanotechnology, it has been seen that when TiO2 is used at the nano 

scale (100 nanometers or less in at least one dimension), the adsorption and photocatalytic 

processes are enhanced due to an increasing surface area to volume ratio and subsequent high 

number of surface active functional groups (Ghasemzadeh, 2014).  Although treatment is best at 

the nanoscale, there is one main difficulty for environmental use of nanoparticles: particles are 

difficult to remove from solution, making reuse difficult.  The removal process involves addition 

of a coagulant, sedimentation and separation of TiO2 NPs.  When TiO2 particles are coagulated 

together, the resultant mass of TiO2 is essentially fouled (explained later) and impossible to 

reuse (Wang, 2013).  This problem is solved with the introduction of nanoparticles into a 
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substrate shell or “interconnected architecture” (Figure 2-6) (Nakata, 2012).  The LilyPad utilizes 

the interconnected architecture, making removal and reuse possible in stormwater treatment. 

 

 

Figure 2-6: TiO2 morphologies 
(Nakata, 2012) 
 

2.3 TiO2 Catalyst Deactivation 

An issue of major importance with photocatalytic processes is deactivation.  The result of 

deactivation is a decrease in the quantum yield, which is the efficiency at which UV light is used 

in the photocatalytic process to degrade target pollutants (Crittenden, 1996).  There are two 

main mechanisms of deactivation that may affect the quantum yield and overall effectiveness of 

the photocatalytic process for TiO2: inhibition and fouling.  Generally, the target pollutant is 

considered organics but here the definitions are expanded to incorporate different target 

pollutants such as heavy metals. 
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Inhibition is defined here as the rate reduction in the degradation of a target pollutant due 

to the presence of a deactivating agent (DA) with no long lasting effect.  There are four main 

mechanisms of inhibition: (1) hindrance of oxidative species (2) hindrance of reductive species, 

(3) competitive reversible adsorption, and (4) UV screening (Chen, 1997).   

Hindrance of oxidative species occurs when these species are involved in any reaction that 

does not result in the degradation of a target pollutant.  For example, holes have been seen to 

be easily reacted or “captured” by iodide (I-), a known hole scavenger.  This renders the holes 

unable to oxidize pollutants or create hydroxyl radicals (Ghatak, 2014; Martin, 1995).  Another 

example of the hindrance of oxidative species mechanism is when hydroxyl radicals react with 

carbonate, bicarbonate, chloride, sulfate, or phosphate.  This reaction creates different radicals 

(carbonate, oxygen, bicarbonate, phosphate radicals) that are not as effective as the hydroxyl 

radical (Equation 2-11 to 2-15) (Ghatak, 2014; Son, 2006; Staehelin, 1985). 

3 2 3OH HCO H O CO− −• + → +•   Equation 2-10 

3 2OH CO OH CO O− −• + • → + + •  Equation 2-11 

3 3OH HCO OH HCO− −• + → +•  Equation 2-12 

2
3 3OH CO OH CO− − −• + → +•  Equation 2-13 

3 2
4 4OH PO OH PO− − −• + → +•  Equation 2-14 

 

Hindrance of reductive species occurs when the electron (from the photocatalytic reaction) 

is used in a reaction that is not intended.  For example, when the aim of treatment is to reduce 

metals, such as copper or zinc, other species in the aqueous matrix that have higher redox 

potentials, such as oxygen, may outcompete the target metals for the reducing electron 

(Canterino, 2008; Chenthamarakshan, 2000; Foster, 1993; Yang, 1999).  Thus, stormwater with 

high oxygen content may render the precipitation of toxic metals (Zn and Cu), via reduction, 

unlikely to happen. 

Competitive reversible adsorption occurs when non target particles adsorb to the catalyst, 

thereby preventing target pollutants from adsorbing.  The adsorption is likely physical and must 

be reversible by reasonable means (cleaning catalyst with water) (Abdullah, 1990; Burns, 1999).  
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Many ions may compete for adsorption sites, including anions (sulfate, phosphate, chloride, and 

carbonate) and cations (Ca2+, Zn2+, Co2+, Pb2+, Cu2+ and Fe3+) (Chen, 1997).   

UV screening refers to the blocking of UV light from the surface of the catalyst, which is 

also known as an inner filter effect.  Turbidity is the main culprit but ions such as Fe3+ may also 

contribute (Sclafani, 1991).  Due to the complexity of different matrices, conditions, and goals of 

remediation some of these inhibitory species have been seen to hinder, have no effect and/or to 

even help processes (Burns, 1999; Chen, 1997; Hu, 2003). 

Fouling is the long-lasting rate-reduction in the removal of target pollutants from a change 

in the catalyst induced by a deactivating agent or poor catalyst design.  There are three main 

mechanisms of fouling.  First, fouling may occur with deposition on catalyst surface.  According 

to a Puralytic’s report, this deposition may be inorganic salts or organic material from 

surfactants and complex aromatic hydrocarbons  Second, irreversible adsorption may occur 

from species such as Co2+, Al3+, Cu2+, Fe3+, Zn2+, Mg2+ and Ca2+ (Ghatak, 2014).    For fouling, 

the adsorption is likely chemical, with strong bonds formed, and the adsorption is only 

reversible by unreasonable means in typical stormwater treatment settings (harsh acid or base 

treatment) (Burns, 1999).  Third, fouling may occur with the physical loss of the catalyst 

material, called attrition.  Attrition may be due to poor substrate adhesion or brittle catalyst.  

There are a few similarities and differences between inhibition and fouling.  Firstly, 

inhibition is dependent on the concentration of deactivating agents (DA) present in an aqueous 

matrix with inhibition only occurring if the deactivating agents are present.  Fouling may also be 

dependent on concentration of deactivating agents present in an aqueous media; however, 

fouling is also dependent on exposure time to a DA and the rate-reduction is long lasting even in 

the absence of the DA.  For example, DAs that deactivate by incremental chemical adsorption or 

surface deposition take time to cover a surface to eventual saturation (Burns, 1999).  The 

concentration of the DA species determines the rate at which the surface will become saturated 

but at low concentrations, time determines the extent of deactivation.  Secondly, Inhibition and 

fouling both depend on pH of the matrix, which will determine the speciation of inhibitory 

species and the charge characteristics of the catalyst (Benjamin, 2002).  Third, pretreatment by 

deionization or an ion-exchange method of an aqueous matrix can prevent both inhibition and 

fouling (Crittenden, 1996).  Fouling prevention also includes catalyst surface modifications 
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(Burns, 1999).   Pretreatment is not practical in stormwater treatment; therefore a regeneration 

method may be a better option. 

2.4 Puralytic’s LilyPad and PurBlue Dye 

2.4.1 Puralytic’s Process 

Based in Beaverton, Oregon, Puralytics, Inc., has created products to purify water using the 

“Puralytics Process”.  This process incorporates five main mechanisms of pollutant removal: 1) 

photocatalytic oxidation, 2) photocatalytic reduction, 3) photadsorption, 4) photolysis and 5) 

photo disinfection (Puralytics, 2015).  According to the company, photocatalytic oxidation occurs 

through the oxidation of organics by hydroxyl radicals created in the reaction between UV light 

and the TiO2 catalyst.  Photocatalytic reduction occurs when toxic metals are reduced to a more 

favorable oxidation state for removal by electrons created by the same reaction between UV 

light and the TiO2 catalyst.  Photoadsorption is a greater degree of adsorption promoted by the 

reaction of UV light and the TiO2 catalyst.  Photolysis is the breakdown of compounds by UV 

light.  Photodisinfection is the lysis of pathogens by UV light.  Photolysis and photodisinfection 

are due to the UV light with no claim made by the company for improvement to these processes 

by the catalysts itself.  On the Puralytic’s website, the Puralytics Process “contaminate coverage” 

is compared to other water treatment processes (Figure 2-7). 
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Figure 2-7: Puralytic’s claim for LilyPad contaminate coverage compared to 
other treatment processes. 
(Puralytics, 2015) 
 

2.4.2 LilyPad 

One of the newest products produced by Puralytics, Inc., and the focus of this research, is 

the LilyPad.  The LilyPad is a mesh material laced with TiO2 catalyst that is placed onto the 

surface of a body of water to be cleaned.  The product is meant for ponds, lakes, open tanks and 

catchment areas, and the performance is dependent on sunlight intensity (Glasscock, 2014).  

The LilyPad cost between $100 - $500 per square meter and one square meter of the LilyPad is 

claimed to reduce contaminants by 1 log value in 1 m3 of water during 1 day of sunlight 

exposure (Owen, 2013; Puralytics, 2015; Schiller, 2014).  These contaminants include pesticides, 

petrochemicals, herbicides, pharmaceuticals, heavy metals, and micro-organisms.  Furthermore, 

the LilyPad is claimed to be reusable, work continuously, destroy pollutants without any waste 

discharge, and take minimal maintenance. 

Currently, three prototypes have been developed by the company (a fourth prototype is 

currently under development). All of the prototypes have photocatalyst that is 75% TiO2 in the 

anatase form and all utilize an interconnected architecture or substrate shell (Section 2.2).  The 
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method of photocatayst immobilization on the shell is proprietary but likely involves a TiO2 NPs 

being injected into a substrate a slurry.   

The differentiation between the LilyPad prototypes is the substrate used for NP 

immobilization and coatings applied during manufacturing.  The first prototype is the ACME 

LilyPad (L1) which utilizes a ceramic substrate sandwiched between two floating semi-rigid 

polyproplyene wafers.  The wafers were needed because the substrate material was not 

buoyant in water. This prototype was the weakest of all the material, with substantial 

deformation occurring with applied pressure.  The second and third prototype are very similar, 

both are buoyant and therefore did not need the floating wafers.  The second prototype, the SE-

H Rev1 (L2), utilizes a fiber substrate composed of polypropylene and its thickness ranged from 

~1 mm to 5 mm.  The third prototype, the SE-H Rev2 (L3), utilizes a fiber substrate blend 

composed of polypropylene and polyethylene and its thickness was more consistent with a 

thickness of ~5 mm.  One key difference that sets L2 and L3 apart from L1 is application of 

coatings, or “finishes”, to L2 and L3 but not L1.  The coatings are applied during manufacture of 

the fiber that makes up the nonwoven fabric.  One set of finishes that is always applied during 

fiber manufacture keeps the fibers from fusing during processing.  Hydrophilic finishes may be 

added to improve wettability since the fibers are naturally hydrophobic due to their non-polar 

composition.  Hydrophilic finishes are generally salts, and substantially removed during the 

coating process.  Some of these finishes are composed of carbonaceous fatty esters.   

2.4.3 PurBlue Dye 

Puralytics uses the degradation of blue dye to demonstrate the effectiveness of the 

paralytic’s process.  Puralytics, Inc. state that the blue dye is a “complex molecule that is hard to 

break down” and that it “represents complex organic chemicals such as pharmaceuticals and 

pesticides which many other technologies, like reverse osmosis, struggle to take out” (Puralytics, 

2014).  When a customer purchases a Puralytics product, the person receives a bottle of PurBlue 

blue dye to use as an indicator that the technology is working properly.  If the blue color 

disappears in a reasonable time frame, the technology is claimed to be working. 

The PurBlue dye is a proprietary blend of Brilliant Blue FCF and glycerin.  Brilliant Blue FCF is 

just one of tens of thousands of commercial dyes, with thousands of different chemical 
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structures, used in the textile, food, pharmaceutical, plastics, paper and ink industries (Gosetti, 

2004; Shahmoradi, 2011).  Moreover, these dyes tend to be stable to light and biorecalcitrant, 

failing to be degradable by microbial life; therefore, conventional municipal and industrial 

biological treatment processes are ineffective at treating these dyes. 

Brilliant Blue FCF is found in many consumer products, including food items such as sweets, 

canned vegetables and drinks; and cosmetic products such as soaps and shampoos 

(Shahmoradi, 2011).  Brilliant Blue FCF belongs to a group of dyes called the Triarylmethane 

dyes, containing a core group of three benzene rings single bonded and surrounding a central 

carbon atom (Shahmoradi, 2011).  A few characteristics of Brilliant blue are found in Table 2-5. 

 

Table 2-5: Characteristics of brilliant blue FCF 
Modified table publication (Shahmoradi, 2011). 
 

 

 

2.5 Literature Review Summary 

There is a wide range of pollutants found in stormwater with the concentrations and 

volumes dependent on meteorological and land-cover characteristics.  Current BMPs treating 

stormwater struggle with removal of nitrate, copper and DOC.  Therefore, there is room for 
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improvement which the LilyPad, with its use of TiO2 photocatalytic technology, may be able to 

accomplish.  One issue that may prevent the LilyPad performance is deactivation. 
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3 Materials and Methods 

3.1 LilyPad 

The LilyPad was described in the Literature Review but specifically for this thesis, the L1, L2 

and L3 prototypes were examined.  The L1 prototype was obtained in pre-cutout round pieces, 

including the wafer floating device sandwiching the ceramic catalyst.  The pieces were then cut 

further, if necessary, to an approximate diameter of 11.6 cm in order to fit inside 2 L beakers.  

The mass of the catalyst varied from approximately 0.5 – 1.0 grams.  The L2 prototype was 

obtained in large sheets and these were cut to 11.6 cm or to 6 cm for some experiments.  The 

thickness of the mesh was not uniform throughout the sheet.  Instead the thickness varied from 

approximately 1 mm to 5 mm.  The mass of the L2 LilyPads varied from 1.5 – 2.5 grams.  Similar 

to the L2, the L3 prototype came in large sheets and they were cut to the 11.6 cm diameter.  The 

thickness of the L3 was much more uniform than the L2, with the thickness being approximately 

6 mm.  The mass of L3 varied from 2.5 – 3.0 grams. 

    
 
Figure 3-1: L1, L2, and L3 cutouts 
 

3.2 Lamp Array 

The lamp array consisted of twenty-four ATR 32 watt backlights fixed to a large wooden 

housing (Figure 3-2).  The housing included an 8’ by 4’ wood slab with the lights fixed to it, four 

3’ 5” 2x4’s for legs and a platform that consisted of stacked crates with a 1.7’ by 4.2’ metal shelf 

on top.  The wood surrounding the lights were covered with aluminum and the platform was 

used to raise the beakers closer to the lights.  When on the shelf, the top of the beakers were 
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~2” from the lights and the LilyPads were 8” from the lights.  The UV intensity was measured 

with a Lutron UV-340A UV light meter and fluctuated from 1600 – 1900 µW/cm2.   

