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This project evaluates two innovative stormwater control measures (SCMs)
installed on the University of Maryland campus in College Park, Maryland. One
project retrofitted an existing bioretention cell with 5% (bgs3 aluminumbased
water teatment residual (AWTR) to enhance phosphorus removal (P1 site). The
other combined a porous parking area with underground anoxic vaults to promote

nitrogen removal (N1 site).

At the P1 site, the net reduction of the total runoff was 40% and the volume

reduction ratios €,) were lower than before the retrofit. The total suspended solids

(TSS9, total phosphoruslP), and particulate phosphorus (RBhcentrations were
significantly reducedby the bioretention cell, due to the filti@ of the particulate
matter, whileTP export occurred before WTR retrofit. Soluble reactive phosphorus

(SRP) and dissolved organic phosphorus (DOP) concentrationsstothevater



runoff were not obviously changed compared tosystem effluentThe rear

constant outflow of SRP and DOP concentrations suggest an equilibrium adsorption
treatment mechanism. Malemds were reduced for TSS and all P species. WTR
incorporation decreasede bioretention medipghosphorus saturation index (PSI)

from approximéely 0.075 to approximately 0.041, which stayed relatively constant
during the two yeastudyperiod, even with the media P continually increasing,

indicating a significant increase media P sorption capacity.

At the N1 site,the flow management achievadarly zero runoff discharge
due to infiltration from the vaults during dry weather. With regard to the porous
pavement, approximateBA% of the total nitrogen (TNY(7 kg/hayr) was mitigated
by filtration processes; 6¥g/hayr particulate organic triogen (PON) and 1.8g/ha

yr ammonium nitrogenlH; ) were removed, and 4kg/hayr oxidizednitrogen
(NO) were created. In the denitrification vaults, approximately 26% of the TN (3
kg/hayr) was decreased by system reactioastly due to the decrease in N@.8
kg/hayr). PONwas reduceglightly, by0.2 kg/hayr. Thesmall amounbf DON and
NH, producedikely resulted fromeaching from the wood logs. As a result, the N
mass reduction that occurreésvnot only due to volume reduction, but also to

system reactions (86).
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Chapter lintroduction

1.1 Background

Bioretention is an EPAlesignated lowmpact development (LID) best
management practice (BMP) for urban stormwater. A bioretention system, as show
in Figure 1-1, usually consists of surface vegetation, a mulch layer, and porous soil
media designed to a size of approximately 4% to 5% of the runoff drainage area
(Maryland 2007. During minfall events, runoff goes into the facility instead of being
discharged to the surface water directly; excess runoff is held temporarily on the
ponding surface once the intensity of rainfall exceeds the media infiltration capacity.
As a resultpbioretenion can mitigate pollutant release, increase groundwater

infiltration, and improve water quality.

Phosphorus (P) anmdtrogen (N) are nutrients essential for plant growth.
Excessive input to water bodies is a common cause of N saturation, eutrophication
and algal blooms in surface watall, of which can lead to poor water quality and a
loss of biodiversity in the aquatic ecosystem, and may even cause adverse health
effects in humans by contaminating drinking wd&umm and Morgan 1996
Collins et al. 2010Ergas et al. 20)0A major source oéxcess nutrigs in surface
wateris urban stormwater runofBratieres et al. 20Q08with sources thanhclude
fertilizers, animal wastes, living and decaying plants, detergents, automobile exhaust

and atnospheriadepositionUSEPA 1999Dauvis et al. 2006Collins et al. 2010



Bioretention
Soil Media
Underdrain
Pipe

Figure 1-1 Traditional bioretention system.

Bioretention facilities have been proversteccessfullynanage both flow and
volume, as well as mitigate a suite of pollutamsluding: suspended solids,
hydrocarbons, and heavy metéiBavis et al. 2001Séy et al. 2001 Davis 2007
Bratieres et al. 200&.i and Davis 2008aLi and Davis 2009Trowsdale and
Simcock 201} The pollutant removal mechanisms include filtration, adsorption, ion
exchangeprecipitation and biodegradation. However, sina&ientremoval is
complicated by possible leaching from thedia and vegetation within various
stormwater control measwéSCM) (Davis et al. 2000 the removal efficiency is
highly variable, and thpollutantload redution commonly results primarily from
volume reductiorfLi and Davis200p  Davi s6s research group ha

laboratory experiments and field research on nutriemoval.Box experiments have



shown that the removal efficiency of total phosphorus (TP) and total Kjeldahl
nitrogen (TKN) were 70% to 85% and 55% to 65%, respectidyis et al. 2006
However, field research found tHadth TP and total nitrogen (TN) concentrations in

effluents were higher than in influenfisi and Davis 2009

Two rain gardens in Connecticut were monitored for a period of 12 months
The TP concentratioimcreasedn the dfluent, ascompaedto influent. TKN mass
removal was 32%, and ammosmdrogen (NH; ) mass removakas 85%Dietz and
Clausen 2005aHsieh and Davis (2003ound the removal efficiency of TP, nitrate
(NQ; ) and NH, were 4i 99%, 1i 43% and 2 49%, respectively in study of
eighteen bioretention columns and six exisbiayetentionfacilities. Field research
by Hunt et al. (2006in North Carolindound40% TN mass removal in
conventionally drained bioretention cells, which was due to a substantial volume
reduction. However, TP massmweval was 65% in one cell ar@40% in the other.
Hatt et al. (200Pevaluated the pollutant removal performance of teegrate
stormwater bicetentionsystemsPhosphorusoncentrations were effectively redutc
in two of them, however the third one had elevated phosphorus concentrations in
outflow compared to inflow. Moreovenjtrogenconcentrations were variable at all

sites.

Since traditional bioretention systems may not be effective at removing
nutrients fom urban stormwater, novel technologies or modifications of traditional
methods are need¢al provide forenhanced nutrient remov&ome research has

indicated that both N and P treatment can be enhanced greatly through modifications



such asadding alummum: (Al-) or iron (Fe-) based materialf®r P removaland

anoxic storage zone installation for N removhése reductions potentially can

exceed 90%Lombi et al 201Q Lucas and Greenway 201Q@'Neill and Davis 2011b
O'Neill and Davis 2010)aHowever,performance information fdreld researchs
sparseThese technologies represent only simple modifications of traditional
bioretention cells, and yet they show promising potential for both stormwater volume

and nutrient load reduction.

1.2 Enhanced NutrientsRemoval

1.2.1 Enhanced Phosphorus Removal

The TP transported by stormwater runoff is comprised of particulate
phosphorus (PP) and dissolved phosphorus (DP). Since traditional bioretention relies
on physical removal mechanisms such as sedimentation and filfriaiboetention is
highly effective at removing PP, but is less successful at addressing DP. The
effectiveness of the overall treatment is furtbemplicated byhe fact thaP
partitioning between the particulate and dissolved phases is variable andslepe
upon sitespecific conditions, with the particulate fraction ranging from 20% to >

90% of the total loafiCooke and Bruland 198 Henderson 2008

DP removal in bioretention depeswbon chemical phosphorus sogptj
complexation mechanisms employed to immobiRzgpeciesand the geometry of
the flow systen{Davis et al. 200)L Retention mechanisntd phosphorus can be
thought of as hag a combinatiorf a fast reversible true sorption process on soill

particle surfaces, plus various slower tidependent processes, some of which lead



to deposition of P at a depth below the surface of parijRegPoirier et al. 2010

These slower processes can be further subdivided into relatively faster and very slow
components, which include the deposition of phosphorus withiramdraluminum

oxide mineral structures and precigita of calcium phosphateafter being retained,
inorganic phosphorus is typically considered bioavailable and can be used as a
nutrient for plant growth in bioretention facilities, which possibly would allow a
removal pathway via harvesting the vegeta(idavis et al. 2006 Hsieh et al. (2007ja
investigatel the phosphorus removal efiency in repetitive bioretention columns.

They found that longerm phosphorus reactions regenerate active-gont sorption

sites. Most of the retained phosphorus in the media layers is available for vegetative

uptake and that environmental risk thralsls were not exceeded

Novel technologies are necessary to accomplish enhanced P reSands.
with a high metal content (calcium, aluminuon,iron) demonstrated much higher
phosphorusemoval capacity than those with lower concentrations of thesesmetal
(Arias et al. 200l Theamendment of soil witkeT or Al i based water treatment
residuals (WTRsWwhich are byproducts of the coagulation process in drinking water
treatmentis one suggested way to mitigate P being leached from agriculture soils
with a limited P sorption capdy (Gallimore et al. 1999Dayton et al. 2003Novak
and Watts 2005Agyin-Birikorang et al. 2000 Gallimore et al. (199@applied WTR
(collectfrom AB Jewellreservoir OK) to plots that received poultry littam a field
scale mean concentrations 8P concentrationsvere reduced from 15.0 mg/L to
8.60 mg/L bythe litter application of 44.8 Mg HaWTRs that have been @pplied

with manures and biosolids can mitigate excess P loss from the soil to the surface



water or groundwater(Agyin-Birikorang et al. 2000 P adsorption occurs at WTR
hydrousiron/aluminum oxide interfacesphosphate (P9P) replaces hydroxyl (OMH
groups or water molecid€H,0) and then reorganizes into a very stable binuclear
bridge through mono ligand and/or bidentate ligand exchange mechdRigone

1-2) (Bohn et al. 198p

®

® 3

v e

Figure 1-2 Surface reaction of phosphoruschemisorptionon WTR. (1) WTR -hydrous aluminum
oxide; (2) Phosphate (3) monodentateligand; (4) bidentate ligand (Bohn et al. 1985.

Both plot and laboratory studies hademonstrated that WTR incorporation
can greatly enhance Pobetention treatment#n one studyLucas and Greenway
2011), dater theequivalent of over three decades of urban runoff loadsHPO
retention ranged from 95 to 99% of the input load, whereas traditional bioretention
systems with sandy medappearedo beineffective for even a decade of urban
runoff loadsO6 Ne i | | O@0lda, 2012bhpenshscale and large column

research indicated that P treatment lsarhugely enhanced through WTR



incorporationWith an input 0f0.12mg/L DP, discharges from a 5% WTR
bioretention media column were less ti@adl mg/L (O'Neill and Davis 2012b
O'Neill and Davis 2012aNonetheless, enhanced P performance informatiofnefior

research is sparse.

1.2.2 Enhanced Nitrogen Removal

Nitrogen in water can be present in a variety of forms depending on the
wat e ahdredox characteristics, includifH, , nitratenitrogen( NQ, ), nitrite-
nitrogen( NQ, ), dissolved organic N (DON), and particulate organic N (P@N

and Davis 201} Nitrogen transformation processes are smowFigure 1-3.

0, I 0,
Nitrification | VA4 NO, JL»

s . H* H* -
Denitrification Org.C Org.C Org.C NO,

j\]2 N20 NO AJ

Figure 1-3 Nitrogen transformation in biological treatments.

NH; isacommon reduced form of N amdicrobially transfornsto NO, and

NGQ; in the presence of oxygefihis processcalled nitrification is described below

by Equation 11 and Equation-2 (Rittmann and M€arty 2000).
7



NH;+§O2 a NQ ®H " H,0
2 Equation 1-1

NG, +% Q 2 NO Equation 1-2

Organic N can undergo ammonification amttificationto NG, . These

microbial processes transform N but do not remofrem aquatic system$ can be

removed via assimilation, adsorption, and denitrification. Nitrogen assimilation is the

process by which inorganic (\NH; , NQ; , NG, ) is transformed into microbial or

plant biomass andreporarily stored as organic NNH; can also be removed

through adsorption onto negatively charged soil particles. These two processes result
in thetemporary removal of N, whereas denitrification results in the permanent
removal ofN (Collins etal. 2010Q. Both anoxic conditions analcarbon source are
necessary for biologicaenitrification. The process idescribé by Equation 13

using methanalRittmann and McCarty 2000

6NQ, +5CH,OH 2 3N, +6CQ ¥H O 6OH Equation 1-3

Moderateto-poor ammonium and nitrate removal, with nitrate export
observed irsome instance$ias beemeported inbioretention systerstudies. The
likely reason is that the nitrification process ocdarthe boretention cell between
storm eventgDavis et al. 2001Hsieh and Davis 20Q%ho et al. 2000 Since nitrate
IS an anion, it cannot attach to soil and soil particles. It is very mobile and can easily

be washed from the soil and transported into receiving wddards and McCuen



2005. Promotion of denitrification is the element most critical to achieving effective

nitrogen removalrom stormwater runoff

Some studiebavereported that bioretention systems wathinternal
saturated zoneanpromotedenitrification by creating anoxic conditiofisim et al.
2003 Dietz and Clausen 2005bavis 2007 Hsieh et al. 2007kErgas et al. 2010
Ergas et al. (20)@onducted fot-scale experiments with bioretention systems
incorporating aerobic nitrification and anoxic denitrification zones with sulfur or
wood chips as denitrification substrat€hese expgments found more than 88% TN
removal ef fi ci encietkscaléraseaoch petiormedin Nogh Hunt 6s

Carolina showed a high capacity for nitrate removal (75%) anithxic storage zose
(Hunt et al. 200p6 However, concentrations of TKN\YH, and TN in effluent were
higherthanin influent, a conditionattributableto the conversion adrganic forms of
nitrogen toNH, . Two bioretention cells were monitored at a study conducted on the

University of Maryland campus; one cell contained an anoxic l&ygrough no
significant differencein the nitrate reductions by the two cellsrereported, high
mass removals of nitrate at®®nd 95% werebservedThe results were attributed
to adenitrification processes occurringthme saturated zones both cells(Davis

2007).

Carbon sources, electron donors, contact time, composition of bioretention
medig and vegetation aral important factors affectg the denitrificaton process
Kim et al. (2003 reported that usinggoodchips, alfalfaand newspapeas carbon

sourca promoted 100% nitrate removal in a laboratory column stldpertson



(2010 found that woodchips can work as long as 10 years afextivecarbon
source for denitrification iagriculturalrunoff. In Smithds researchalonger contact
time promoted denitrificatioSmith 2008. Finertextured soils support more
denitrification due tdheir higher capacity faretaining water in soil micrositgsiunt
et al. 2006Hsieh et al. 2007kCho et al. 200p Woodbased mediavhich are
inexpensive, readily availableaveconsiderable longevity anéquire dow level of
maintenancare excellent electron donors for denitrification va(lRebertson et al.

2005 Robertson 2010

Perviouspavements another recommended type of green infrastructure,
which has been proveto beextremely effective in infiltrating stormater runoff
(Dietz 2007. Gilbert and Clausen (20p6onducted research in Connecticut which

concluded that, as compared to asphalt driveways, the levels of nitrogen species
(NQ;, NH,, TKN) in the runoff from UNI Ecostone® driveways were significantly

lower. A comparison of performance in controlling stormwater runaf$ taken
between porous pavements parking lot and asphalt parking [xtelayin et al. (2006
Porous pavements were found to have the advantagsatmg metals and TP, but

same effect was not found for TN.

Although numerous studies have been utadenon thenitrogerenhanced
removal process for urban stormwaggngle stormwater control measurensssitl|
lack the ability to effectively mitigate nitrogen concentrationsofbinationof two

or more technologies together is a promigpogsibility.
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1.3 ResearchObjectives

The University of Maryland campus is located in the Anacostia River
watershedwhichis one of the most impaired rivers in the Chesapeake Bay watershed
(Figure 1-4). As more peoplenove to urban arsand morelandis developegdhigh
urbanN and P pollution i®ecomingan increasinglycritical problem Currently,300
million pounds of polluting nitrogen that reach the Chesapeake Bay eadiCiFar
2014, whichis causing major environmental challenges, but also opportunities, for

stormwater retrofs, demonstrations, environmental justice, and education.
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Figure 1-4 Chesapeake Bay watershed, Anacostia River and University of Maryland, College
Park (http://maps.google.comy.

The overall goal of this project is to achieve significant nutrient load

reductiors from urban impervious surfacegthout compromising hydraulic
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conductivity This was accomplished viao innovative SCMs on the University of
Maryland campus located in Cefle Park, Maryland. One project retrofitted an
existing bioretention cell with an aluminum amendment to enhance phosphorus
removal (P1 site). The other incorporated anoxic storage beneath a porous parking
area to promote nitrogen removal (N1 site). Thation of each cell is shown in
Figurel-5. These SMCsvereconstructed, rigorously monitored, and evaluated for

nutrientsload reductios. Specific objectiveinclude

Figure 1-5 Locations of the monitored bioretention cells|ttp://maps.google.cony.