 

 

Figure 3-2: UV lamp array 
 

3.3 Laboratory Analysis Methods 

3.3.1 Dissolved Oxygen 

Dissolved oxygen (DO) was measured using a SENSion DO6 (Hach, Loveland, Colorado) and 

calibration was conducted using a two-step process of spraying the probe with DI water and 

letting the probe equilibrate with air per manufacturer’s instructions.  This calibration was done 

before measuring samples. 

3.3.2 Conductivity and pH 

Both conductivity and pH were measured using an Accumet AR20 panel (Fisher Scientific, 

Pennsylvania) with an Accumet conductivity probe (Fisher Scientific, Pittsburgh, Pennsylvania) 

and an Orion 9156BNWP pH probe (Thermo Fisher, Waltham, Massachusetts).  The conductivity 

probe was calibrated every use with a 960 µS/cm standard per manufacturer’s instructions.  The 

pH probe was calibrated using a pH 4 and 7 buffer per manufacturer’s instructions. 
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3.3.3 Turbidity 

Turbidity was measured using a Portable Turbidimeter 2100P ISO (Hach, Loveland, 

Colorado).  For quality control, 59 NTU and 590 NTU standards were used. 

3.3.4 Solids Analysis 

Solids analysis included total solids (TS), total volatile solids (VS), total suspended solids 

(TSS), total suspended volatile solids (TSVS), total dissolved solids (TDS) and total dissolved 

volatile solids (TDVS).  Method 2540 from Standard Methods for the Examination of Water and 

Wastewater was followed in this analysis (APHA, 2005).  First, a Whatman 0.45 µm glass filter 

and crucibles were cleaned and weighed.  To clean the filters, ~30 mL of DI water was filtered 

through filter, the filter was placed in the 550 ˚C blast furnace for 15 minutes, stored in a 

desiccator and weighed prior to use.  The crucibles were cleaned with soap and DI water, placed 

in the 550 ˚C blast furnace for 15 minutes, stored in desiccator, and weighed prior to use.  

Second, a sample was filtered using the prepared filters.  For TSS, the filters with residue were 

heated in a 105˚C oven for an hour, cooled in a desiccator, and weighed.  The TSS is the weight 

of residue remaining after heating divided by the volume filtered.  Third, for TS and TDS, 

unfiltered and filtered (respectively) sample were poured into crucibles set-up on an 

evaporation bath. Once the liquid was evaporated, the crucibles were placed in the 105 ˚C oven 

for an hour, cooled in desiccator, and weighed.  The TS and TDS were the weight of residue 

remaining after heating divided by the volume of unfiltered and filtered sample, respectively.  

Last, for VS, TDVS and TSVS, the crucibles and filters were then placed into a 550 ˚C blast furnace 

for 15 minutes, cooled in desiccator, and weighed.  The VS, TDVS and TSVS were the weight of 

residue loss after heating divided by the volume of unfiltered and filtered sample, respectively. 

3.3.5 Major Anions 

Major anions of interest in stormwater, including chloride, nitrate, phosphate and sulfate, 

were measured using a DX500 Ion Chromatograph (Dionex, Sunnyvale, California) while 

following EPA method 300.0.  In preparation for calibration curves, ACS grade salts were used 

for standards which included NaCl, KNO3, KPO4, and NaSO4.  A Whatman 0.45 µm glass filter 

was used to filter samples.  Nitrogen gas was used at a pressure of 10 psi.  The eluent was made 
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by dissolving 0.168 grams NaHCO3 and 0.742 grams Na2CO2 into a 2 L volumetric flask.  A 10-15 

minute eluent flush was conducted prior to running samples.  For quality control, a blank and a 

1.0 ppm standard were measured approximately every 6-10 samples. 

3.3.6 Major Cations 

Major cations measured consisted of Ca and Mg, and the heavy metals Cu, Zn and Fe.  

Cations were measured in the dissolved phase using Inductively Coupled Plasma Optical 

Emissions Spectrometer (ICP-OES), following EPA method 200.7 was used was followed (EPA, 

2007).  A Prodigy Inductively Coupled Plasma Optical Emission Spectrometer (ICP-OES; Leeman 

Labs, Hudson, New Hampshire) with axial view was used when measuring concentrations lower 

than 2.0 ppm Fe, 0.5 ppm Cu or 1.0 ppm Zn.  At higher concentrations, a Liberty 150 ICP-OES 

(Varian, Inc.; Palo Alto, California) with radial view was used.  A standard curve was done at the 

beginning of every run.  Standards were made from dilutions of 1000 mg/L AAS standard 

solutions.  Preparation of samples included filtering with a Whatman 0.45 µm glass filter and 

acidifying with ACS grade HNO3 to 1% acid.  For quality control, a DI blank and a standard were 

measured approximately every 10-12 samples. 

3.3.7 Ammonium 

Ammonium was measured using a colorimetric assay adopted from EPA Method 351.2 

(EPA, 1983b).  In preparation for calibration curves, ACS grade (NH4)2SO4 was used.  A standard 

curve was done at the beginning of every run.  For quality control, a DI blank and a standard 

were measured approximately every 10-12 samples.   

3.3.8 Dissolved Organic Carbon 

Dissolved organic carbon (DOC) was measured on a TOC-V carbon analyzer, following the 

CCAL method 20A.3 (Shimadzu; Kyoto, Japan) (CCAL, 2010).  Calibration standards were made 

from potassium hydrogen phthalate and spanned from 0.2 to 7.0 ppm C.  Preparation of 

samples included filtering with a Whatman 0.45 µm glass filter and dilution with DDI water from 

a 1:2 to a 1:20 dilution in order to have sample concentrations fall in the range of the standards.  

For quality control a DI blank and a 1.0 ppm C standard were measured approximately every 10-

12 samples. 



30 
 
3.3.9 Chemical Oxygen Demand 

Chemical Oxygen Demand (COD) was measured using dichromate digestion (Hach, 

Loveland, Colorado) and colorimetric analysis method “CODL00” on the Orion AquaMate 

Spectrophotometer (Thermo Fisher, Massachusetts).  One 100 ppm COD standard was 

measured each test period, which was also used to perform a 1 point adjustment to the 

preprogramed standard curve per manufacturer’s instruction.  The standard was made using 

potassium hydrogen phthalate.   

3.3.10 Blue Dye Absorption 
Degradation of PurBlue dye was measured as absorbance of light at 628 nm.  Absorbance 

was measured using an Orion AquaMate Spectrophotometer (Thermo Fisher, Massachusetts).  

Samples were measured in a 1-cm quartz cuvette that is wiped with a Kim wipe each reading. 

3.3.11 UV Flux 
The UV intensity was measured with a UV-340A light meter (Lutron Electronic Enterprise 

CO.; Taipei, Taiwan). 

3.3.12 General Labware Cleaning Procedures 

Cleaning labware was a four step process.  First, labware was washed of visible 

contamination.  Second, labware was submerged in a 10% (v/v) HNO3 bath for at least 18 hours.  

Third, labware was removed from acid bath, rinsed with Deionized (DI) water and soaked in DI 

water for at least 18 hours. Fourth, labware was removed from DI bath to let dry.  The acid bath 

was changed every year and was made with DI water and ACS grade HNO3. 

3.4 LilyPad One (L1) Preliminary Studies Methods 

3.4.1 L1 General Procedure 
Lab experiments were conducted using L1 LilyPads kept in their floatation plastic wafer and 

cut into circles with a diameter of ~11.6 cm, allowing them to fit into a 2 L beaker and 

completely cover the surface.  The 2 L VWR beakers used were wrapped with aluminum foil to 

increase the uniformity of light entering each reactor.  The beakers were filled with 700 mL of 

solution: either DI water, synthetic stormwater (SSW) or actual stormwater.  The SSW 
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comprised of deionized water (DI water), chloride and NaHCO3 at typical stormwater 

concentrations (35.6 ppm NaCl or 1.0 mM NaCl; 15.9 ppm or 0.19 mM NaHCO3) (Nason, 2012; 

Silvertooth, 2014).  The SSW was adjusted to a pH of ~6.5 using NaOH and/or HNO3.  Four 

conditions were tested: Sun with LilyPads (SwL), Sun without LilyPads (SwoL), No Sun with 

LilyPads (NSwL) and No Sun without LilyPads (NSwoL).   

The beakers were placed in full sun outside Merryfield Hall (OSU) between 11 – 4 pm or in a 

dark cabinet (NSwL and NSwoL) and at night all beakers were stored in the cabinets with the 

plastic tied over the beaker to decrease evaporation. The SwL and SwoL were both in the dark 

approximately during hours 6 to 25 and 30 to 48. Spacers were used to ensure the matrix being 

tested occupied the top of the beaker, thereby gaining the most treatment possible (Figure 3-3).  

The spacer included a cardboard platform and a plastic bag to hold the liquid.  10 mL samples 

were taken at the beginning (~11 am) and end of each day (~4 pm), except the first day when a 

sample is also taken in the middle of the day (~1 pm).  Samples were taken using VWR 

serological pipets, stored in 15 ml VWR centrifuge tubes and then either placed in a freezer at     

-80 ˚C for later laboratory analysis or the samples were tested immediately.  pH and conductivity 

were tested at the beginning and end of each experiment and temperature was measured 

throughout.  To account for evaporation, the volume was recorded at the end of experiments, a 

linear evaporation was assumed, and the concentrations were converted into masses using 

calculated volumes at sample times (Appendix 7.1). 
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Figure 3-3: Heavy metal and nutrient removal test beaker set-up 
 

3.4.2 Heavy Metal Removal 

Heavy metal removal tests with copper, zinc and iron were conducted at relatively high 

concentrations using the L1 LilyPad under sunlight, following the L1 general procedure (Table 

3-1).  The reason for the high metal concentrations was to ensure changes in concentrations 

could accurately be measured via the Liberty ICP-OES.  Each of the metals was tested alone and 

also in a mix together (Table 3-1).   
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Table 3-1: Starting concentrations during metal removal test 
*(No Cl- or NaHCO3). The concentration ranges incorporate every beaker used during test. 

 
Metal Compound Concentration 

Cu* Alone CuSO4 4.7 - 5.2 ppm Cu 0.07 - 0.08 mM CuSO4 
Cu Alone CuSO4 6.0 - 6.1 ppm Cu 0.09 - 0.10 mM CuSO4 
Zn Alone ZnSO4 13.7 - 14.3 ppm Zn 0.21 - 0.22 mM ZnSO4 
Fe Alone FeSO4 15.6 - 16.3 ppm Fe 0.28 - 0.29 mM FeSO4 

Cu, Zn, Fe 
Together 

CuSO4 7.1 - 7.4 ppm Cu 0.11 - 0.12 mM CuSO4 
ZnSO4 11.7 - 12.8 ppm Zn 0.18 - 0.20  mM ZnSO4 
FeSO4 13.7 - 16.3 ppm Fe 0.24 - 0.29 mM FeSO4 

Cu, Zn, Fe 
Together 

CuSO4 70.9 ppb Cu 1.12 µM CuSO4 
ZnSO4 24.6 ppb Zn 0.38 µM ZnSO4 
FeSO4 176.3 ppb Fe 3.16 µM FeSO4 

 

3.4.3 Nutrient Removal Tests 

Nutrient removal tests with chloride, nitrite, nitrate, phosphate, sulfate and ammonium 

were conducted, following the L1 general procedure.  All nutrients were tested together in the 

same beaker (Table 3-2).   

 

Table 3-2: Starting concentrations during nutrient removal tests 
The concentration ranges incorporate every beaker used during test. 
 

Metal Compound Concentration 
Cl- NaCl 25.9 - 32.6 ppm Cl 0.73 - 0.92 mM 

NO2
- NaNO2 3.8 - 4.8 ppm N 0.27 - 0.34 mM 

NO3
- KNO3 5.6 - 7.2 ppm N 0.40 - 0.51 mM  

PO4
3- KH2PO4 3.3 - 4.3 ppm P 0.11 - 0.14 mM 

SO4
2- (NH4)2SO4 8.6 - 11.4 ppm S 0.27 - 0.36 mM  

NH4
+ (NH4)2SO4 13.6 - 14.5 ppm N 0.97 - 1.03 mM 

 

3.4.4 PurBlue Dye Removal Tests 

PurBlue removal tests were conducted with a few differences from the proceeding 

procedures.  First, 500 mL of solution was used and a spacer was not used to raise the solution 

to the top of the beaker.  Instead, the solution tested was added to beakers and rested on the 
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bottom of the beaker.  Second, the lamp array was used instead of natural sunlight.  Under the 

lamp array, the top of the beakers were 2 inches from the lights where there was UV flux 

between 1600 – 1900 µW/cm2.  Third, the LilyPads were rinsed three times before conducting 

test.   

The test was conducted using 250 µL PurBlue dye in 500 mL DI water, with and without the 

presence of the L1 LilyPad (Figure 3-4).  Ten milliliter samples were taken 4 to 5 times within a 

50 hour time period.  These samples were tested for their absorbance at 628 nm (the peak 

absorbance for PurBlue) and their DOC concentrations were measured.  A sample was 

specifically taken when the solution was completely decolorized and again 20 hours later in 

order to see if DOC changed after decolorization.  To account for evaporation, the volume was 

recorded at the end of experiments, linear evaporation was assumed, and concentrations were 

converted into adjusted concentration using calculated volumes at sample times (Appendix 7.1). 

 

  
        (a)           (b) 

 

Figure 3-4: (a) Blue dye test and (b) beakers under UV lamp. 
 

3.5 LilyPad Two (L2) Preliminary Studies and Field Scale Deployment 

3.5.1 L2 General Procedure 

Experiments were conducted in a similar fashion as the L1 general procedure.  There were 

a few main differences and are noted here: 1) the L2 Lilypad was used instead of the L1 LilyPad, 

2) 500 mL of solution was used and a spacer was not used to raise the solution to the top of the 

beaker, 3) the lamp array was used instead of natural sunlight and 4) the LilyPads were rinsed 
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three times before conducting any test.  Moreover, the solution tested was added to beakers 

and rested on the bottom of the beaker.  Under the lamp array, the top of the beakers were 2 

inches from the lights where there was UV flux between 1600 – 1900 µW/cm2.  To account for 

evaporation, the volume was recorded at the end of experiments, linear evaporation was 

assumed, and concentrations were converted into adjusted concentration using calculated 

volumes at sample times (Appendix 7.1). 