(i) Addressg the problenof SCMsthatare ineffectivewith regards to
nutrient (N, Pyemova]j (ii) Demonstrating how existing SCMs can be niiedi for
the enhanced removal of nutrients from urban stormwater runoff, and providing the
dissemination of design and performance informatiatiq and depth of WTR

applicatiors with bioretention mediasize and location ainoxic storage); (iii)

12
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Clarifying the mechanisms of enhanced nutrient removal in bioretention sydtems
removal mechanisms A -WTR applicationanion bonding at mineral surfacés

removal mechanisms under anoxic storage zones: denitrification

The P1 project incorporated 5% (byss) AFIWTR (recommended b@'Neill
and Davis (2012 with an existing traditional bioretention cell (installed in 2004)
which was rigorously monitored for two years, and TP concentrations higher
effluent than in influent were foundi and Davis 2009 The construction was
completed at the end of June, 2011 and the site was monitored from July 2011 to
April 2013. Water quality data were monitored and pollutants mass loads were
calculated to assess the discharge water quality and efficacy of the WTR retrofit cell
(as compared to the sitebs previous perfor
species removan field applications. Media samples were collected throughout the
running period to evaluate the P distribution and movement in the media and to

clarify the P transformation in the WTR amendment bioretention site.

The N1 project follows the research pided by a column study performed by
Peterson (201)3the experiment combined porous pavement and denitrificaiton vaults
in an attempt to achieve enhanced Noeal. Water quality data were monitored and
pollutant mass loads were calculated to evaluate the water quality of the porous
pavement effluents and denitrification vault water, as well as the N species removal
mechanisms; the experiment also evaluate@theacy of the treatment train as
compared to traditional bioretention systems in order to clarify the N transformation

and removal by the new field system.

13



These technologies were rigorously monitored so that design and performance
information could belisseminated as widely as possible to the engineering, academic,
development, policy, campus, and regulatory communities, and so that these sites

could be used as student and public education tools through both signs and displays.
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Chapter 2BioretentionRetrofit for Enhanced Phosphorus
Removal: Hydrology and Water Quality

2.1 Introduction

Phosphorus (P) in urban stormwater ressinttm fertilizers, automobile
exhaust, living and decaying plants, animal remains and dete(QSEPA 1999.
Although P is an essential nutrieot fplant growth, excessive input to water bodies is
a common cause of eutrophication and algal blooms in surface water, leading to poor
water quality and loss of biodiversi¢@tumm and Morgan 1996As populatios
shift to urban aremand mordandis developedP is becomin@targeedpollutant in

urban runaof.

Bioretention is dow impact development (D) stormwater control measure
(SCM) which has been proven as a technologyuccessfullymanage flows and
volume, and to mitigate a multitude of polluta(@gvis et al. 2001Séy et al. 2001
Davis 2007 Bratieres et al. 2008.i and Davis 2008aLi and Davis 2009Trowsdale
and Simcock 20)1However, sincd®> removal is complicated by possible leaching
from the media and vegetation within various SQMavis et al. 2009 the removal
efficiency is highly variableand thepollutantload reductiorcommonly results

primarily fromvolume reductiorfLi and Davis 200%

Total phosphorus (TP) transported by stormwater runoff is coetpas

particulate phosphorus (PP) and dissolved phosphorus (DP). Since traditional

15



bioretention relies on physical removal mechanisms such as sedimentation and
filtration, bioretention is highly effective at removing PP, but is less successful at
addressig DP. The effectiveness of the overall treatmeatiditionallycomplicated

by the fact thaP partitioning between particulate and dissolved phases is variable,
depending on site specific conditions, with the particulate fraction ranging from 20%
to > 90% of the total loagCooke and Bruland 198Henderson 2008DP removal

in bioretention deperstbn chemical phosphorus sorption, complexation mechanisms

to immobilizeP speciesand the geometry of the flow systébavis et al. 20011

Novel technologies, therefore, are necessary for enhanced P reYWawRs.
are byproductsfrom the coagulation process in drinking water treatmehich are
high in aluminum(Al 1) or iron(FeT1). Amendment of soil wittWTRswas first
suggested tmitigate P leaching from agriculture soils with limited P sorption
capacity(Gallimore et al. 1999ayton et al. 2003Novak and Watts 20Q02\gyin-
Birikoranget al. 2009. P adsorption occurs at WHR/drousiron/aluminum oxide
interfacesphosphate replaces hydrox@¥d) groups or water molecid¢H,O) and
then reorganizes into a very stable binuclear bridge through mono ligand and/or

bidentate ligand exchge mechanism@ohn et al. 198p

WTR incorporation withraditionalbioretention media has been demonstrated
by both laboratory and pilot scale experiments to be an effective method for enhanced
P removal(Lombi et al. D10 Lucas and Greenway 201 However, validated field
data are limitedThis chapter presents the hydrological and water quality performance
of a WTRenhanced bioretention site.this field work, anexisting traditional

bioretention cell was retrofit with 5% (recommendigdO’'Neill and Davis (2012
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WTR incorporation in order to enhance P removVatal suspended solid§S and
phosphorusgecies TP, DP and soluble reactive phosphorus (SRP) were all
monitored during rainfall events. The cell was first installed in 200#

demonstrated excellent treatment performance fordrfsiSother water quality
parametersbut lesseffective performancéor TP control(Li and Davis 2000
Ultimately, this work was undertaken to (i) assess discharge water quality and the
efficacy of the WTR retrofit cell as compared t@yious performance removing TSS
and TP; and (ii) clarify the mechanisms of P species removal ingjpglicatiors

with WTR incorporation within a traditional bioretention system.
2.2Methodology

2.2.1 Site Description

TheenhancedP site was created by retrofitgran existing bioretention cell
(installed in 2004) on the campustbé University of Maryland, College Park, MD.
It is trapezoidal in shape (length = 50.3 m, width = 2@ 8 n area = 181 /),
with the media depth between 0.5 and 0.8 m; it managesawater runoff from a
2,800 nf asphalt parking lot, as well as roads and other consuetaces. The cell
has a sloped surface with an average ponding storage depth of 15 cm. @wo 15
perforated PVC pipes that run the lengthhis cell were installedelow the media,
collecting and coveying infiltrated water to the nearby Campus CrgeRR007h. A
site picture and D site @nfigurationsketchare shown irFigure2-1. P sources at
this site are expected to be the same as in most parking lots, and include soil/dust

deposition and vegetation detritus.
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Figure 2-1 Enhanced P removal bioretentiorsite diagram: (a) site picture; (b) 3D site
configuration sketch.

Approximately 5% WTR (air dry bynas$ was employed to create the
enhanced® removal media. WTR obtained from the Rockville drinking water
treatment plant in Potomac, MD, USA, were mixed with the top 40 cm of media at

the site. Small vegetation at this site was cleared off and then replanted aftarRhe
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incorporation The site retrofit process is shownFRigure2-2. The site wastudied

for 22 months, beginning in July of 2011.

) A s F
Original Site Installed in 2004 Vegetation Clean out WTR Air Dry
(March. 2011) (April. 2011) (May. 2011)

Replanting Regular Monitoring
(July. 2011) (September. 2011)

Figure 2-2 Enhanced P removal bioretentiorsite retrofit process.
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2.2.2 Monitoring and Sampling Methodology

The cellconveys incoming runoff througla 20 cm Cutthroat flume, and the
underdrain was outfitted with a phig 20 cm ThelMar weir. ISCO 6712FR
refrigerated autosamplers equipped with a bubble flow meter (730 Bubbler) were
assigned to both the influechannelandunderdraireffluent for flowmeasurement
and water sampling. A recording rain gauge (674 Rain Gauge) with 0.0254 cm
sensitivity was connected with one of the autosamplers to record rainfall @egth.

stormwater runoff flow path and monitoring devices are shimFigure2-3.

Discrete sampling was employed for both inputs and outputs. The sampling
program was set to collect twelve samples {880glass sample bottles) per event,
with different sample timing used to obtain more samples inatg part of the
runoff eventSamplebottles werdap water and DI watedeaned first and then acid
washed before placement in the sampler. All handling of sample bottles were done by
glovedpersonnelSamples were pickadp from the site witin 24 hoursand
transported to the University of Maryland Environmental Engineering Laboratory for
analysis. Samples for P analysis were acidified wgB®. All sample bottles were
sealed, labeled, and then refrigetii< 4°C) before testing. Parameters such aS TS
and pH were tested immediately upon sample collection. Holding times for P species

were < 7 days.
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Figure 2-3 Stormwater runoff flow path and monitoring devicesat enhanced Premoval bioretention site
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2.2.3 Analytical Procedures

The water quality parameters analyzed include pH, total suspended solids
(TSS), TP, DP, and SRP (considered equal to dissolved phosphate); each analysis was
performed using Standard Methdd$°HA 2009. PP (PP = TP DP) and dissolved
organic phosphorus (DQPOP = DP- SRP) were calculated from direct P
measurements.afple pH was determined with a glass electrode pH meter (Mettler
Toledo MA235, Greifensee, Switzerland). TSS was processed gravimetrically by
Standard Method 2540 D. TP was analyzed using potassium persulfate digestion
(4500P B.5) and a colorimetric detamation according to the ascorbic acid
molybdenum blue method (4500E) at 880 nm (Shimadzu U160, Kyoto, Japan).
DP and SRP samples were first filtered through a 8mi@2nembrane filter, then
analyzed using methods identical to those employed in the TP analysis, except
without the digestion process for SRP. &A1& pathlength cuvette was employed to

provide a detection limit dd.01mg/L P.

2.2.4 Data handling and StatisticAhalyses

Rainfall events were identified as discrete if they were separated by a dry
period greater than 6 h. Runoff volum¥swere calculated based on a simple
numerical integration of flow measurements over time:

V=a QY D Equation 2-1

Overall cumulative input/output pollutant massds were calculated by:

M =3 Q)C(t) D Equation 2-2
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The Event Mean Concentration (EMiS)representative of thelume

weightedpollutant cacentration throughout an entire event:

t;“-p(t) C(t)dt
EMC=2_

onm

.a CQDt
a Qb

Equation 2-3

whereC(t) is the concentratior) is the runoffflow rate C; is anindividual

concentration measuremefy;is theflow rateat the time concentratiadd; was

measured; and, is the time interval associated with

The annual pollutant mass loads produced or discharged per unit drainage area
(L, kg/hayr) were calculated by:

sz

AD Equation 2-4

whereM is the overall cumutave input/output pollutant mass (kg) measured
during this studyP is the average annual rainfallq7 cniyear for the State of
Maryland; Maryland Department of the Environment (MDE) 20Ali§ the effective
(runoff/rainfall) drainage area (ha) [0<@.28 ha forthesite]; and D is thetotal

rainfall depth ¢m) measured during the study duration.

Exceedance probability plots were used to comgraeainfall distribution
andcell performanceThey were created by ranking the measured values from largest
to smallest, and plotted on a log s¢aieplying their lognormal distribution nature,

as described bli and Davis (2009 Pollutant duration curves $&d on time
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scheduled samples were created by plotting the individual sorted concentration values
corresponding to the duration time in order to investigate concentration performance
over time. Atwo-s a mp | e  Stest(Alyywin dand McCuen 20QzandWilcoxon

sumrank test were used to determine if the improvements in water quality and

hydrologic performanceere statistically significant.

2.3 Results and Discussion

From July 2011 through April 2013, 114 storm events weretorea, with
31 analyzed for water quality performance. These 114 stapnssentedll of the
precipitation eventeccurring during the monitoring period, excémtsnow events

and several events with faulty dakae to equipment malfunction

2.3.1 Hydrology

Storm Event Characterization. Events in this study were compared to
Kr e eHKrdels 2003 study of historical rainfall duration and frequency for the State
of Maryland in order to evaluate the representative nature of the monitored rainfall

distribution at the P1 celF{gure2-4).
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Figure 2-4 Rainfall depth and duration patterns for Maryland (Kreeb 2003 and enhanced P
removal bioretention site storm eventsvaluated in this study

The hydrologic monitored events exhibit@gdrofile similar to typical

Maryland storms in terms of rainfall depth, with a lh@sards short to middle
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rainfall durations (@ 7 hr). The31 events in which water quality was sampled had a
greater occurrence of both middle and higher rainfall depths and durations. This
likely resulted from a study focus on storms with both measairafillent and

effluent for the water quality analysis, necessitatingdaevents. Overall, the
sampling patterns reasonably reflected historical rainfall distributions during 2011
2013. The rainfall data are summarized as: during 114 monitored evemexdived
0.02512.52 cm rainfall (median = 0.699 cm), with an event duration of®303 hr
(median = 3.4 hr), resulting in a rainfall intensity of 0.818 cm/hr (median =

0.166 cm/hr), and influent (inflow volume/drainage area) of 0008 cm (methn =

0.318 cm).

Volume Discharge Ratio.During the 114 monitored storms, 866 of
stormwatewasremoved from the total 2,120%uf runoff that entered the
bioretention system, fa net reduction of 40% he effluent/influent volume ratio

( f,) has been proposed as a way of using the capacity of bioretention storage to

measure the success of low impact development (LID) perforniBaces 200§. It

is calculated from:

n Equation 2-5

whereV represents the input and outlflow stormwater volumes. This
parameter was determined and compared with the P1 values measured\bERO

amendment at the siei et al. 2009 in order to determine the impact WTR
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incorporation mighhave onvolumetric performancen bioretention systems-{gure

2-5).
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Figure 2-5 Volume discharge ratio exceedance probability plot foenhanced P removal
bioretention site. Data in 2006:2007were collected at the sitdefore the enhanced P retrofit(Li
20073 Li and Davis 2009.

The eventsn Figure2-5with f, >1 indicating output volumegreaterthan

the input volumes are assumed to be caused by ground water surges from the nearby
creek during intense or lordyration rainfall eventfLi et al. 2009. Before the WTR

retrofit, around 30% of the monitored events ige1; however, volume reduction

was noted for more than 96% of all storm events occurring during the current study

The medianf, values are 0.622 (208007 before retrofit), 0.205 (2022013 after

retrofit, water quality sampled), and 0.144 (2101 3 after retrofit, hydrologic
monitored), indicating that the median input volume release@ddsed from more

than 60% to only 20% after WTR application. Forty percent of all hydrologic events
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monitored were small enough to be entirely captured by the bioretention facility,
which is in agreement wittine discussiom Li et al. (2009 where approximately
20%71 50% of the runoff entering the bioretention cells was lost to exfiltration and

evapotranspiration.

TheWilcoxonranksum testcompared thef, values of the hydrologic

monitored and water qualityampled events that occurred after the retrofit. The null

hypothesis (7= #) could not be rejected even at the 10% significdeneel. This
result shows that thé, valuesfor both data setsan be consideretie samenean

suggesting that the events collected for water quality analysis were representative of

typical hydrological performance during the moning period.

Comparing the hydrologic monitored events before and after the WTR

amendment, lowef, values after the WTR retrofit of the bioretention site were
found to be statistically significant at the 99% confidence leved.|3W f, values

demonstrate the better efficacy of the bioretention media in managing water volume,
although predictively quantifying the effect is somewhat complex. This better
hydrologic performance may be attributable to (1) tigh fraction of small storms
during 20112013, as it has been noted in many investigations that hydrologic
performance diminishes as rainfall depths increase and rainfall durations become
longer(Li et al. 2009; and (2)somewhatarger cell media volume. A total of D8

kg of WTR were added to the bioretention site during retrofit, which resulted in an
approximately 3 cm media depth increasll in all, the WTR applicatioto the

bioretention media did not reduce the hydrologic capacity of the bioretention system.
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Bioretention Abstraction Volume. The volumetric performance of output
vis-a-vis input is presented iRigure2-6, with a patterrsimilar to thoseeported by
Davis et al. (2012 No dischargeccurredfor the small events and a linear
relationships notedbetween the input voilne and dischargeeyond a threshojdhis
indicates a fixed storage capacity (Bioretention Abstraction Volume, BAV) for the
bioretention system, with some variation due to differences in rainfall intensities and
antecedent conditions. For underdraineddiention, the average BAV (Ave BAV)

can be calculated Qpavis et al. 201

Ave BAV = RZMS {SAT -WB  &MS( SAT F¢§ Equation 2-6

whereRZMSis the available media sege within the root zoné&MSis the
lower media storage; arf®AT, WP,andFC are the saturatignvilting point, andfield

capacity fractionrespectively.