3.5.2 Heavy Metal Removal Test 

Metal removal tests with copper, zinc and iron were conducted, following the L2 general 

procedure.  Lower concentrations of metals were tested that were more comparable to 

concentrations we found in stormwater from the OGSIR (Table 3-1).  The metals were tested in a 

mix together, both in SSW and collected stormwater (Table 3-1).  Sampling occurred at the 

beginning and end of each experiment. The metal test in SSW ended within 44.8 hours and the 

experiment with collected stormwater ended within 81.2 hours. 

3.5.3 Nutrient Removal Tests 
Nutrient removal tests with nitrite, nitrate, phosphate, sulfate and ammonium were 

conducted, following the L2 general procedure (Table 3-2).  Each nutrient was tested separately 

in DI water and the beakers were sampled four times in a 120 hour period.    

 

Table 3-3: Starting concentrations of nutrient removal tests (L2) 
 

Constituent Compound Concentration Units Concentration Units 

NO2
- NaNO2 3.2 ppm N 0.23 mM 

NO3
- KNO3 4.4 ppm N 0.32 mM 

PO4
3- KH2PO4 3.3 ppm P 0.24 mM 

SO4
2- (NH4)2SO4 11.3 ppm S 0.81 mM 

NH4
+ (NH4)2SO4 31.0 ppm N 2.22 mM 
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3.5.4 Deactivation Test with PurBlue Dye 

Experiments were conducted using PurBlue dye degradation as an indicator of deactivation.  

The experiments followed the L2 general procedure.  During these experiments different 

aqueous matrices were tested with 250 µL of PurBlue: 11/20 stormwater and DI with specific 

aqueous constituents.  The specific aqueous constituents were added at levels similar to the 

11/20 stormwater sample and the constituents can be broken into three categories: critical ions, 

heavy metals and organics.  Table 3-4 shows the characterization of the 11/20 stormwater 

sample (Sampling procedure in Appendix 7.4) and Table 3-5 shows the starting concentrations 

of the specific aqueous constituents.   
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Table 3-4: 11/20/14 OGSIR stormwater sample characterization. 
 

Water Parameter Amount 95% Confidence Interval 
pH 6.6 - 
Conductivity (ppm) 35.8 - 
Dissolved Organic Carbon (ppm C) 2.9 - 
Chemical Oxygen Demand (ppm COD) 172.5 2.7 
Turbidity (NTU) 90.0 - 
Total Solids (ppm) 240.5 11.6 
Volatile Solids (ppm) 128.7 7.3 
Total Suspended Solids (ppm) 29.6 - 
Total Suspended Volatile Solids (ppm) 18.8 - 
Total Dissolved Solids (ppm) 195.2 7.6 
Total Dissolved Volatile Solids (ppm) 97.3 8.8 
Ammonia (ppm N) 1.1 0.07 
Chloride (ppm Cl) 2.9 0.47 
Nitrate (ppm N) 0.4 0.09 
Phosphate (ppm P) - - 
Sulfate (ppm P)  3.6 0.66 
Copper (ppb Cu) 19.5 0.2 
Zinc (ppb Zn) 42.3 0.5 
Iron (ppb Fe) 428.1 3.9 
Calcium (ppm Ca) 10.9 - 
Magnesium (ppm Mg) 2.9 - 
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Table 3-5: Different aqueous matrices used in deactivation test 
“Separate” denotes compounds were tested separately.  “Together” denotes 
compounds were tested together, in same beaker. (a) Critical ions and heavy metals. (b) 
Organics 
 

 
 Concentration  

 Compound Amount units Amount units 

Separate 

NaCl 3.0 ppm Cl 0.08 mM 
KNO3 0.5 ppm N 0.75 mM 

Na2SO4 3.6 ppm S 0.11 mM 
NH4Cl 1.1 ppm N 0.08 mM 
MgSO4 2.5 ppm Mg 0.10 mM 
CaCl2 9.2 ppm Ca 0.23 mM 

NaHCO3 15.5 ppm 0.19 mM 

Together 

CuSO4 17.8 ppb Cu 0.28 µM 
ZnSO4 18.9 ppb Zn 0.29 µM 
FeSO4 355.6 ppb Fe 6.37 µM 

NaHCO3 35.6 ppm 0.42 mM 
NaCl 15.9 ppm Cl 0.45 mM 

Together 
CuSO4 17.7 ppb Cu 0.28 µM 
ZnSO4 18.9 ppb Zn 0.29 µM 
FeSO4 355.6 ppb Fe 6.37 µM 

Separate 
CuSO4 17.7 ppb Cu 0.28 µM 
ZnSO4 19.2 ppb Zn 0.29 µM 
FeSO4 351.7 ppb Fe 6.30 µM 

           (a) 
   Concentration  

 Name Compound Amount units Amount units Amount units 

Separate 
Sodium Acetate (SA) C2H3NaO2 150.0 ppm COD 60 ppm C 0.94 mM 

Potassium Acid Phtlatate (KHP) C8H5KO4 150.0 ppm COD 60 ppm C 1.55 mM 

         (b) 
 

During the stormwater with dye experiment, 1 mL samples were taken seven times in an 80 

hour period.  During the organics with dye experiment, 1 mL samples were taken 5 times in a 43 

hour period and the pH was adjusted to ~6.5 prior to experiment.   

In addition the organics experiment was conducted again without dye to clarify 

deactivation.  Ten milliliter samples were taken at the beginning and end (~43 hours), and the 

samples were tested for DOC.  
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Reversibility test were conducted on the LilyPads used during the Deactivation tests.  Used 

LilyPads were immediately placed into a beaker containing 500 mL of DI water and 250 µL 

PurBlue dye. One milliliter samples were taken seven times within 70 hours and were tested for 

absorbance at 628 nm.  

3.5.5 Filtered Stormwater Dilutions test 

Experiments were conducted with different dilutions of a stormwater collected on 2/2/15 

(characterization in Table 3-4) both with and without blue dye present.  The experiments 

followed the L2 general procedure.  The stormwater was centrifuged and filtered with a 

Whatman 0.45 µm glass filter, before being diluted with DI water to the following dilutions: 1:10 

dilution, 1:2 dilution, and no dilution.  The beakers “with dye” had 250 µL of PurBlue dye added.  

Ten milliliter samples were then taken 3 to 5 times and tested for DOC.   

Reversibility test were conducted on the LilyPads used during the dilutions test.  Used 

LilyPads were immediately placed into a beaker containing 500 mL of DI water and 250 µL 

PurBlue dye.  One milliliter samples were taken seven times within 70 hours and were tested for 

absorbance at 628 nm.  

3.5.6 Rinse Test 

L2 LilyPads were cut into circles with a diameter of 11.6 cm to mimic LilyPads that were 

used in previous test.   Nine of the L2 LilyPads were placed into a single beaker containing 500 

mL of DI water.  The LilyPads were vigorously squeezed and a 10 mL sample was taken for DOC 

analysis (Rinse # 1).  Following this initial rinse, the water in the beaker was discarded and a 

fresh 500 mL of DI was added.  The LilyPads were rinsed again, as described above, and a 10 mL 

sample was taken for DOC analysis (Rinse # 2).  This process was repeated one more time (Rinse 

# 3).  Three additional L2 LilyPads were rinsed 30 times in 170 mL of water with samples taken 

for DOC analysis (Rinse # 30).   

3.5.7 Long-term Leaching Test 
Several long-term leaching test were conducted, following the L2 general procedure.  

Several conditions were tested: Lilypad in DI only under UV and in dark, LilyPad in stormwater 

under UV, and a catalysts-free LilyPad in DI water under UV.  The catalysts-free Lilypad was the 
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same as a regular LilyPad except it was not impregnated with the TiO2 NPs.  Five hundred 

milliliters of either DI water or stormwater was added to each beaker. The beakers were placed 

under the UV lamp array for 400 hours with approximately seven 10 mL samples taken and 

tested for DOC over that period.  To account for evaporation, the volume of each beaker was 

brought back to 500 mL using DI water and stirred before samples were taken. 

3.6 Field Experiments 

3.6.1 Site Description 
Field experiments were conducted at the OGSIR.  The OGSIR is located at the Benton 

County Public Works, 360 SW Avery Ave, Corvallis, OR 97333.  The Public Works has equipment 

and supplies for construction, repair, and painting of streets, such as piles of asphalt, tanks of 

paint, large machinery, vehicles and a refueling station.  Approximately 100,000 square feet of 

the Public Work’s catchment area, composed of asphalt, roofs and clay ground covered with 

gravel, is funneled into an underground storage tank (Figure 3-6).  As water reaches a height of 

1’ in the underground storage tank, a pump is activated, pumping water into a sedimentation 

basin (Figure 3-6).  When the sedimentation basin fills, the water flows over three 90˚ V-notch 

weirs into 3 channels.  The channels may be closed by clamping a piece of Plexiglas over the 

weirs.  The channels are composed of soil and rock and an underdrain that transports seepage 

water to an outflow pipe.  The LilyPad was tested in Cell 1, described below in Field Site Design. 

The climate of the region allows for substantial rainfall; therefore, there is an opportunity 

to treat large volumes of stormwater.  According to the Oregon Climate Service, the climate of 

Corvallis is a Mediterranean climate with cool, cloudy, wet winters, and warm, sunny, dry 

summers.  The average annual rainfall for Corvallis is approximately 43 inches per year with 

approximately 50 percent that occurring during the period between December and February.   

Cloud cover can be substantial with the average cloud cover exceeding 80 percent during the 

coldest months. January, for example, has an average of approximately 26 cloudy days.  

However during summer, the average cloud cover is less than 40 percent (Taylor, 2015). 
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Figure 3-5: Site stormwater flow.   
Star (          ) designates area that hose was turned on during Field Experiment 3. 
Modified google map (Google, 2015). 
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Figure 3-6: Bioretention facility plan view. 
       designate sampling location for “OGSIR Field Samples” (Appendix 7.4).        designate 
sampling location Field Experiments 1-3. Modified figure (Livingston, 2015). 
 

3.6.2 Field Site Design 

Several modifications were made to Cell 1 to enable the LilyPads to function as intended 

(Figure 3-7).  First, the cell was lined with a 24 mil thick impermeable membrane (BTL Single 

Scrim RPE) in order to prevent interactions between the LilyPad and soil.  This was necessary 

because the soil was predicted to heavily deactivate the LilyPad.  Second, a mixing system was 

installed to increase uniformity throughout the cell.  There is a need for mixing since the 

immobilization of the TiO2 NPs on a substrate shell creates a system that is limited by mass 

transport of a pollutant to the catalyst surface (Chen, 2001).  The system was composed of a 1/4 

HP sump pump (29 GPM; Eco-Flo, Ashland, Ohio) installed in a bucket with ten 1.5” diameter 

holes covered with 3 mm pore sized screens (to prevent pump clogging), located in a small hole 

in the ground along the middle of the west wall (Figure 3-7a).    A 2” rubber coupling connected 

the pump outflow to 2” 40 PVC pipes lining the middle of the Cell.  The pipes had 36 PVC 

threaded McMaster pipe nipples inserted at 45˚ off vertical into holes that were about 2.5’.  
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Water was pumped through these threaded pipe nipples to enhance mixing in the Cell (Figure 

3-7).  A piping network was also installed in order to drain the channel using the same 2” PVC 

pipes connected from the pump to the overflow pipe.  A pipe tee was connected to two valves 

which could be opened/closed for mixing or draining.  In order to easily determine the volume 

of the cell through time, volume of the cell was correlated to height measured on a ruler 

installed at the south end of the cell, near the outflow (Figure 3-7a).  Several measurements 

were made along the cell in order to make this correlation in Excel (Appendix 7.2).  The volume 

in the middle trench that contains the mixing pipe was assumed negligible and therefore was 

not included volume.  The maximum volume of Cell 1 is 19,000 L. 
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            (a)           (b) 

 

           

                 (c)              (d) 

 

Figure 3-7: Field site design: (a) full cell, (b) pump, (c) north end, and (d) south 
end. 

3.6.3 Field Experiment Sampling 

Samples were taken from the north, middle and south section of Cell 1 (Figure 3-6).  

Samples were immediately taken back to the lab for analysis and storage preparation.  

Immediately DO, turbidity, conductivity and pH were measured and samples were prepared for 

DOC, anion, and cation analysis.  Preparation involved filtering samples with a Whatman 0.45 
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µm glass filter and acidifying to 10% acid (v/v) with HNO3 for cation analysis.  The prepared 

samples were then stored at 4˚C for later analysis.  The remaining sample was either 

immediately analyzed for solids, stored at 4˚C for later analysis, or frozen at -80 ˚C.   

3.6.4 Field Experiment 1 

During Field Experiment 1 (FE1), eight 5’ x 10’ L2 LilyPads were deployed, only three were 

new and were referred to as “clean”.  Five of the eight were used in a prior experiment in Cell 1 

before the cell was lined and these were referred to as “dirty” LilyPads (Figure 3-8).  During this 

unlined experiment, the “dirty” LilyPads sat in mud for days and at the end these LilyPads were 

rinsed with a hose and stored in the Merrifield attic for several months.  However, the rinsing 

was not able to remove all of the dirt and mud from the LilyPads.   

 

   

 

Figure 3-8: LilyPads from prior test with direct contact to soil. 

 

The following procedure was conducted for FE1.  A blue dye performance test was 

conducted with cutouts from the “clean” and “dirty” LilyPads in order to gauge the “dirty” 

LilyPads activity.   During this test, 25 µL of dye and 500 mL of DI water was put into a beaker 

wrapped in foil.  The LilyPads were inserted in the solution and the absorbance was measured at 

628 nm several times during 5 hours.  The five “dirty” LilyPads were each rinsed for 5 minutes 

while the “clean” LilyPads were not rinsed.  The LilyPads were attached on top of a plastic wafer 
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floating device that was just a few inches longer than the LilyPads on each side.  Cutouts of each 

field LilyPad were made with an 11.6 cm diameter and these cutouts were periodically taken 

back to the lab for a performance test in order to gauge deactivation of field LilyPads.  The 

mixing pump was set to pump from 6 am to 6:30 pm. 