After retrofit, the media was classified as loamy sand with a sand content of
82%, a clay content @%, and an organic matter content of 5.1%. The associated
SAT (51.4%), FC (17.6%), and WP (9.5%) were found using theVZaier
Characteristics model fro@axton and Rawls (20D6The RZMS (root zone = 10 cm)
and LMS (lower media = 50 cm) in P1 site wegellnf and 90.5 My respectively.
The fielddetermined BAV of 6.88 fhwas much lower than the calculated Ave BAV
(38.2m°), indicatingthatthe bioretention cell was not fully utilized. This is
attributable to the multidimensional flow mentionedlgvis et al. (2012 wherein
underdrain flow is initiated in the area near the flow inlet; much legsedbiydraulic

load istransferred tahe media further away from the outlet durlaggerevents.
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Changes in the characteristicstlo¢ bioretention cell after the WTR amendment
could have contributed to this BAV loss. The cell had a sloped surface before
amendmenin order toencourageunoff coming into the celio migrateas far as

possibleaway fran the inlet However, the retrofit worknay have modified the

media slope
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Figure 2-6 Volumetric performance for enhanced P removal bioretentiorsite. Bioretention
abstraction volume (BAV) calculated usingequation 2-6.

2.3.2 Water Quality
General Trend of a Storm Event.The sample input and output pollutant
concentrations for TSS and P species onustd0,2012 are presented gure2-7
as an example of the general trends occudinmg a storm event. The onset of the
effluent sampling was del ayed approxi mat el

peakso e wmimadlundeSiain disehargeccurredrom the first peak of
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rainfall, the sampling program was triggered by the ségq®eak (which was about

two hours later than the first).

Significant reductions in TSS concentrations were noted during the event
(Figure2-7(a)). The influent TSS reached as high as 340 mg/L and the input EMC
was 200 mg/L. The effluent TSS peak and EMC wedarid 6.2 mg/L, respectively.
The TP and PP concentration reductionseméso obviousKigure2-7(b)); the peak
decreased from 0.66 mg/L in influent to 0.12 mg/leffiuent for TP, and from 0.61
mg/L to 0.06 mg/L for PP. The effluent concentrations were not as variable as the
influent concentrations due to the effective treatment and buffering ofdbing
runoff by the bioretention syste(hiatt et al. 200Q FromFigure2-7(c), it can be
seen thathe DOP vasnot significantly removed for this storm event. Both the
influent and effluent EMCs were 0.03 mig For SRP, the influent and effluent
EMCs were 0.07 and 0.04 mg/L, respectivehgicating some removarlhe influent
SRP concentrations varistynificantly, ranging from 0.02 to 0.11 mg/L. After the
first several points, the output concentrations of SRP and DOP remained ¢@tstant
0.04 mdL and 0.03 mg/L, respectivelipata from the other events were generally

similar, but differed in the details.
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Figure 2-7 Water quality monitored at enhanced P removal bioretentiorsite (August 10, 201%
(a) TSS oncentrations; (b) P species (TP, PP, DPand (c) P species (DP, SRP, ODP)
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Table 2-1 EMCs for TSS and P species anhanced P removal bioretentiorsite.

| TSSin | TSSout | TPin | TP out | DPin | DP out | SRPin | SRPout | PPin | PP out | DOPin | DOPout

(a) All Sampled Events

Total Events [ 26 [ 15 |30 |18 [30 |18 |21 12 [30 [18 |21 |12
EMCs (mg/L)

Mean 127 7.8 0.33 |0.11 0.11 | 0.07 0.07 0.04 0.22 |0.04 0.06 0.03
Median 108 5.3 0.31 |0.11 0.06 |0.08 0.03 0.05 0.22 |0.03 |0.03 0.03
Max 298 334 0.81 | 017 0.66 |0.11 0.28 0.07 0.37 |0.08 0.61 0.05
Min 24 1.0 0.13 | 0.05 0.03 |0.03 0.01 0.02 0.05 |0.01 |0.02 0.01
(b) Sampled Events with Outflow Collected

Total Events | 13 | 17 | 17 |12 | 17 | 12

EMCs (mg/L)

Mean 142 8.8 0.29 |0.11 0.07 | 0.07 0.05 0.04 0.21 |0.04 0.03 0.03
Median 110 6.2 0.27 |0.11 0.05 |0.08 0.03 0.05 0.19 |0.03 |0.03 0.03
Max 298 334 0.61 |0.17 0.26 |0.11 0.22 0.07 0.37 |0.08 0.06 0.05
Min 33 1.2 0.13 |0.05 0.03 |0.03 0.01 0.02 0.05 |0.02 |0.02 0.01
(c) Sampled Events without Outflow

Total Events | 9 | 12 |12 E |12 E

EMCs (mg/L)

Mean 127 0.41 0.17 0.08 0.23 0.11

Median 118 0.35 0.13 0.05 0.24 0.06

Max 223 0.81 0.66 0.28 0.31 0.61

Min 78 0.27 0.03 0.01 0.14 0.02

"Outflow had been entirely captured by enhanced P removal bioretention site or outflow volume’< 0.5
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Figure 2-8 Pollutant duration curves for enhanced P removal bioregntion site: (a) TSS; (b) TP;

(c) PP; (d) SRP; and (e) DOP.

Water Quality Data Comparison and P SpeciationThe detailed sampling

results for TSS and P species are summarizédlite2-1. The pollutant duration

curves shown irFigure2-8 were created to focus on the performance of discrete

sample concentrations. Exceedance probability pfotgife2-9) were used to

present water aulity data in order to emphasize the treatment outcome and

subsequent ecological impact of the dischgBgevis 2007. In addition to the results
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from this study, comparisons of TS&daTP in both influent and effluent were made
between theurrent data collected during 2002013 and the data collected in 2006

T 2007 (before the enhancé&dretrofit).

Total Suspended SolidsTSS demonstrategery good treatment performance
and effluen quality for both the sampleased tests (for the pollutant duration curve,
Figure2-8(a)) and evenbased tests (for tHEMC exceedence probability pldtjgure
2-9(a)), which agree with previous studies on this fiieand Davis 200 From
Figure2-8(a), it can be seen that input discreteoffif SS concentrations ranged
from 5 to 1274 mg/L (median = 76 mg/L), whereas discharge TSS ranged from less
than 1 to 99 mg/L (median = 5 mg/L). Thetetention dischargmet the 25 mg/L
TSStarget level criteriorfDavis and McCuen 20092% (83.6 hr out of 90.5 hr) of

the discharge time, compared to only 9% (6.61 hr od0d@4 hr) for the influent.

TSS removal is dominated by the settling and filtration prompted by the
bioretention medigLi and Davis 2008pLi and Davis 2008c Steady state
particulate matter removal (C/Co) is predicted by the fundamental filtration model

(Yao et al. 1971Cleasby and Logsdon 1999

a -
L. expge-§ d e)a AL Equation 2-7
G ¢ 2 4

wheret is the filter porositylJis the sticking coefficient. is the collector
diameter; andl, is the particle diameter. The parameigis the overall collector

efficiency, which is the sum of three individual collector efficiencies: sedimentation
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h=—2_""FP , Interception (7 —_—ae—p /) and diffusion
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. 0 ). employing realistic bioretentioralues for the
D % ip |CV 8 y ying

parameters of Equation2(¥ = 0.4,U= 0.1,d, = 0.2,d, = 0.05)(Davis and McCuen
2005, a predicted removal of 96% was found, supporting the conclusions of an
effedive filtration mechanism in bioretention. The intermittent, variable,
heterogeneous nesteady state urban particle loadings occurring imsi@ter

runoff can account for the slightly higher than predicted effluent TSS concentrations

(Li and Davis 2008p

Figure2-9(a) presents TSS EMCs of the influent compared to the
corresponding effluent favents withbothinflow and outflow during 200&007
(beforeWTR retrofit) and 20112012 (after retrofit). The inflow TSS EMCs ranged
from 7 to 422 mg/L before, and from 24 to 298 mg/L duthmgcurrent study. The
outflow TSS concentrations were low during both monitoring periodexsépt one

of theeventamet the 25 mg/L taeg level criterion after WTR incorporation.