Cell one was filled at 6 pm May 24th by covering the weirs of Cell 2 and Cell 3 with Plexiglas 

and turning on pump in underground tank.  Stormwater pumped into the sedimentary basin 

where it would overflow into Cell 1.  After reaching a volume of 16634 L, samples were taken. 

Field LilyPads were installed at 7 pm May 24th in a line down the channel, connecting the 

corners to the cell with fishing line (Figure 3-9).  Samples were taken at the beginning (~8:30 am) 

and end (~6 pm) of each day with the last sample taken on May 31 at 5 pm.  

3.6.5 Field Experiment 2 

During Field Experiment 2 (FE2), eight new 5’ x 10’ L2 LilyPads were deployed.  The 

following procedure was conducted for FE2.  The field LilyPads were each rinsed twice for 5 

minutes and attached on top of a plastic wafer floating device that was just a few inches longer 

than the LilyPads on each side. Cutouts of each field LilyPad were made with an 11.6 cm 

diameter and these cutouts were periodically taken back to the lab for a performance test in 

order to gauge deactivation of field LilyPads.  The mixing pump was set to pump from 6 am to 

6:30 pm. 

Cell one was filled at 6 pm June 2nd by covering the weirs of Cell 2 and Cell 3 with Plexiglas 

and turning on pump in underground tank.  Stormwater pumped into the sedimentary basin 

where it would overflow into Cell 1.  After reaching a volume of 18075 L, samples were taken.  

Field LilyPads were installed at 11:25 am June 4th in a line down the channel, connecting 

the corners to the cell with fishing line (Figure 3-9).  Samples were taken at the beginning (~8:30 

am) and end (~6 pm) of each day with the last sample taken on May 31 at 5 pm.  

3.6.6 Field Experiment 3 

During Field Experiment 3 (FE3), eight new 5’ x 10’ L2 LilyPads were deployed.  The 

following procedure was conducted for FE3.  Slits were cut into the LilyPad.  Slits were 1.5 - 2” in 

length, 8” apart vertically, and 6” apart horizontally.  The field LilyPads were each rinsed three 

times in a kid pool and attached on top of a plastic wafer floating device that was just a few 
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inches longer than the LilyPads on each side. Cutouts of each field LilyPad were made with an 

11.6 cm diameter and these cutouts were periodically taken back to the lab for a performance 

test in order to gauge deactivation of field LilyPads.   

Due to lack of precipitation before FE3 and the suitability of our excel basin volume 

calculator at concentrations higher than 9600 L, there was a need to fill Cell 1 with stormwater 

and irrigation water.  The stormwater was stored in the underground tank and sedimentary 

basin for several weeks, moving from the sedimentary basin to the underground tank several 

times.  Samples were taken from this stormwater and calculations were made to ensure diluted 

stormwater would be in an acceptable pollutant concentration level conducive to prior FEs.  

After a small rain event, cell 1 was filled starting at 9 am on 8/14/15 by covering the weirs of Cell 

2 and Cell 3 with Plexiglas and turning on pump in underground tank.  Stormwater pumped into 

the sedimentary basin where it would overflow into Cell 1.  The mixing pump was unattached 

and used to pump the remaining stormwater in the sedimentary basin into Cell 1.  To fill the cell 

further, irrigation water was allowed to run over a paved surface of the Benton County Public 

Work’s facility into drains that went to the underground tank and pumped into the cell (Figure 

3-5).  After reaching a volume of 15600 L, composed of a 3900 L stormwater and the rest 

irrigation water, a nitrate mixture was added to the cell by dumping 500 mL of a solution 

(containing 121.4 g of NaNO3 diluted in DI water) along the middle of the cell.  The mixing 

pumps were set to mix throughout the night and the next day the mixing pump was set to pump 

from 6 am to 6:30 pm. 

The next morning at 9:30 am (8/15/15) sampling started.  Field LilyPads were installed at 

9:11 am on 8/19/15 in a line down the channel, connecting the corners to the cell with fishing 

line (Figure 3-9).  Samples were taken at the beginning (~9 am) and end (~4 pm) of each day.  

The experiment is still ongoing but the last sample considered in this work was taken on 8/28/15 

at 7:25 am.   
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Figure 3-9: Installation of LilyPads at the OGSIR 
 

3.6.7 Field Experiment Cutouts 

 Reversibility test were conducted on the LilyPad cutouts from field experiments.  LilyPad 

cutouts were conducted on L1, L2, and L3 LilyPads.  There were three types of test conducted: 

“no rinse”, “rinse” and “rinse/soak”.  For all the test, the L2 general procedure was followed.  

The cutouts were tested in a solution of 500 mL DI water and 25 µL PurBlue dye.  One milliliter 

samples were taken seven times within 10 hours and were tested for absorbance at 628 nm. 

The distinction between the tests was the preparation before placing into the dye solution.  For 

the “no rinse,” cutouts were immediately placed in the dye solution.  For the “rinse,” cutouts 

were thoroughly rinsed in DI water with three successive flushes.  For “rinse/soak,” the cutouts 

went through the “rinse” procedure before and after a soak for at least a 12 hour in DI water.  

The percent deactivation was used to compare the cutouts (Appendix 7.3). 
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Cutouts were also cut from field LilyPads that had undergone a cleaning cycle.  First, after 

FE1 (167 hours), field LilyPads had time to dry before being washed in a machine with no soap.  

Cutouts were made from two spots of the washed field LilyPads: a visible stained spot and a 

spot that looked visible clean.  Second, after FE2 (845 hour), field LilyPads had time to dry before 

being soaked in irrigation water.  Cutouts were made before and after soaking.  Third, the same 

field LilyPads that were soaked in irrigation water were washed in the washing machine.  

Cutouts were made before and after the washing machine wash.  
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4 Results and Discussion 

The results and discussion is organized into three sections. The first section covers 

preliminary studies with the first LilyPad prototype (L1): heavy metal removal, nutrient removal, 

and decolorization of PurBlue correlation to DOC mineralization.  The second section covers 

preliminary studies with the second LilyPad prototype (L2): organic removal, heavy metal 

removal, nutrient removal, PurBlue dye removal, LilyPad deactivation, LilyPad leaching and self-

catalyst. The third section covers field scale deployment of the second LilyPad prototype: heavy 

metal removal, DOC removal, nutrient removal, LilyPad deactivation and comparison to other 

BMPs.   

4.1 LilyPad One (L1) Preliminary Studies 

Heavy Metal Removal Test - Individually 

The first generation LilyPad (L1) was tested individually with dissolved copper, zinc and 

iron. The starting concentrations and mass loadings are given in Table 4-1: Heavy metal removal 

test starting concentrations and mass loadings. 

 

Table 4-1: Heavy metal removal test starting concentrations and mass loadings 
(L1). 
*Only DI water (No NaCl or NaHCO3). Starting Concentration was 700 mL.  pH was 6.5 
 

Metal Compound Concentration Mass 
Cu* CuSO4 4.7 - 5.2 ppm Cu 0.07 - 0.08 mM CuSO4 3.5 - 3.6 mg Cu 
Cu CuSO4 6.0 - 6.1 ppm Cu 0.09 - 0.10 mM CuSO4 4.3 mg Cu 
Zn ZnSO4 13.7 - 14.3 ppm Zn 0.21 - 0.22 mM ZnSO4 9.8 mg Zn 
Fe FeSO4 15.6 - 16.3 ppm Fe 0.28 - 0.29 mM FeSO4 11.2 - 11.3 g Fe 

During the metal tests, removal occurred during all the conditions and several mechanisms 

of removal are proposed.  Removal during NSwoL conditions may be due to precipitation of 

metals and/or adsorption of the metals to the plastic bag lining the beaker.  Removal during 

NSwL may be due to adsorption of the metals to the TiO2 NPs as well as the mechanisms for 

NSwoL.  Removal during SwoL may be due to precipitation and possible reduction/deposition of 

the metals due to UV light as well as the mechanisms for NSwL and NSwoL.  Removal during SwL 

conditions may be due to photoreduction of the metals and deposition onto the TiO2 surface as 

well as the mechanism for SwoL, NSwL, and NSwoL (Litter, 1999). 
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For the first test with dissolved copper (with no NaHCO3 and NaCl), the removal of 

dissolved copper in the SwL was substantial with 95% removed after 55 hours (Figure 4-1).  The 

data for the SwoL was very variable but the trend indicates about 60% removal.  Therefore, only 

45% of total dissolved copper removal may be attributed to the LilyPad/sunlight combination.  

In addition, the NSwL had 87% removed while the NSwoL was very variable with about 55% 

removal observed.  Therefore, the LilyPad in dark combination can be credited with 32% 

removal.  Furthermore, when comparing the SwL with the NSwL, only 8% of removal can be 

credited to the combination of sunlight with the LilyPad or the (i.e. photocatalytic effect).   

 

 

Figure 4-1: Copper removal from DI water (with no NaHCO3 and NaCl) (L1)  
Starting concentration was 4.7 - 5.2 ppm Cu and starting pH was 5.6.  No addition of 
NaHCO3 and NaCl.  Total elapsed time includes nights.  Error bars represent 95% 
confidence intervals.  Sun with LilyPads (SwL), Sun without LilyPads (SwoL), No Sun with 
LilyPads (NSwL) and No Sun without LilyPads (NSwoL). 

 

For the second test with dissolved copper (with the addition of NaHCO3 and NaCl; labeled 

with a “(SSW)” in Figure 4-2), the removal by the SwL in SSW was less than in DI water with 88% 

removed at hour 23 as opposed to 93% removed at hour 25.  In addition, the amount removed 

by NSwL in SSW at hour 23 was 87% and 64% removed for NSwL in DI water at hour 23.  The 

difference may be due to the addition of the NaHCO3 and NaCl though the mechanisms is not 
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clear.   The photocatalytically formed electron is proposed to be responsible for removal of the 

copper so it is not clear how the NaHCO3 and NaCl would interact with the electron (Litter, 

1999; Satyro, 2014). 

 

 

 

Figure 4-2: L1 copper removal from DI water and SSW (L1).   
Starting concentration was 6.0 – 6.1 ppm Cu and starting pH was 5.8 for copper removal 
with NaHCO3 and Cl.  Starting concentration was 4.7 - 5.2 ppm and starting pH was 5.6 
Cu for copper removal with no NaHCO3 and Cl.  Copper removal given as fraction of 
starting mass.  Total elapsed time includes nights.  Error bars represent 95% confidence 
intervals.  Sun with LilyPads during copper removal in DI water (“SwL (DI)”), Sun with 
LilyPads for copper removal in SSW (“SwL (SSW)”), No Sun with LilyPads for copper 
removal in DI water (“NSwL (DI)”) and No Sun with LilyPads for copper removal in SSW 
(“NSwL (SSW)”). 
 

For the test with dissolved zinc, the removal of dissolved zinc in the SwL was substantial 

with 51% removed after 54 hours and 18% removed for the SwoL (Figure 4-3).  Therefore, 33% 

of total dissolved zinc removal may be attributed to the LilyPad.  In addition, the NSwL had 42% 

removed while the NSwoL had 15% removed.  Therefore, the LilyPad in dark combination can be 

credited with 27% removal.  Furthermore, when comparing the SwL with the NSwL, only 9% of 

removal can be credited to the combination of sunlight with the LilyPad or the photocatalytic 

effect.  Also, when comparing SwoL and NSwoL, sunlight alone can be credited with 3% removal.  
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These findings are in contrast to a study with a similar system that found no dissolved zinc 

removal in the dark and only 3% removal photocatalytically; however, the starting pH in the 

study was 8.4 while the pH for the dissolved zinc removal test in Figure 4-3 was 5.9 (Kabra, 

2008).  At a pH of 8.4 zinc is mainly in the neutral Zn(OH)2 species which has no affinity for the 

TiO2 surface (Kabra, 2008).  At pH 5.9 zinc is more likely to be in a divalent state (Zn2+) with 

electrostatic affinity for the TiO2 surface. 

 

 

 

Figure 4-3: Zinc removal from SSW over 54 hrs.  
Starting concentration was 13.7 – 14.3 ppm Zn and starting pH was 5.9.  Total elapsed 
time includes nights.  Error bars represent 95% confidence intervals.  Sun with LilyPads 
(SwL), Sun without LilyPads (SwoL), No Sun with LilyPads (NSwL) and No Sun without 
LilyPads (NSwoL). 
 

For the test with dissolved iron, the removal of dissolved iron in the SwL was substantial 

with 81% removed after 54 hours and 16% removed for the SwoL (Figure 4-4).  Therefore, a 65% 

of total dissolved iron removal may be attributed to the LilyPad.  In addition, the NSwL had 13% 

removed while the NSwoL had 8% removed.  Therefore, the LilyPad in dark combination can be 

credited with 5% removal.  Furthermore, when comparing the SwL with the NSwL, 68% of 
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removal can be credited to the combination of sunlight with the LilyPad or the photocatalytic 

effect.  Also, when comparing SwoL and NSwoL, sunlight alone can be credited with 8% removal.   

 

 

 

Figure 4-4: Iron removal from SSW (L1).  
Starting concentration was 15.6 – 16.3 ppm Fe and starting pH was 5.6.  Total elapsed 
time includes nights.  Error bars represent 95% confidence intervals.  Sun with LilyPads 
(SwL), Sun without LilyPads (SwoL), No Sun with LilyPads (NSwL) and No Sun without 
LilyPads (NSwoL). 
 

4.1.1 Heavy Metal Removal Test - Together 
Metals were tested together (Cu, Zn, and Fe) to see how the removal efficiencies of these 

metals compared to one another when they were all present simultaneously.  The results of the 

mixed metals test in Sunlight with LilyPad (SwL mix) are compared with the results of the test 

with metals present individually in Sunlight with Lilypad (SwL single) (Figure 4-5, Figure 4-6 and 

Figure 4-7).  
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 Table 4-2: Starting concentrations of mixed metals test 
 

Metal Compound Concentration Mass 

Cu, Zn, Fe 
Together 

CuSO4 7.1 - 7.4 ppm Cu 0.11 - 0.12 mM CuSO4 5.0 - 5.1 mg Cu 

ZnSO4 11.7 - 12.8 ppm Zn 0.18 - 0.20  mM ZnSO4 8.3 - 8.7 mg Zn 

FeSO4 13.7 - 16.3 ppm Fe 0.24 - 0.29 mM FeSO4 9.7 - 10.9 mg Fe 

Dissolved copper removal was decreased drastically from 95% removed during individual 

metal test to 5% removed during mixed metal test (Figure 4-5).  The starting concentration 

during the test were different: 4.7 – 5.2 ppm Cu for the first test with copper alone (Alone 

8/27*), 6.0 – 6.1 ppm Cu for the second test with copper alone (Alone 9/8) and 7.1 – 7.4 ppm Cu 

for mixed metals test.  Also there was no bicarbonate or chloride added to the test with copper 

alone (Alone 8/27*).   

 

 

 

Figure 4-5: Copper removal from DI and SSW with copper individually and SSW 
with copper, zinc and iron (L1).   
Starting copper concentration was 7.1 – 7.4 ppm Cu and starting pH was 5.8.  Total 
elapsed time includes nights.  Error bars represent 95% confidence intervals.  All were 
Sun with LilyPads.  Mixed metals (Mix), copper alone with no NaHCO3 and NaCl (Alone 
8/27*), copper alone with NaHCO3 and NaCl (Alone 9/8), and mixed metals with iron 
laden LilyPads (Mix FeSwL).  



56 
 

 

Dissolved zinc removal also decreased from 51% removed during individual metal test to 

21% removed during mixed metal test. (Figure 4-6).  The starting concentration during the test 

were different: 13.7 – 14.3 ppm Zn for the test with zinc alone and 11.7 – 12.8 ppm Zn for mixed 

metals test.   

 

 

 

Figure 4-6: Zinc removal from SSW with copper individually and SSW with 
copper, zinc and iron (L1).   
Starting zinc concentration was 11.7 – 12.8 ppm Zn and starting pH was 5.8.  Total 
elapsed time includes nights.  Error bars represent 95% confidence intervals.  All were 
Sun with LilyPads.  Mixed metals (Mix), iron alone (Alone), and mixed metals with iron 
laden LilyPads (Mix FeSwL).  
 

Dissolved iron removal increased from 81% removed during individual metal test to 89% 

removed during mixed metal test (Figure 4-7).   The starting concentration during the test were 

only slightly different: 15.6 – 16.3 ppm Fe for the test with iron alone and 13.7 – 16.3 ppm Fe for 

mixed metals test.   Again, the controls also changed and the most drastically for the three 

metals.  For the SwoL controls, there was 16% removal in dissolved iron during individual test 

and 84% removal during the mixed test.  Precipitation and settling were the obvious 
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mechanisms of removal for the iron in the mixed SwoL after observation of the beakers at the 

conclusion of the mixed test (Figure 4-8c).  As for the SwL and the FeSwL, there did not appear 

to be much settling.   

The difference between metal removal during the single metal tests and the multiple metal 

tests suggests that there is a strong competition for the binding sites on the LilyPads between 

iron, copper and zinc with iron dominating.   

 

 

 

Figure 4-7: Iron removal from SSW with iron individually and SSW with copper, 
zinc and iron (L1).   
Starting iron concentration was 13.7 – 16.3 ppm Fe and starting pH was 5.8.  Total 
elapsed time includes nights.  Error bars represent 95% confidence intervals.  All were 
Sun with LilyPads.  Mixed metals (Mix), iron alone (Alone), and mixed metals with iron 
laden LilyPads (Mix FeSwL).  
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         (a)      (b) 

  
(c) 

 
Figure 4-8: Settled Iron during mixed metals test (L1). 
(a) Top left is SwL. Top right is SwoL. Bottom left is NSwL. Bottom right is FeSwL. (b) 
Same as “a” but without LilyPad. (c) Close up of SwoL. 
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4.1.2 Nutrient Removal Test 

The LilyPad (L1) was tested for ability to remove dissolved chloride, sulfate, nitrite, nitrate 

and ammonia from SSW containing a mix of all the nutrients together (Table 4-3 and Figure 4-9).  

Phosphate was the only nutrient tested that the LilyPads were able to remove in a statistically 

significant fashion (Figure 4-10).   

  

Table 4-3: Starting concentrations of nutrients test in SSW (with 15.9 ppm 
NaHCO3) (L1). 
 

Constituent Compound Concentration Units Concentration Units 
Cl- NaCl 25.9 - 32.6 ppm Cl 0.73 - 0.92 mM 

NO2
- NaNO2 3.8 - 4.8 ppm N 0.27 - 0.34 mM 

NO3
- KNO3 5.6 - 7.2 ppm N 0.40 - 0.51 mM 

PO4
3- KH2PO4 3.3 - 4.3 ppm P 0.11 - 0.14 mM 

SO4
2- (NH4)2SO4 8.6 - 11.4 ppm S 0.27 - 0.36 mM 

NH4
+ (NH4)2SO4 13.6 - 14.5 ppm N 0.49 - 0.52 mM 
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   (a)       (b) 

       

                 (c)                (d) 

 

   (e) 

Figure 4-9: Nutrient removal test in SSW with (a) chloride, (b) sulfate, (c) 
nitrite, (d) nitrate  and (e) ammonia (L1) . 
Starting pH was 5.8. Includes 15.9 ppm NaHCO3. 
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The removal of phosphate in the SwL was substantial with 33% removed after 54 hours and 

11% removed for the SwoL (Figure 4-10).  Therefore, a 22% of total dissolved phosphate 

removal may be attributed to the LilyPad.  Furthermore, when comparing the SwL with the 

NSwL, 10% of removal can be credited to the combination of sunlight with the LilyPad or the 

photocatalytic effect.   

Removal of phosphate by TiO2 NPs have been reported (Alshameri, 2014; Moharami , 2014; 

Xie, 2014).  Using zeta potential, FTIR, XRF and EDS analyses, the main adsorption mechanism 

for phosphate onto TiO2 has been shown to be electrostatic with the replacement of surface 

hydroxyl groups (T/OH) by phosphate (Alshameri, 2014). 

 

 

 

Figure 4-10: Phosphate removal from SSW (L1).   
Starting concentration was 3.3 – 4.3 ppm P.  Phosphate removal given as fraction of 
starting mass.  Total elapsed time includes nights.  Error bars represent 95% confidence 
intervals.  Sun with LilyPads (SwL), Sun without LilyPads (SwoL), No Sun with LilyPads 
(NSwL) and No Sun without LilyPads (NSwoL). 
 

4.1.3 Temperature Rise Caused By LilyPad 

During the metal removal experiments in the sunlight, the temperature was measured.  

The temperature of the beakers with a LilyPad (SwL), were always higher.  Figure 4-11 shows a 
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graph of temperature of each condition (Sun with LilyPads (SwL), Sun without LilyPads (SwoL), 

No Sun with LilyPads (NSwL) and No Sun without LilyPads (NSwoL)) during the first copper 

removal experiment.  The Lilypad’s presence in the sun raised the temperature by 5%.  Since 

there is a current TMDL for temperature for parts Willamette River Basin, this finding is 

particularly pertinent locally (EPA, 2011).   

 

 

 

Figure 4-11: Temperature rise during first copper removal test in DI water (L1). 
Total elapsed time only includes daylight hours.  Error bars represent 95% confidence 
intervals.  Sun with LilyPads (SwL), Sun without LilyPads (SwoL), No Sun with LilyPads 
(NSwL) and No Sun without LilyPads (NSwoL). 
 

4.1.4 PurBlue Dye Removal Test 

Degradation of PurBlue dye was tested with and without the presence of the LilyPad.  With 

the presence of the LilyPad, 82% removal of the dye’s DOC was attained with 0% absorbance 

within 48 hours (Figure 4-12). Without the presence of the LilyPad, only 5% DOC removal was 

attained within 43 hours while absorbance was 50% of starting absorbance (Figure 4-13). 
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Figure 4-12: UV degradation of blue dye with no LilyPad. 
Error bars represent 95% confidence intervals. 
 

 
 
Figure 4-13: Blue dye test and DOC (L1). 
Starting absorbance was 1.2 and starting DOC was 9.08 ppm C.  Blue dye removal is 
given as fraction of starting absorbance and DOC. Error bars represent 95% confidence 
intervals. 
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Puralytics uses dye decolorization as an indication of LilyPad performance and/or 

deactivation.    Today the use of blue dye degradation as an indicator of photocatalytic 

performance is wide spread and in general the quality of treated dye wastewaters is often times 

gauged by the decolorization of water (Rochkind, 2015; Shahmoradi, 2011).  Although this may 

be a good indication of some degradation, the decolorization does not indicate complete 

mineralization of a compound.  The test with a PurBlue dye solution under UV lamp illustrates 

this clearly with a 50% reduction in absorbance while only a 5% reduction in DOC (Figure 4-12).  

 According to a study by Gosetti (2004), color loss alone is the consequence of a 

transformation of a chromophoric group to a non-chromophoric group that may still be heavily 

carbonaceous (Gosetti, 2004).  Specifically for E133 Brilliant Blue FCF, color loss has been seen 

after the loss of the sulphonate groups with the intermediate (intermediate II) formed still 

containing about 70% of starting carbon matter (Figure 4-14)(Gosetti, 2004).   

However, decolorization was, in fact, well correlated to DOC removal, with 82% DOC 

removal with complete decolorization (Figure 4-13).  This is in agreement with the study of the 

oxidative degradation of E133 Brilliant Blue FCF by persulfate under sunlight which found a 71% 

decrease associated with decolorization (Gosetti, 2004).  The study also hypothesized that the 

remainder of carbon left was found in the intermediate II (Figure 4-14).  Since the LilyPad was 

able to lower the DOC by more than 30% (this is the percent loss associated with the 

transformation to intermediate II), we can conclude the LilyPads is also able to degrade the 

intermediate II.   
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Figure 4-14: Brilliant blue FCF dye degradation to intermediate II 
(Gosetti, et al., 2004) 
 

4.2 LilyPad Two (L2) Preliminary Studies and Field Scale Deployment 

4.2.1 Heavy Metal Removal Test – Synthetic and Actual Stormwater 

Metals were tested together (Cu, Zn, Fe) with the second prototype (L2), under the UV 

lamp array with synthetic stormwater as well as actual stormwater.  The concentrations tested 

during the synthetic stormwater test (Table 4-4) are more similar to the concentrations found at 

the OGSIR (Table 3-4) compared to the concentrations tested in the metal removal test with the 

L1 (Table 4-2).   
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Table 4-4: Metal removal test starting concentrations (L2). 
 

Metal Compound Concentration Mass 

Cu, Zn, Fe 
Together 

CuSO4 70.9 ppb Cu 1.12 µM CuSO4 35.4  µg Cu 

ZnSO4 24.6 ppb Zn 0.38 µM ZnSO4 12.3 µg Zn 

FeSO4 176.3 ppb Fe 3.16 µM FeSO4 140.7 µg Fe 

Cu, Zn, Fe 
Together 

11/20 
Stormwater 

Sample 

46.9 ppb Cu    23.4  µg Cu 

48.8 ppb Zn     24.4 µg Zn 

423.9 ppb Fe     212 µg Fe 

 

For the synthetic stormwater test, after 44.8 hours, 25% dissolved copper and 43% 

dissolved iron was removed; dissolved zinc rose above the starting mass which indicates 

possible contamination (Figure 4-15).  In contrast, during the mixed metals test with the L1 

LilyPad, there was no removal of dissolved copper, 21% dissolved zinc removal and 89% of 

dissolved iron removal (Figure 4-5, Figure 4-6, and Figure 4-7).  The higher removal of dissolved 

copper during the test with the L2 LilyPad is likely due to less competition from iron since iron 

was present at lower concentrations during the test with the L1 LilyPad.  The lower removal of 

dissolved iron during the test with the L2 LilyPad is likely due to the concentration dependence 

of its kinetics (likely 1st or 2nd order) since the concentrations of iron was lower during the test 

with the L2 LilyPad. 
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Figure 4-15: Metal removal from SSW (L2).   
Error bars represent 95% confidence intervals. 
 

For the collected stormwater test, after 81.2 hours, 75% dissolved copper was removed 

while no dissolved iron or zinc removal occurred (Figure 4-16).  The increase in dissolved copper 

removal in collected stormwater versus synthetic stormwater may be due to the extended time 

period (double) or the presence of hole scavengers (DOC) in the stormwater that limit the 

recombination of the electron/hole pair; thereby, allowing the electron to reduce copper.  The 

presence of these hole scavengers have been seen to increase copper reduction (Aman, 2011; 

Canterino, 2008; Kanki, 2004).  Hole scavengers are sometimes added to a reaction in order to 

increase metal reduction.  These hole scavengers are then termed sacrificial agents, organic 

additives or anchor species (methanol, propanol, formic acid) (Canterino, 2008; 

Chenthamarakshan, 2000). 
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Figure 4-16: Metal removal from 11/20 stormwater (L2). 
Error bars represent 95% confidence intervals. 
 

4.2.2 Nutrient Removal Test 
The second LilyPad prototype (L2) was tested for ability to remove dissolved nitrite, nitrate, 

phosphate, sulfate, and ammonia from DI water containing each nutrient individually under the 

UV lamp array (Figure 4-17).   