TheWilcoxon ranksum tesevaluationfound that the TSS concentrations
were significantly { = 1 %) reduced by thigioretention celfor both the current and
previous data periods. Both the inflow and outflow concentrations showed no
dissimilarbehaviorbetween the two monitoring periodshat 1%. The results
demonstrate that WTR incorporatidid not harm the bioretentionedia 8ltration

performance
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Total Phosphorus.Thecumulativepollutant duration curve for TP is shown
in Figure2-8(b). The concentrations for the inflow ranged from 0.04 to 1.§& m
(median = 0.21 mg/L), whereas the outflow ranged from 0.03 to 0.27 mg/L (median =
0.11 mg/L), indicating effective treatment. Foettyo percent (53.4 hr out of 126.3 hr)
of the discharge time for the effluent met the 0.1 mg/L target level critggisSEPA

1986 compared to only 12% (9.61 hr out of 83.4 hr) for the influent.

The TPEMC data for he two monitoring periodarecompared irFigure
2-9(b). Influent EMC values for TP during the previous and current studies ranged
from 0.05 to 0.74 mg/L (median = 0.14 mg/L) and 0.13 to 0.81 mg/L (median = 0.31
mg/L), respectively. Corresponding effluent concentrations ranged from less than
0.05 to 0.51 mg/L (median = 0.32 mg/L) before retrofit and 0.05 to 0.17 mg/L
(median = 0.11 mg/L) after retrofiA 1-cm pathlength cuvette was employedhe
previousresearctand the detection limit wa&05 mg/L P). A comparison of the data
sets using a Wilcoxon rardum test indicated that (i) TP leachioccurredoefore
WTR incorporatior(output > input) (ii) although the TP input was highér £ 1%)
compared to the 20062007 period, TP concentrations were significantly reduted (
= 1%) after treatment through th¢TR bioretentionrmedig and (iii) the effluent TP

concentrations were much lowér£ 1%) than they were before the WTR retrofit.

Thebioretention cellvas not effective for TP removduring the previous
study, where it was concluded that the media had a high phosphorus content, causing
TP export(Li and Davis 2009 TP export from traditional bioretention media has
alsobeennoted by othex(Dietz and Clausen 2005dunt et al. 2006 However, in

this researclafter WTR incorporatiothe media washown to beeffective for
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treating TP, whichs attribuable to the increase of P adsorption capacity contributed
by the WTR(Dayton and Basta 2005Eovak and Watts 200®'Neill and Davis

20123 O'Neill and Davis 2012b

Phosphorus SpeciationThe samplébased pollutant duration curves for PP
are presented iRigure2-8(c), indicating excellent removal. PP concentrationthe
inflow varied significantly, ranging from 0.01 to 1.51 mg/L; the median value was
0.15 mg/L. However, PP decreased significantly after the runoff passed though the
bioretention media; the values were lowered to less than 0.01 to only 0.21 mg/L
(median = 0.03 mg/L). For more than 96% (119.1 hr / 124.7 hr) of the time, the
effluent concentrations were lower than 0.1 mg/L, whereas the influetrnthis
criterion only 34% (27.5 hr / 81.4 hr) of the time. The exceedance probability plot for
PP Figure2-9(c)) also showed very good treatment performance. The median EMC
of the inflow and outflow for all of the collected eventas®.22 mg/L and 0.03 mg/L,

respectively, values which were close to the sarhpked redts.

The mean and median evdrased dissolved fractiei f :_l?—g) were 0.31

and 0.28, illustrating that PP was the dominant species in the surface runoff, in

accordance with research Bgrretta and Sansalone (2Q1After passag¢hrough
the bioretentiomedia the mean and mediafy in the discharge increased to 0.67

and 0.68, indicating that the PP removal wasebéftian DP removal.

The Wilcoxon ranksum tesindicatedthat the PP concentrations were
significantly reduced(= 1%) by the enhanced bioretention system. PP is managed

with TSS, which causes it to settle and become filtered from the infiDamts 2007.
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Although no PP or DP data were ealled in the prior study (200&007), it can be
assumed that the PP removal performance should have been good before the retrofit
becausehe TSS removal wasery good As a result, the leaching of TP that was
noted at this sitéLi and Davis 200pmay beattributable to the leaching of DHkely

from organic matter in the media.

SRP and DOP.The Wilcoxon ranksum test indicated metremoval of
neither SRP nor DOP fro incoming runoff Figure2-9(d) andFigure2-9(e)). The
influent EMCs for SRP and DOP ranged from approximately 0.01 to 0.28 mg/L and
0.02 to 0.61 mg/L, respectively, atite effluent EMCs were consistently between
0.02 to 0.07 mg/L and 0.01 to 0.05 mg/L. The pollutdumation curvesKigure
2-8(d), Figure2-8(e)) show that the inflow conng&ations for both SRP (less than
0.01 mg/L to 0.41 mg/L, median = 0.03 mg/L) and DOP (less than 0.01 to 0.83 mg/L,
median = 0.03 mg/L) varied over more than an order of magnitude, yet the outflow
concentrations were relatively stable. Concentrations dafige less than 0.01 to
0.09 mg/L for both, and the median value was less than 0.03 mg/L fombBdiP04
mg/L for SRP. These data agree with the trend presentédune2-7(c) for a single
event. After the firsseveral points (about 2 hrs), the output concentrations of SRP

and DOP remained essentially constant

Previous research has shown tihdbngterm scenarios, PP filtered and
accumulatedrom urban stormwatanay potentially partition back to the aqusou
phasgScarlatos 1997Chen and Sheng 200Berrettaand Sansalone 20),zand
biological processing may cause DOP to exflartas and Greenway 2011
Although this study of an enhancBdreatment systeexamnes and finds nBP
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loss from input, no leaching of DP was noted, indicating that any release of DP from

t he mediabds organic constituents and veget

The major mechanisms ofrBtentionin the bioretentiomediainclude
adsorption and/or precipitation, since microbial and plant uptakes account for only a
small fraction of the P retaing¢tucas and Greenway 2008ucas and Greenway
20117). Phosphorus retention mechanisms can be considered a combination of a fast
reversible true sorption process on soil particle surfaces, plus various slower time
dependent processes thatbavbeen descri bed as fisl ow adsor
Adepositionodo, Afi xatstoantoe dStUmmargiMargadt i ono o
1996 McGechan 2002WNu and Sansalone 20/l 3\fter being retained, inorganic
phosphorus species, which typically are considered bioavailable, can be utilized by
vegetatbn growth inthe bioretention facility(Davis et al. 2006 Hsieh et al. (2007a
found that longterm phosphorus reactions regenerate active-giont sorption sites
in repetitive bioretention columns. In this research, most of the retained phosphorus in
the media layers was available for vegetative uptake, and environmental risk

thresltolds were not exceeded.

The nearlyconstant output of SRP and DOP suggest an adsorption mechanism
in which a constant equilibrium concentration is discharged from the n@&gen
adequate¢ime, P will find reactive sites in micropores, becoming morengtyo
adsorbed at the individual surface sifggpolito et al. 2008 Erickson et al. found
similar results in the invegjation of phosphate removal from synthetic stormwater
by a sand filter amended with iron filinglsrickson et al. 20Q7%Erickson et al. 201)2
An adsorption equilibrium mechanism explains the steady state dissolved P
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concentrations observed in our study, as well as others, including those that are higher
than the influent concentrations. The SRP and DOReskat nearly equal fractions

of DP in the incoming runoff, whereas SRP accounted for 59% of the DP in the
effluent. Morever, as mentionedbove DOP can leach from captured PP and

microbial processs occurringn the medigScarlatos 1997Chen and Sheng 2005

Berretta and Sansalone 201Phis suggestthat WTRs have the ability teoroDOP.

A schematic of various sources and fates of P species in bioretention systems is

presented ifrigure2-10.
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Figure 2-9 Exceedance probability plotsfor enhanced P removal bioretentiorsite: (a) TSS; (b)
TP; (c) PP; (d) SRP; and (e) DOP. (Data in 2068007 were collected at the same site before the
enhanced P retrofit(Li 2007a; Li and Davis 2009).
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Pollutant Mass Load Reduction.Annual pollutant loasiwerecalculated for
individual storm events usirigquation 24. The pollutant masseduction (or increase)
ratio, Ry, was calculated by:

L
R,=1 —+ Equation 2-8

in
Pollutant load reduction fatormwater runofpassinghrough the
bioretention systernonsisedof reductiors bothin volume and pollutant
concentration. This reduction canédmvisionedas (i) when water enters the cell
treatmentdsorptiortakes place at the medisurface(Li and Davis 2008aLi and
Davis 2008b desigrated aghe system treatmentnd (ii) the stormwater volumis
reduced bypercolation storageandbr evapotranspiration. Mass reductions in the

latter casare based on volume reduction.