 

Table 4-5: Nutrient removal starting concentrations 
 

Constituent Compound Concentration Units Concentration Units 

NO2
- NaNO2 3.2 ppm N 0.23 mM 

NO3
- KNO3 4.4 ppm N 0.32 mM 

PO4
2- KH2PO4 3.3 ppm P 0.24 mM 

SO4
2- (NH4)2SO4 11.3 ppm S 0.81 mM 

NH4
+ (NH4)2SO4 31.0 ppm N 2.22 mM 

 

Nitrite showed high removal with 87% removal within 120 hours utilizing the L2 LilyPad 

(Figure 4-17a) while only 10% was removed within 50 hours in a control without (Figure 4-9c).  
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Nitrites in the aquatic environment, from sources such as fertilizers, pose a problem due to the 

consumption of oxygen during their quick oxidation to nitrate (Rawat, 2012).  Similar removal of 

nitrite by TiO2 has been seen in previous studies (Chen, 2002).  Nitrate was 33% removed within 

120 hours utilizing the L2 LilyPad (Figure 4-17b) while a control without a LilyPad removed only 

10% removed within 50 hours (Figure 4-9d).  Phosphate was removed by 18% utilizing the L2 

LilyPad (Figure 4-17c) while a control without a LilyPad removed 11% within 50 hours (Figure 

4-10).  This in contrast to test with the L1 LilyPad that saw 22% removal.  Sulfate did not show 

removal (Figure 4-17d) and ammonium was removed by 15% utilizing the L2 LilyPad (Figure 

4-17e) but a control with no LilyPad showed significantly higher removal with 40% removal 

(Figure 4-9e). 
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       (a)             (b) 

   

       (c)                 (d) 

    

          (e) 

 

Figure 4-17: Removal of nitrite (a), nitrate (b), phosphate (c), sulfate (d), and 
ammonia (e) from SSW (L2). 
Error bars represent 95% confidence intervals. 
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Another examination of nitrate removal was conducted.  The L2 LilyPad was tested with DI 

water and filtered stormwater, both with the addition of NaNO3.  The starting concentration of 

the DI water test and stormwater test were 1.4 ppm NO3-N and 1.3 ppm NO3-N, respectively.  

After 17 hours during the DI water test, there was 85% removal when the LilyPad was present 

and only 4% when the LilyPad was not present (Figure 4-18).  After 11 hours during the collected 

stormwater test, there was 22% removal with LilyPad and 20% removal without LilyPad 

(neglecting data at 17 hours because the data looks unusual; Figure 4-19).  Although the 

removal during the test in DI water is impressive, the removal during the stormwater test was 

minimal.   

 

 
 

 
Figure 4-18: Nitrate removal in DI water at pH 5.0 (L2).  
Error bars represent 95% confidence intervals. 
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Figure 4-19: Nitrate removal in actual stormwater at pH 7.0 (L2). 
Error bars represent 95% confidence intervals. 
 

4.2.3 Deactivation Test with PurBlue dye 
Blue dye was used as a means to gauge Lilypad activity and deactivation.  The first 

experiment compared blue dye disappearance in DI water to the disappearance in stormwater 

collected from the OGSIR on 11/20/14 (Figure 4-20).  An analytical breakdown of the collected 

stormwater can be found in Table 3-4.  As can be seen in Figure 4-20, the blue dye degradation 

observed in the stormwater sample was significantly slower than that in DI water. 
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Figure 4-20: Percent blue dye removal in DI water and 11/20 stormwater (L2).   
Error bars represent 95% confidence intervals. Starting pH was 6.5. 
 

To clarify the extent of deactivation, the LilyPads used during the stormwater dye test were 

run in a reversibility test.  The reversibility test consisted of taking the LilyPad from the 

stormwater, inserting them into DI water with blue dye, measuring blue dye degradation, and 

comparing to blue dye degradation in DI water with a new LilyPad.  The performance of the used 

LilyPads was slightly less than the new LilyPads (Figure 4-21), showing that the deactivation was 

from inhibition with only minor fouling, if any.  
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Figure 4-21: Stormwater reversibility test (L2). 
Error bars represent 95% confidence intervals. 
 

In order to determine which component of the stormwater was responsible for the 

deactivation, performance test with blue dye were conducted with the individual components 

of the stormwater at concentrations comparable to the stormwater.  Blue dye removal was 

monitored in synthetic stormwater that contained a variety of critical ions and heavy metals 

(Table 4-6 and Figure 4-22; Table 4-7 and Figure 4-23).  These critical ions and heavy metals have 

been suspected of inhibition (Burns, 1999; Chen, 1997; Ghatak, 2014; Hu, 2003).  These ions and 

metals had little to now inhibitory effect. 
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Table 4-6: Concentration of critical ions (L2). 
 

 Concentration  Concentration  
Compound Amount units Amount units 

NaCl 3.0 ppm Cl 0.08 mM 
KNO3 0.5 ppm N 0.75 mM 

Na2SO4 3.6 ppm S 0.11 mM 
NH4Cl 1.1 ppm N 0.08 mM 
MgSO4 2.5 ppm Mg 0.10 mM 
CaCl2 9.2 ppm Ca 0.23 mM 

NaHCO3 15.5 ppm 0.19 mM 
 

 

 

Figure 4-22: Blue dye degradation in DI water containing critical ions (L2). 
Error bars represent 95% confidence intervals. 
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Table 4-7: Concentrations of critical heavy metals (L2). 
 
  Concentration  Concentration  

 Compound Amount units Amount units 

Together 

CuSO4 17.8 ppb Cu 0.28 µM 
ZnSO4 18.9 ppb Zn 0.29 µM 
FeSO4 355.6 ppb Fe 6.37 µM 

NaHCO3 35.6 ppm NaHCO3 0.42 mM 
NaCl 15.9 ppm Cl 0.45 mM 

Together 
CuSO4 17.7 ppb Cu 0.28 µM 
ZnSO4 18.9 ppb Zn 0.29 µM 
FeSO4 355.6 ppb Fe 6.37 µM 

Separate 
CuSO4 17.7 ppb Cu 0.28 µM 
ZnSO4 19.2 ppb Zn 0.29 µM 
FeSO4 351.7 ppb Fe 6.30 µM 

 

 

 

Figure 4-23: Blue dye degradation in DI water containing heavy metals (L2). 
Metals (Cu(II), Zn(II), and Fe(II)) were all from salts containing sulfate. 
*Also contained 35.6 ppm NaCl (1.0 mM NaCl) and 15.9 ppm NaHCO3 (0.19 mM 
NaHCO3). Error bars represent 95% confidence intervals. 
 

To determine if organics in the stormwater were responsible for deactivation, blue dye 

removal was tested in DI water containing two types of model organics.  The concentrations 



77 
 
tested for both model organics was 150 ppm COD (concentration near that found in the 11/20 

SW sample).  Sodium acetate (SA) was used to model small, readily biodegradable organics, and 

potassium hydrogen phthalate (KHP) was used to model large, more complex and recalcitrant 

organic compounds.  Figure 4-24 shows there was significant decrease in blue dye removal 

when SA was present.  However, KHP caused a significantly larger decrease in blue dye removal, 

comparable to the 11/20 sample (Figure 4-26).    

 

 

 

Figure 4-24: Percent blue dye removal in synthetic stormwater containing 
model organic molecules (L2). 
Sodium acetate (SA) and potassium hydrogen phthalate (KHP) were the model organic 
molecules.  Both compounds were at 150 ppm COD.  The chemical formula for sodium 
acetate is NaC2H3O2.  The chemical formula for potassium hydrogen phthalate is 
KC8H5O4.  “Dye Only” contains no critical compounds.  Error bars represent 95% 
confidence intervals. 

The stormwater influent to the OGSIR flows over piles of asphalt and pavement in the 

parking lot at the Benton County Public Works.  Therefore, the stormwater likely contains 

polycyclic aromatic hydrocarbons (PAHs) including asphaltenes, long-chained aromatic 

hydrocarbons that are contained in asphalt binder, known as bitumen, to prevent cracking 

(Nemeth, 2010).  PAHs have been found in stormwater leached from pavement (Azizian, 2003). 
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Moreover, in a study on leaching from reclaimed asphalt pavement (recycled pavement) it was 

found that PAHs were the highest concentration leachate (Brantley, 1999; Nemeth, 2010).  

These compounds are likely well represented by the KHP in their deactivation nature since the 

deactivation is very similar (Figure 4-26).   

To further investigate the deactivation of the LilyPad by KHP, the LilyPad was tested with 

KHP and SA without blue dye present (Figure 4-25). The same concentrations (150 ppm COD) 

were used as the test with blue dye present.  During this test, DOC decreased by 21% from the 

beaker with KHP and rose by 6% from the beaker with SA.  Previous studies have shown 

adsorption and photocatalytic removal of KHP by TiO2 (Alhakimi, 2003).  Therefore, hole and 

radical scavenging as well as competitive adsorption are likely mechanisms of lower dye 

removal.  However, if KHP is the target pollutant, this phenomena would be favorable.   

Although the decrease in dye removal with the presence of SA was much lower than KHP, it 

was still significant (Figure 4-24).  The mechanism of deactivation is harder to postulate in light 

of the lack of removal of SA by the LilyPad (Figure 4-25).  Although SA was not fully mineralized 

(shown by lack of DOC removal), there is still the possibility that the compound was broken into 

smaller intermediates; therefore, the carbon would remain and there may have been hole and 

radical scavenging.   
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Figure 4-25: Sodium acetate and potassium hydrogen pthalate removal from 
SSW with no dye (L2). 
Error bars represent 95% confidence intervals. 
 

In addition, a reversibility experiment was conducted after the LilyPads sat in KHP laden DI 

water (with blue dye present).  The KHP laden LilyPads were placed into a fresh beaker 

containing DI water and blue dye.  The blue dye removal was monitored and compared to the 

original blue dye removal rates of the LilyPad.  As can be seen in Figure 4-26, the LilyPads (“KHP 

Reversibility”) had slightly less activity than new LilyPads.  Since there was only slightly less 

activity during the reversibility test, inhibitory hole and radical scavenging are likely the main 

mechanisms of deactivation and adsorption is not responsible for KHP removal.  The likelihood 

that adsorption is not responsible for KHP removal can be explained by the pH effect on KHP 

and the surface charge of the TiO2.  At pH values higher than 6, the surface charge of the TiO2 is 

negative and the KHP is in a negative di-ionic form, leading to repulsion of KHP from the TiO2 

surface and lower adsorption (Alhakimi, 2003).  
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Figure 4-26: Regeneration test with KHP laden LilyPads (L2). 
Error bars represent 95% confidence intervals. 
 

4.2.4 Leaching and Self-Catalysis  
The second LilyPad prototype (L2) was tested in DI water and blue dye (Figure 4-27) in 

order to correlate decolorization to DOC removal as was done with the L1 LilyPad prototype 

(Figure 4-13).  Absorbance and DOC was monitored.  Absorbance decreased as usual while the 

DOC rose steadily, peaking at 12.7 ppm C (or 146% of initial DOC concentration).  The rise was 

proposed to be leaching of organics from the LilyPad.  The major difference between the two 

prototypes is the substrate material: the L1 being composed of a ceramic substrate and the L2 

being composed of a polyproplyene with a number of finishes. 
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Figure 4-27: Absorbance and DOC changes during blue dye degradation by the 
(L2). 
Starting absorbance and DOC was 1.154 and 8.73 ppm C, respectively.  Absorbance and 
DOC given as fraction of starting amount.  Error bars represent 95% confidence 
intervals. 
 
 

To explore if this DOC was loosely attached to the LilyPad, a rinse test was conducted.  The 

most leaching was witnessed after one rinse which amounted to a rise of 1 ppm C.  After three 

rinses and as high as 30 rinses, the rise in DOC only amounted to 0.1 ppm C.  The similarity of 

leaching between 3 and 30 rinses suggests that a low baseline of leaching will always occur. This 

low level of leaching likely only accounts for an insignificant portion of the DOC increase 

observed in Figure 4-27.   

To investigate leaching further, three long-term leaching test were conducted: Lilypad in DI 

under UV, Lilypad in DI in dark, and a catalyst-free LilyPad under UV.  The LilyPad in DI in the 

dark had a low level of DOC while the LilyPad in DI under UV reached as high as 28.1 ppm C 

(Figure 4-28).  The difference indicates the LilyPad’s TiO2 NPs may be photocatalyzing its fiber 

substrate.  In order to determine the degradation due to UV light, a catalysts-free (a LilyPad with 

no TiO2 NPs) LilyPad was tested in DI under UV.  As can be seen in Figure 4-28, the catalysts-free 

LilyPad did not raise the DOC as readily as the LilyPad with TiO2 NPs.  Therefore, the LilyPad is 
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photocatalytically oxidizing its polypropylene substrate and/or its coatings (“finishes”), defined 

here as self-catalyzing.   

This self-catalyzing phenomena is not surprising since TiO2 has been used to degrade 

polypropylene waste (Garcia, 2014; Ohtani, 1989).  Garcia et al. introduced TiO2 powders into 

thin films of polypropylene, which resulted in a 4-8% weight loss in the films (starting mass of 

0.0759 grams) after 144 hours of irradiance (Garcia, 2014).  Similarly, the mass of the LilyPads 

decreased during the “DI only under UV” test by 4% ± 0.4 (starting weight was 2.107 ± 0.358). 

 

 

 

Figure 4-28: Long-term leaching test (L2). 
Lilypad in DI only under UV, Lilypad in DI only in dark, and a catalysts-free LilyPad in DI 
water under UV 
 

4.2.5 Stormwater Dilutions Test and Self-Catalysis 
Experiments were conducted with the L2 LilyPad in different dilutions of a stormwater 

collected on 2/2/15 (with 13.15 ppm C) both with and without blue dye present.  The LilyPads 

were also tested in DI water and DI water with blue dye.  When DOC levels are lower than 10 

ppm C, the DOC rose over time and when the DOC levels were higher than 10 ppm C, the DOC 

fell (Figure 4-29).  The rise in DOC is proposed to be self-catalyzed organics from the LilyPad’s 
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polypropylene substrate.  In addition, when DOC levels are around 11-12 ppm C, the DOC tends 

to fluctuate around that number (Figure 4-30).  Since the leaching increases with lower DOC 

levels and decrease at higher DOC levels, DOC levels are hypothesized to control the magnitude 

of self-catalysis.   

One likely explanation for DOC levels controlling the magnitude self-catalysis is the 

presence of radical scavengers prevents self-catalysis.  When there is a high concentration of 

radical scavengers (DOC), the oxidizing radicals (hydroxyl, water and superoxide radicals) 

degrade the radical scavengers instead of the LilyPad’s polypropylene substrate and/or coatings.  

On the other hand, when there is low concentration of radical scavengers (DOC), the excess 

oxidizing radicals degrade the LilyPad instead.  
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(a) 

 

(b) 

 

Figure 4-29: Stormwater dilutions test DOC removal (L2). 
Error bars represent 95% confidence intervals. 

   



85 
 

 

 

Figure 4-30: Long-term leaching test with LilyPad in stormwater under UV (L2). 
Error bars represent 95% confidence intervals. 
 

4.2.6 Note about Organics Removal 
Both stormwater and KHP were removed by the LilyPad.  KHP was removed at a rate of 

0.288 ppm C/hr from 60 ppm C to 47 ppm C.  The undiluted filtered 2/2/15 stormwater sample 

was removed at rate of 0.240 ppm C/hr from 22 ppm C to 11 ppm C.  The filtered 2/2/15 

stormwater diluted in half with DI water was removed at 0.137 ppm C/hr from 14 ppm C to 8 

ppm C. 

4.3 Field Scale Results with the second LilyPad Prototype (L2) 

4.3.1 Conditions during Field Experiments 

The conditions for the three experiments were different.  First, for FE1, five of the eight 

LilyPads were heavily soiled.  A deactivation test with PurBlue showed the soiled (“dirty”) 

LilyPads were 90% deactivated with respect to dye removal (Figure 4-40).  Second, during FE1, 

FE2 and FE3, there was airborne debris that flew into Cell 1.  The amount was substantially 

greater during FE2 when plants from cell 2 dropped a considerable amount of seeds which 

looked like they released oils (a carbon source).  Third, during all three experiments, gas built up 
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under the LilyPad, lifting the catalyst and separating the catalyst from contacting the water.  The 

cause is proposed to be algae photosynthesis under the LilyPads.  An estimated 5 – 10%, 20 – 

30% and 30 – 40% of LilyPad surface area was separated from contacting the water for FE1, FE2 

and FE3, respectively (Figure 4-31).  Fourth, the sun intensity was highest for FE2 and lowest for 

FE1 (Figure 4-32).  Fifth, the pH was highest during FE2 and lowest during FE1 (Figure 4-33).  

During FE1, FE2 and FE3, the pH ranged from 6.7 – 8.5, 7.3 – 10.2, and 7.1 – 9.2, respectively. 

 

       

Figure 4-31: Bubble formation under LilyPad from (a) FE1, (b) FE2 and (c) FE3. 
FE1 from day 8 (6/1), FE2 from day 6 (6/10), FE3 on day 10 (8/29) of deployment. 
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Figure 4-32: Average daily UV intensities for FE1, FE2 and FE3.  
The error bars show minimum and maximum values for the range of measurements 
taken. 
 

 
 

Figure 4-33: pH throughout FE 1, 2, and 3. 
Error bars represent 95% confidence intervals. 
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4.3.2 Metals 

During three field experiments, metals were readily removed with the presence of the 

LilyPad; however, the removal also occurred during days without the presence of the LilyPad 

(Figure 4-34, Figure 4-35 and Figure 4-36).  FE2 an FE3 both had periods when the LilyPads were 

not present.  These days without LilyPads occurred during the beginning each experiment after 

the cell had been filled with stormwater (or stormwater with irrigation water for FE3) and 

include times when the mixing pump was active.  There was a period of 39 hours during FE2 and 

96 hours during FE3 without the presence of the LilyPads.   

Dissolved copper removal was substantial for specific parts of the three field experiments.  

Throughout the total elapse time of each experiment (including times with no LilyPad), FE1 had 

45% removal, FE2 had 50% removal, and FE3 had 53% removal.  Breaking the total elapsed time 

into two periods, time with and time without the LilyPad, the removal for FE2 and FE3 are 

opposite each other (Figure 4-34).  During first 41 hours of FE2, without the LilyPad, removal 

was 49% while the subsequent 151 hours, with the LilyPad, removal was only 1.1%.  On the 

other hand, during first 96 hours of FE3, without the LilyPad, removal was only 0.5% while the 

subsequent 225 hours, with the LilyPad, removal was 53%.  In addition, the removal during FE1 

is suspect since five of the eight LilyPads deployed were heavy soiled; therefore, a much lower 

removal would be expected from the LilyPads.    
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   (a)          (b) 

 

Figure 4-34: Dissolved copper removal in the field. 
(a) Shows data that includes times when the LilyPad was absent from the cell.  Data to 
the left of the dashed vertical line is times when there was no LilyPad present during 
FE2.  Data to the left of the solid vertical line is times when there was not LilyPad 
present during FE3. (b) Shows data that only includes times when the LilyPad was 
present.  Error bars represent 95% confidence intervals. 
 

Dissolved zinc removal was substantial for FE2 and FE3 but not for FE1.  Throughout the 

total elapse time of each experiment (including times with no LilyPad), FE1 had 13% removal, 

FE2 had 87% removal, and FE3 had 79% removal.  Again, breaking the total elapsed time into 

two periods, the removal was shown to be substantial during both periods with and without the 

LilyPad (Figure 4-35).  During first 41 hours of FE2, without the LilyPad, removal was 33% while 

the subsequent 151 hours, with the LilyPad, removal was 54%.  And during first 96 hours of FE3, 

without the LilyPad, removal was 54% while the subsequent 225 hours, with the LilyPad, 

removal was 55%.  The low removal during FE1 is likely attributable to the five soiled LilyPads.  

Interestingly, during lab experiments with the L2 in synthetic stormwater and collected 

stormwater, there was no removal of dissolved zinc (Figure 4-15 and Figure 4-16).  The 

difference may be explained by sorption of zinc onto suspended solids during the field 

experiments which is then removed by filtration in preparation of ICP-OES analysis.   Whereas, 

during the lab experiments there were no suspended solids present as the stormwater was 

filtered. 
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   (a)          (b) 

 

Figure 4-35: Dissolved zinc removal in the field. 
(a) Shows data that includes times when the LilyPad was absent from the cell.  Data to 
the left of the dashed vertical line is times when there was no LilyPad present during 
FE2.  Data to the left of the solid vertical line is times when there was not LilyPad 
present during FE3. (b) Shows data that only includes times when the LilyPad was 
present.  Error bars represent 95% confidence intervals. 

 

Dissolved iron removal was substantial for most of the time during the three field 

experiments except for a period with no LilyPad present during FE2.  Throughout the total 

elapse time of each experiment (including times with and without LilyPad), FE1 had 45% 

removal, FE2 had 83% removal, and FE3 had 55% removal.  After breaking the total elapsed time 

into two periods, the removal with the LilyPad present was substantially better than without 

during FE2 and moderately during FE3 (Figure 4-36).  During first 41 hours of FE2, without the 

LilyPad, dissolved iron increase by 43% while the subsequent 151 hours, with the LilyPad, 

removal was 88%.  On the other hand, during first 96 hours of FE3, without the LilyPad, removal 

was 27% while the subsequent 225 hours, with the LilyPad, removal was 39%.  Similar to zinc, 

there was no removal of iron during lab experiments with the L2 in synthetic stormwater and 

collected stormwater (Figure 4-15 and Figure 4-16).  The difference again can be explained by 

the fact that there were no suspended sediments for the iron to sorb onto during lab 

experiments.   
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   (a)          (b) 

 

Figure 4-36: Dissolved iron removal in the field. 
(a) Shows data that includes times when the LilyPad was absent from the cell.  Data to 
the left of the dashed vertical line is times when there was no LilyPad present during 
FE2.  Data to the left of the solid vertical line is times when there was not LilyPad 
present during FE3. (b) Shows data that only includes times when the LilyPad was 
present.  Error bars represent 95% confidence intervals. 
 

4.3.3 DOC 

During FE2 and FE3 field experiments, DOC levels decreased but removal also occurred 

when the LilyPad was not present (Figure 4-37).  Throughout the total elapse time of each 

experiment (including times with no LilyPad), FE2 had 9% removal and FE3 had 10% removal.  

Breaking the total elapsed time into two periods, time with and time without the LilyPad, the 

removal is clearly not solely due to the LilyPad (Figure 4-37).  During first 41 hours of FE2, 

without the LilyPad, DOC increased by 2% while the subsequent 151 hours, with the LilyPad, 

removal was 10%.  On the other hand, during first 96 hours of FE3, without the LilyPad, removal 

was 7% while the subsequent 167 hours, with the LilyPad, removal was only 3%.   
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          (a)      (b) 

Figure 4-37: DOC removal in the field. 
(a) Shows data that includes times when the LilyPad was absent from the cell.  Data to 
the left of the dashed vertical line is times when there was no LilyPad present during 
FE2.  Data to the left of the solid vertical line is times when there was not LilyPad 
present during FE3. (b) Shows data that only includes times when the LilyPad was 
present.  Error bars represent 95% confidence intervals. 
 

During the lab test with the second LilyPad prototype (L2), as much as 50% DOC removal 

was seen when starting DOC was above 10 ppm C and substantial leaching of DOC under 10 

ppm C (Figure 4-29).  This trend held true in the field.  The starting DOC concentrations were 8.2, 

18.1 and 16.05 ppm C for FE1, FE2 and FE3, respectively (only includes times when LilyPad was 

present).  During FE1 the mass rose while for FE2 and FE3 the mass fell (Figure 4-37).  Although 

this followed the trend in the lab, another reason for the rise could be simply that five of the 

eight LilyPads deployed during FE1 were heavily soiled with a mixture of stormwater remnants, 

soil and compost; therefore, the dirty LilyPads may have leached the organics (from stormwater 

remnants, soil and compost) or prevented removal of DOC. 

4.3.4 Nitrate 

Nitrate was detectable during FE2 and spiked in to similar concentrations during FE3.  

During FE2 and FE3 periods with the LilyPad, nitrate decreased lower than 0.1 ppm N (Figure 

4-38). However, FE2 and FE3 periods without the LilyPad had similar removal rates.  There is a 

vast difference in removal compared to the lab results with filtered stormwater spiked with 

nitrate.  In the lab there was a 22% decrease in nitrate after 11 hours (Figure 4-19).  The 

difference is likely due to the presents of algae which uptake nitrate but were removed by 
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filtration prior to lab test.  The high levels of DO recorded (Figure 4-39) and bubble formation 

underneath the LilyPads (Figure 4-31) are evidence of algae respiratory activity. 

 

 

 

Figure 4-38: Nitrate removal during FE2 and FE3 
“w LP” denotes data of when the LilyPad was present.  “NLP” denotes data of when the 
LilyPad was not present.  Error bars represent 95% confidence intervals. 
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Figure 4-39: DO throughout FE 1, 2, and 3. 
Includes times with and without the presence of the Lilypad.  Error bars represent 95% 
confidence intervals. 
 

4.3.5 Summary of Field Results 
Table 4-8 summarizes the field results, showing the percent mass removals (%MR) and the 

percent mass removals over time (%MR/hr).  Since percent mass removals occur over different 

time frames, the “%MR/hr” was added to normalize the data.  The table shows that times when 

the LilyPad was not present, the best rates of removal were seen for dissolved copper, zinc and 

DOC.  The times with the Lilypad had the highest rates of removal of iron and nitrate.  However, 

the increased rate of removal of nitrate may have been due to increased algae growth not the 

Lilypad. 
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Table 4-8: Percent mass removals and percent mass removals over time for 
field experiments 
*FE2 and FE3 saw nitrate disappearance in 30 hours and 120 hours, respectively. Pink 
highlights indicate highest value in column. 
 

 
 

4.3.6 Deactivation 

 During the field test, a number of cutouts were placed in the stormwater in the cell and 

studied for deactivation over time.  Reversibility test with blue dye were conducted with the 

cutouts without rinsing, with rinsing and rinsing/soaking.   The deactivation after the thorough 

rinse/soak is permanent under reasonable means and will be termed “fouled.”  The difference 

between the thoroughly rinsed percent deactivation and the no rinse percent deactivation is 

termed “inhibition.”   

 

 

 

Experiment Hours %MR %MR/hr %MR %MR/hr %MR %MR/hr %MR %MR/hr %MR %MR/hr

FE1 63 45 0.71 13 0.21 45 0.71 -7.7 -0.12

FE2 "No LilyPad" 39.0 49 1.26 32 0.83 -43 -1.10 -1.7 -0.04 43 1.11

FE2 151 1.1 0.01 81 0.54 88 0.58 10 0.07 100 3.33*

FE3 "No LilyPad" 96.0 0.5 0.01 54 0.56 27 0.28 7.1 0.07 84 0.88

FE3 214 53 0.25 55 0.26 39 0.18 3.2 0.02 100 0.83*

DOC NitrateDissolved Copper Dissolved Zinc Dissolved Iron
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Figure 4-40: FE1 and FE2 cutout deactivation over time (same cutouts 
throughout). 
Solid lines denote a rinse and soak.  Light dashed lines denote rinse only. “D” denotes 
the heavily soiled LilyPads used in FE1 (D = “dirty”). 
 

First, the L2 LilyPads, used in a prior experiment with direct contact to soil (termed “dirty”), 

obviously had high levels of deactivation (Figure 4-40).  Before beginning FE1, the dirty LilyPads 

were 90% deactivated and after 60 hours, the deactivation was %86.  After 122 hours, the dirty 

LilyPad deactivation rose to 97% during the no rinse test and fell to 81% deactivated after the 

rinse/soak test (three successive flushes before and after a soak for at least a 12 hours in DI 

water).  Surprisingly, after a rinse at 233 hours, the dirty Lilypad cutouts were at the same level 

as the LilyPad cutouts that started clean.  One possibility for this is the dirt that hardened to the 

dirty LilyPad was loosened gradually over the 233 hours in the stormwater.   

Second, the “clean” LilyPads exhibited substantial deactivation.  After 60 hours and 122 

hours, the clean LilyPad was 55% and 69% deactivated, respectively.  After a thorough rinse, the 

clean LilyPad deactivation fell to 52%.  Comparing the thorough rinse values at hour 122, 

LilyPads were 30% more fouled due to interaction with the soil and storage.  Moreover, after a 

total of 233 hours in stormwater (111 hours in FE1 plus 122 hours in FE2), the “clean” LilyPads 

were 89% deactivated with no rinse and 51% deactivated with rinse.   
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 Figure 4-41 shows long term cutout data as well as field LilyPad wash procedure results.  