The pollutant mass load reduction due to volume redudtiogs, was
estimatedy summing the product of the runoff volume reduction and discharge
concentration for each storm. If zero discharge occurred, the mass reduction was
attributed entirelyo volume reduction. The cumulative input and output pollutant
EMCs and loads fahecell during 20062007 and 201-2013 and the mass volume
reduction ratioRm,,, accounted for the fraction &f...q responsible for the total mass
reduction are listed iable2-2; the P species comparisonsowerall pollutant mass

loads between influent and effluent are showrFigure2-10.
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Table 2-2 Comparison of the influent and effluent water quality and pollutant mass loads for
water quality sampling events at theenhance P removal bioretentiorsite in 20062007 and 2011
2013. (Data in 20062007 were collected at the same site before the retrofiti 2007a; Li and
Davis 2009).

Pollutant| Input Output | Lin Lout Rm Lyred Ry
EMC EMC (kg/ha | (kg/ha (kg/ha
(mg/L)? | (mg/L)? | year) year) year)
20062007
TSS 137 8 890 32° 96.4%
TP° 041 [027 |27 1.2° 55.1%
20112013
TSS 97 6 1090 |47 95.7% | 106 10.2%
TP® 0.300 |0.111 | 3.0 0.48 84.0% |0.79 31.4%
DP° 0.070 | 0.065 |0.70 0.28 59.9% | 0.40 95.6%
PP 0.230 |0.046 |2.3 0.20 91.3% | 0.39 18.6%
SRFP 0.041 |0.037 |0.41 0.16 60.3% | 0.22 91.1%
DOP 0.030 |0.028 | 0.30 0.12 59.3% | 0.18 ~100%
®Based on the cumulativeass divided by the cumulative volume for all collected
samples.
PCalculated usingquation 24.
‘12 events
920 events
°17 events

Both EMCs and mass loads were reduced for TSS and all P species. Moreover,
pollutant mass removals were higher than EM@ovals due to the attenuation of
volume by the bioretention media. TSS had a pollutant mass removal of 95.7%,
which was close to the value recorded before the WTR amendment (96.4%), again
indicatingthat the bioretentiofiltration mechanisnwasnot affected but also that
volume management was not compromigdte TP mass removal was improved by
the retrofit. Before retrofit, the load was reduced from 2.7 to 1.2 kg/tthe new
reduction, from 3.0 to 0.48 kg/ha, supports the assertion that WTR inmanation
enhanced the P sorption capacity of the media, resulting in an effective TP treatment

(Table2-2).
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The inflow PP mass proportion of TP was 76.6%, and esbtiteccabout 41.5%
in the outflow. The total rundP reduction was dominated by PP (83.3%). The SRP
fractionsof DP were similar in both inflow (57.8%) and outflow (57.2%), a bit higher
than DOP. The enhanced bioretention system reduced the SRP mass by 60.3% and
DOP by 59.3%Table2-2), which suggests that they were removed by similar
(sorption)mechanisms. Although Tab®?2 indicates that the DRass reduction
resuledalmost entirely fronthe volume reduction (95.6%}is analysis does not
consider anyeaching of DP from the media ocaptured PP; botare expected to
contribute to the Bhat istreated and accumulated by the meé&igure2-10).

Overall, amendment with ANTR decreased DP mass by approximately 60%.
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Figure 2-10 P fate in bioretention systemsand pollutant mass loads comparison betweerinfluent and effluent. (OM:
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2.4Evidence and Limitations of Research

It has been proved by previous bench and column swalees with restricted
control and repetition experiments that WTR incorporation with bioretention media
can greatly increase DP sorption capa@@Neill and Davis 20120'Neill and
Davis 2012a Although no control and replicated tneents were able to be designed
with this research, field study taken biy(2007b during 2006" 2007 in the origial
bioretention system can be considered as a control experiment. Rainfall data collected
in both monitoring periods (20062007, 2014 2013) were compared to the State of
Maryland historical rainfall duration and deg&reeb 2003 and were recognized as
typical Maryland storms. Moreover, the primary focus of tegearch is to evaluate
the feasibility of this novel technology in a field complex environmienbrder to
simplify the research parametessme assumptions were made: (i) data collected by
Li (2007b during 2006 2007 were still valid to just before the retrofit and were
considered as control experiment data; (ii) the 5% WTR incorporation did not impact

the resuts; and (iii)storm events were independent from each other

TSS was significantly reduced by the bioretention cell for both the current and
previous data periods, which is due to the settling and filtration prompted by the
bioretention medigLi and Davis 2008pLi and Davis 2008c TP export was noted
before WTR incorporation at this sifiel and Davis 2009 whereas TP was
effectively managed after WTR retrofit. PP is managed with (C&8is 2007,
exhibiting exellent removal in current study. Although no PP or DP data were
collected in previous period (200@007),it can be assumed that the PP removal

performance should have been good before the rearafithe leaching of TP may
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have resulted from leachimg DP, likely from organic matter in the media or
captured PP by bioretention cell. Neither net removal nor leaching was indicated for
both SRP and DOP from incoming runoff. Moreover the outflow concentrations were

relatively stable, suggesting an adsaptmechanism.

Incorporation with WTR significantly increased the,Adnd decreased the
media PSI (described in Chapter 3), thimiaccordance with the findisgf O'Neill
and Davis (2012aPSl is ofen used to qualify P loss potential from a soil, and a
critical value of 0.1 has been suggested forcalcarious acidic to neutral soil
systemgAgyin-Birikorang et al. 200Q Research has shown that a PSI > 0.1 greatly
increases the risk of P leachififjeinman et al. 2000Agyin-Birikorang and
O'Connor 200Y. The output EMCs (based on the cumulative mass divided by the
cumulative volume for all collected samples) of SRP and DOP were identified as
0.037 mg/L and 0.@8 mg/L, repectively. DOP accounts for 43% of Dégmpared to
the results oftheleaching studylescribed in Chapter @hich found thatfog = 67%,

indicating thaDOP was managedell by WTR additionas well as SRP

2.5Summary

This project demonstrated the capyaaf WTR incorporation within a traditional
bioretention system to reduce stormwatglume,as well asTSS and® loadsThe

WTR incorporatednto thebioretention system demonstrated excellent hydrologic
performance. Although the fieldetermined BAV wasower than the calculated

BAV, indicating that the bioretention cell was not fully utilized, volume reduction

was noted for more than 96% of the monitored storm events. The input EMCs for TP

and DP were 0.30 and 0.07 mg/L, respectively, which are cldke toean values
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provided byUSEPA (1999 for runoff from mixed urban area0.26 and 0.06 mgl/L
Results indicate good performarfoe TSS and P removahd reveal the following
information on the unit processesP removal in WTRamened bioretention
systems(i) filtration performance was not harmed by WTR incorporataomdTSS,

TP and PP were significantly reduoeompared to input; and (ii) WTR incorporation
can enhance theorptioncapacity for both SRP and DOP, which can effectively treat
incoming runof and frommedia and prevent leaching from captured Bthanced
removalthroughWTR appears to ba viableoptionfor reducing uncertainty in

design, decision making, and applications to addPesesnoval from urban

stormwater
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Chapter 3Bioretertion Retrofit for Enhanced Phosphorus
Removal: Media Performance

3.1Introduction

Phosphorus (P) can be the limiting nutrient in eutrophication processes,
causing excessive phytoplankton growth and dissolved oxygen depletion in water
bodies(Schindler 1977Correll 1998. Although horetentionsystems have been
proven by many researches that they are effective at marfamirsgand volume, and
a multitude of pollutantsuch as total suspended solids (TSS), hydrocarbons and
heavy metal¢Davis et al. 2001Séy et al. 2001 Davis 2007 Bratieres et al. 2008
Li and Davis 2008aLi and Davis 2009Trowsdale and Simcock 20} they are
generally not effective atddressing nutrients problemB. export from traditional
bioretention media has been notedeveralstudieswhich haveconcluded that high
phosphorus content in the media was the cause tdtlegphosphorusIP) export.In
field research byietz and Clausen (200b@ Haddam, CT and biunt et al. (2006
in Greensboro, NC, the mass retention for TP was found 1bli0e6% and240%,
respectively, indicating more phosphorus left the system than eritesed Davis
(2009 did field research on the campus of the University of Maryland, College Park,
and found that the concentrations of total phosphorus (TP) in effluents were found

higher han in influents.