First, cutouts that had been in the FE2 stormwater for 590 hours were tested without a rinse 

and with a rinse (Figure 4-41).  The percent deactivation went down from 95% to 81%.  Second, 

cutouts were tested with and without a rinse after 813 hours in the stormwater and 

deactivation went from 100% to 65%.  Third, field LilyPads were washed in a washing machine 

with no soap after FE1 (167 hours) and after FE2 (845 hours).  The FE2 field LilyPads were also 

rinsed in irrigation water over night.  Data for the FE1 shows two data points for cutouts from 

the field LilyPad after washing.  The higher point is a cutout that looked visible stained (58% 

deactivation) and the lower point is a cutout that looked very clean (50%).  Therefore, the visible 

difference the LilyPads amounted to an 8% difference in deactivation.  Data for the FE2 shows 

two data points from cutouts from the larger field LilyPad before and after washing.  The higher 

point was before washing (97% deactivation) and the lower point was after washing (94%).  

Therefore, the washing machine was only able to reverse 3% of the deactivation.   Fourth, FE2 

field LilyPads were soaked in irrigation water over night and the deactivation went from 95% to 

92% deactivated.   
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 Figure 4-41: FE2 cutout deactivation over long period and wash test. 
“T” denotes time and the number that follows is time in hours.  The “cutouts” were in 
the stormwater for the whole time period denoted.  “FL” denotes full sized field LilyPad. 
 

4.3.7 Comparison to BMPs 

Influent and effluent concentrations and percent removal data from field experiments with 

the LilyPad/Retention Pond (LRP) are used in a comparison to data for other BMPs (e.g. 

biofilters, bioretention, and retention ponds).  The data for LRP only include times when the 

LilyPad was present.  The data for other BMPs is found in the International Stormwater BMPs 

Database and this data is given in box and whisker plots for both influent and effluent 

concentrations (Database, 2015; Leisenring, 2014).  The bottom whisker extends to the 

minimum, bottom box represents the 25th percentile, middle line represents the median or 

50th percentile, top box represents the 75th percentile and top whisker extends to the 

maximum value.  LRP influent and effluent values are depicted with a line overlain on box and 

whisker plots for different pollutants.  In addition, the influent and effluent median values for 

other BMPs were used to calculate a percent concentration removal.  The LRP percent 

concentration and mass removals were then compared to the percent concentration removal 

for other BMPs.  When comparing percent mass removal to other BMPs we are assuming 

interferences (e.g. evaporation, evapotranspiration and contamination) to be minimal. 
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For dissolved copper, the LRP influent and effluent is above the 75th percentile for a 

majority of the BMPs (Figure 4-42).  The FE1 had the lowest effluent concentration of the three 

FEs but was still above the 75th percentile for a majority of the BMPs (Figure 4-42a).  When 

using percent concentration removal, FE1 was higher than a majority of other BMPs while both 

FE2 and FE3 were lower than all other BMPs (Figure 4-43a).  When using percent mass removal, 

FE1 and FE3 are both higher than nine of the other BMPs (Figure 4-44b). 
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(a) 

 

(b) 

 

(c) 

 

Figure 4-42: (a) FE1, (b) FE2, and (c) FE3 dissolved copper influent (solid line) 
and effluent (dashed lines) concentrations compared to other BMPs. 
The elapse time for FE1, FE2 and FE3 was 63, 141 and 214 hours, respectively. 
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(a) 

 
(b) 

 
Figure 4-43: FE percent dissolved copper (a) concentration and (b) mass 
removals versus other BMPs percent removal calculated from medians 
The elapse time for FE1, FE2 and FE3 was 63, 141 and 214 hours, respectively. 

 

For dissolved zinc, FE1 concentrations were higher than the medians of other BMPs, except 

influent of the biofilter strip (Figure 4-44a).  FE 3 concentrations were higher than the 75th 

percentile of other BMPs (Figure 4-44c).  On the other hand, FE2 influent concentration was 
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higher than six of the other BMP’s influent medians while the effluent was below the other 

BMP’s effluent medians, except porous pavement (Figure 4-44c).  When using percent 

concentration removal, FE2 was higher than a majority of other BMPs and FE3 was in a middle 

range of other BMPs (Figure 4-45a).  FE 1 was well below all other BMPs.  When using percent 

mass removal, FE2 was again higher than a majority of BMPs and FE3 was again in the middle 

while FE1’s percent removal became positive but still on the below all other BMPs (Figure 

4-45b). 
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(a) 

 
(b) 

 
(c) 

 
Figure 4-44: (a) FE1, (b) FE2, and (c) FE3 dissolved zinc influent (solid line) and 
effluent (dashed lines) concentrations compared to other BMPs. 
The elapse time for FE1, FE2 and FE3 was 63, 141 and 214 hours, respectively. 
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(a) 

 
(b) 

 
Figure 4-45: FE percent dissolved zinc (a) concentration and (b) mass removals 
versus other BMPs percent removal calculated from medians 
The elapse time for FE1, FE2 and FE3 was 63, 141 and 214 hours, respectively. 
 

For dissolved iron, FE1, FE2 and FE3 had influent and effluent concentrations above the 

75th percentile except for FE3 which was within the 75th percentile for biofilter grass strips 

(Figure 4-46).  FE2 had influent concentration close to the maximum value for all the other BMPs 



105 
 
which was 10,000 µg/L for effluent of biofilter strips (Figure 4-46b).  When using percent 

concentration removal and percent mass removal, FE1, FE2, and FE3 were all higher than the 

other BMPs, all of which were negative (Figure 4-47).  The LRP was the best at removing iron but 

this not favorable if iron is the cause of lower removal of the other more toxic metals (copper 

and zinc). 
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(a) 

 
(b) 

 
(c) 

 
Figure 4-46: (a) FE1, (b) FE2, and (c) FE3 dissolved iron influent (solid line) and 
effluent (dashed lines) concentrations compared to other BMPs. 
The elapse time for FE1, FE2 and FE3 was 63, 141 and 214 hours, respectively. 
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(a) 

 
(b) 

 
Figure 4-47: FE percent dissolved iron (a) concentration and (b) mass removals 
versus other BMPs percent removal calculated from medians 
The elapse time for FE1, FE2 and FE3 was 63, 141 and 214 hours, respectively. 
 

For nitrate, FE3 influent was above the 75th percentile for all BMPs and FE2 influent was 

slightly lower but still higher than the 75th percentile for a majority of the other BMPs (Figure 

4-48).  FE2 and FE3 effluent went below our lowest standard and this value was within the 25th 
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percentile for all other BMPs except wetland basin (Figure 4-48).  The percent removals for FE2 

and FE3 were well above the values for all other BMPs (Figure 4-49). 

 

 
 

Figure 4-48: FE2 and FE3 dissolved nitrate influent (solid line) and effluent 
(dashed lines) concentrations compared to other BMPs. 
Same effluent value for FE2 and FE3.  The elapse time for FE1, FE2 and FE3 was 63, 141 
and 214 hours, respectively. 
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(a) 

 
(b) 

 
Figure 4-49: FE percent dissolved nitrate (a) concentration and (b) mass 
removals versus other BMPs percent removal calculated from medians 
The elapse time for FE1, FE2 and FE3 was 63, 141 and 214 hours, respectively. 
 

For DOC, FE2 and FE3 influent and effluent were on the higher percentile of the other BMPs 

while FE1 was lower than most medians except for media filter (Figure 4-50).  When comparing 

percent concentration removal, FE1, FE2 and FE3 were higher than biofilter and detention basin, 
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all values being negative.  When comparing percent mass removal, FE2 and FE3 were positive 

with FE2 surpassing media filters (Figure 4-51). 

 
(a) 

 
(b) 

 
(c) 

 
Figure 4-50: (a) FE1, (b) FE2, and (c) FE3 DOC influent (solid line) and effluent 
(dashed lines) concentrations compared to other BMPs. 
The elapse time for FE1, FE2 and FE3 was 63, 141 and 214 hours, respectively. 
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(a) 

 
(b) 

 
Figure 4-51: FE percent DOC (a) concentration and (b) mass removals versus 
other BMPs percent removal calculated from medians 
The elapse time for FE1, FE2 and FE3 was 63, 141 and 214 hours, respectively. 
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5 Conclusion 

The hypothesis of this project was that the LilyPad would treat stormwater to a quality 

consistent with or better than current BMPs.  Unfortunately, during field-scale deployment of 

the LilyPad, the LilyPads influence is inconclusive due to the fact that many water pollutants 

were removed when the LilyPad was not present. Dissolved iron was the only pollutant whose 

removal may have been increased by the presence of the LilyPad.  However, iron removal by the 

LilyPad may not be beneficial since iron is suspected of lowering the removal of other more toxic 

metals (copper and zinc).   

Although field studies were inconclusive, the LilyPad did show potential for treating 

dissolved copper and DOC consistent with other BMPs.  During lab tests, the LilyPad was able to 

remove 75% of dissolved copper and up to 50% DOC from collected stormwater which would be 

better than most of the BMPs percent removals based on median values (Figure 4-43).   

Moreover, the LilyPad may be better suited as a polishing step in treatment.  For instances, 

the LilyPad was able to remove a substantial amount of dissolved copper, zinc, nitrite, nitrate 

and phosphate from SSW and DI water.  In addition, the LilyPad was quickly deactivated in the 

field, likely due to complex organics in stormwater.  In less pollutant dense waters, the LilyPad 

may be able to treat better and succumb to less deactivation.   
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7 Appendix 

7.1 Accounting for Evaporation 

During experiments there was substantial evaporation, therefore an adjustment needed to 

be made to normalize the data.  For experiments measuring absorbance, measurements were 

converted to an adjusted absorbance. For experiments measuring concentrations, 

measurements were converted to mass.  Evaporation was assumed to be linear so the slope was 

calculated using the beginning and ending volumes and dividing by time.  The volume could then 

be found at any time by multiplying the time by the slope and adding to the initial volume. 

initial volume final volumeslope
time
−

= −   

Volume at given time slope time initial volume= × +  

7.1.1 Converting to an Adjusted Absorbance 
An adjusted absorbance was calculated by multiplying the absorbance given at a particular 

time by the ratio of the volume at the given time to the initial volume. 

volume at giventimeadjusted absorbance Absorbance measurement
initial volume

= ×   

7.1.2 Converting to Mass 

Mass was calculated by multiplying the concentration given at a particular time by the 

volume at the given time. 

mass concentration measurement volume at given time= ×   

7.2 Field Volume Calculator in Excel 

To calculate the volume of the cell, the cell was separated into sections: volume of cell 

above top of slopes (TOS), volume below TOS not including ends, end volumes below TOS and 

volume of sump hole below the TOS (Figure 7-1).  The volume of the trench that held the mixing 

pipe was assumed to be negligible (Figure 3-7). 
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(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 7-1: Sections of cell used to calculate volume during field experiments. 
(a) Plan view (b) East to west view (c) Plan view of volume below TOS (d) North to South 
view 
 

To calculate the volume above TOS, a rectangular prism above the TOS was assumed so 

calculation was length of cell multiplied by width of cell and water depth above TOS (height of 

green area in Figure 7-1b).  To calculate volume below TOS not including ends, a trapezoid prism 

below the TOS was assumed so calculation was the cross sectional area of the trapezoid (Figure 

7-1d) multiplied by the length of the channel not including ends (blue area in Figure 7-1c).  To 

calculate the end volumes below the TOS, triangular prisms were assumed so calculation was 

the area of the triangle (red area of Figure 7-1b) multiplied by the width of the cell.  To calculate 
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the volume of the sump hole, a rough approximation using a pyramidal volume equation was 

used.  The excel file with measurements and calculations are given in Table 7-1 and the raw field 

measurements are given in Table 7-2. 

 

Table 7-1: Volume calculator excel sheet with formulas. 
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Table 7-2: Field measurements when depth at overflow pipe was 21.3 cm. 
All values in table in inches. The “Depths Along Tops of Slopes” are the height of green 
area in Figure 7-1b.  The “Depth to Bottom” is height of blue area on either side of the 
bottom middle width (Figure 7-1b). 
 

Depths Along Tops of Slopes Depth to Bottom Width 
of 

Bottom West East West East 
3.5 4.9 8.5 9.5 40 
2.0 3.9 10.5 8 27 
3.1 3.8 8 11 38 
4.0 3 10.2 9 34 
4.3 2.5 9 10 27 
3.2 3 11 8 27 
3.0 2.4 10 10.2 27 
1.3 3.5 10 9.5 27 
1.6 1.5 10 8 27 
0.0 2.4 10.5 10.3 28 

 

7.3  Percent Deactivation Calculation 

In order to calculate the percent deactivation a simple procedure was followed.  During the 

process, the L2 procedure was adhered to.  First, a new LilyPad was tested in a solution of 500 

mL of DI water with 25 µL of PurBlue dye.  The degradation of the blue dye was plotted with 

“Fraction of starting absorbance” versus time.  A linear trend line was fit to linear portion of the 

data in order to obtain a slope.  Second, LilyPad cutouts from the field were tested in the same 

solution as the new LilyPad and the degradation was plotted similarly.  A linear trend line was fit 

to the data to obtain a slope and the slopes of the new LilyPad data and the field LilyPad cutout 

data were used to find the percent deactivation, according to the following equation: 

100% 100%Field LilyPad Cutout SlopePercent Deactivation
New LilyPad Slope

= − ×   

7.4 OGSIR Field Samples  

In order to get a gauge of the pollutant levels in the stormwater at OGSIR, water quality 

analysis was conducted on multiple samples.  The location of sampling was from the 

underground tank, sedimentary basin, flow from weir and effluent flowing out of underdrain 

(Figure 3-6).   A Geotech Geopump peristaltic pump was used to obtain samples from effluent 
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flowing out of the underdrain.  1.5 L samples were obtained and immediately taken back to the 

lab for analysis and storage preparation.  Immediately DO, turbidity, conductivity and pH were 

measured and samples were prepared for DOC, anion, and cation analysis.  Preparation involved 

filtering samples with a Whatman 0.45 µm glass filter and acidifying to 10% acid (v/v) with HNO3 

for cation analysis.  The prepared samples were then stored at 4˚C for later analysis.  The 

remaining sample was either immediately analyzed for solids, stored at 4˚C for later analysis, or 

frozen at -90 ˚C.   
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