Particulate phosphoruP B removal by traditional bioretention re$ mainly

on the filtration mechanisnissolved phosphoru®P) can be retained in soil by

53



adsorption, which takes place both in static soil components and mobile sedane
colloids(McGechan ad Lewis 2002. If the DP concentration exceeds the sorption
capacity of the soil, the excess amount will dissolve and move freely with the water;
eventually it will be transported to surface waters and possibly underground aquifers
(Domagalski and Johnson 20Q12s a result, the effectiveness of DP rematal
traditional bioretentioffiacilitiescan behighly variable dependingipon ste-specific

conditiors.

TheP sorption capacityf a soildependsipon its amorphousluminumand
iron conten{Hsu 1964 Hsu 1965 Lijklema 198Q Elliott et al. 1990. Phosphate is
adsorbed on the mineral oxide surface as binuclear bridging complexesamyrgpl

hydroxyl groupgParfitt 1979 Bohn et al. 198p

Water treatment residual®V(TRs) are byproduatof municipal drinking water
treatment plantthatcan be obtainedither at dow costor for free which are high in
aluminum(Al 1) and/or iron(Fe ). The amorphous hydrous oxideswirR have
strong affinity for anionic specidfppolito et al. 201}, which can help to increase
t he soil 6s P(Elkot et pl.t1990.The lgdeology end water quality
performancef the Unversity of MarylandWTR-enhanced P removal bioraten
site werepresented in Chapter 2. Howevesysralquestiongemainto be clarified
such as(i) What is the P distribution and movement duringrtheningperiod of this
WTR-amendedioretentionsite? (ii) Why did P leaching occur before the retrofit,
and didthe WTR addition really help tadsorbP in the media and (iii) What is the P

removal mechanism at this WTd&nended bioretention site?
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3.2Methodology

3.2.1 Site Description

The P1 site was desbed insection 2.2.1. Theetrofit work begann April of
2011. The existing bioretention site wasaredof vegetationexceptfor thetrees
Fifteen tonsof aluminumbased WTR (wet weight) were obtained fridm Rockville
drinking water treatment plant in Pobac, Maryland USA in May of 2011 and
incorporated into the top 40 cm thie bioretention soimedia(BSM) (Figure3-1).
Thevegetation at this site was replanteduneof 2011 All the plants were selected

on the basis of species status as native to theAtlahtic regionof the United States

as shown inTable 31.

15 tons WTR (wet
weight) are mixed
with top 40 cm
depth of the soil

Bioretention
Soil Medium

Underdrain
Pipe

Figure 3-1 WTR retrofit at enhanced P removal bioretentiorsite.
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Table 3-1 Plant material at enhanced P removal bioretentiorsite.

Herbaceous plants

Scientific name Common name

Carex pensylvanica Pennsylvania sedge
Eupatorium dubi um oL |DwarfJoe Pye weed

Hi bi scus x o6Lord Bal {|LordBaltimore rose mallow
Panicumvi gat um O CIl oud Ni|Cloud nine switchgrass

Rudbeckia | aciniat a Cutleaf coneflower
Symphyotrichunmovaeangliae'Purple Dome' |6 Pur pl e domed ¢
Woody plants

Scientific name Common name

Betula nigr a-HedfB N MT F 6 | Dura Heat river birch

Clethra alnifolia Summersweet

Photinia pyrifolia 0]|Redchokeberry

3.2.2 Monitoring and Sampling Methodology

Media Texture Studyedia samplesveremanually taken at May 21, 2013 at
the narrow side aheP1 site in an area of appraxately 10 nf. Approximately 250
g sample was taken from the mixed sample of five camelssent to the University of
Delaware Soil Testing Program for characterizati®ince P1 site was not fully used,
stormwater runoff could not go as far to the narrow sSitée. sample was assumed to

reflect the original condition dhe P1site just after WTR retrofit.

Field StudyMeda samples were collected in tRé sitefive times on April
26, 2011(beforetheretrofit), August 31, 201{runningtwo months) March 9, 202
(runningeightmonths) October 16, 201gunningfifteen months)and March 1,
2013(runningtwentymonths). Four groups of media samples were collected along
the mid line ofthe P1 site movingfrom the wide side to the narrow siceem
intervak were naintained ktweenthegroups. Five cores were collected for each

groupoveran area 080 cmx 30 cm. Samples were taken from the top 24 cm of the
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horizon and divided vertically intiive samplesas follows: 2cm/2cm/4cm /4 cm
/ 12 cm.The fivesanples foreach layer oéach group were mixed togethAs a
result 20 samples were obtained each time. The samgtingmatias shown in

Figure3-2.

Mediasamplesverestored at field moisture content under igdration,
between 0 and°@. Beforetesting themedia samples were crushed by hand, air dried

for oneweek and passed througiNo. 10 sieve (2 mm).

30cm

_—
30 ?/ k/”/\x\j’/"

A ' 5 cores

Figure 3-2 Media sampling schematic for enhanced P removal bioretentiosite.

Lab StudyTSSP leaching testwere conducted as followBhe first step was
to collect firstflush stormwater influenatthe P1 siteluring a storm, as described in
Chapter 2After taking a100 ni sample for TP, TDP and SRP analysie
remainirg samplewas filteredthrougha 0.22>m membrane filterThe volumewas

recorded (V1) anthe filter sampleir diied atroom temperaturd-or the second step,
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after threedaysthe filter waswashedusingDI water withthe volumeasrecordd
before (V1) andthen the sample wahakea for onehour. Subsequently, after taking
a100 niL sample for TP, TDP and SRP analysiie remainingsamplewas filtered
througha 0.22>m membrane filterThe volumewasrecorded (\2 = V1- 100 and
the filter samplair died atroom temperaturd=inally, for the third step the second

stepwas repeatedntil the sample volumeasless than 100 in

3.2.3 Analytical Procedures

The procedures used foetérmination othewater quality parametergere
described irBection 2.23. The nedia parameters analyzed included glctrical
conductance (EChrganic matter (OM)pxalate extractable Al (A)), Fe (Fgx) and P

(Pox), water extractable P (WEP) andeMich 3 P (M3P).

A glass electrode probe pH meter (Mettler Toledo MA235, Greifensee,
Switzerland) measurdtie pH of malia and water mixtusg(1:2 w/v). EC was
determined by a conductance probe (YSI Model 35, Yellow Springs, Ohio) in a
saturated media paste (1:1 w/v). OM content esisnatedy lossortrignition (LOI)

at 550C.

WEP and M3Pwereanalyzed usinghe methodof Kovar and Pierzynski
(2009. For WEP, nedia were extracteasing0.01 M CaClata w/v ratio of 1:25
shaking on a reciprocating shaker fonehour. For M3P, media were extracted by a
Mehlich 3 extraction solution (0.2 M acetic aci®d-25 M ammonium nitrite + 0.015
ammonium fluoride + 0.013 M nitric acid + 0.001 M EDTA) at a 1:10 (w/v) ratio and

shaken on &eciprocating shaker fdive minutes. Then both samples were
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centrifuged at 00 rpm for 10 minuteand passed through0a22>m membrane
filter. The filtrates were testespectrophotometricallysing the ascorbic acid
molybdenum blue method (45F0EYAPHA 2005 at 880 nm (Shimadzu UY60,

Kyoto, Japan).

Media oxalateextractionsnvere performed as describedvltKeague and Day
(1993. A 1 g media sample was placed in a 50 mL centrifuge tube along with 40 mL
of 0.275 M extraction solution (0.175 M ammonium oxalatmohydrater 0.1 M
oxalic acid dehydrate, adjusted to pH =t8.0 with 1M HCI).The samples were
shaken fotwo hoursin thedark, centrifuged at,Q00 rpm for 13 minutesndthen
filtered through ®2>m membrane filtes: Thefiltrates were analyzed for Afeand
P withinoneweek. Aland Fe weranalyzed by Atomic Absorption
SpectrophotometrgPerkinElmer 510&L, Waltham, Massachusétt$he P was
analyzedspectrophotometricalllpy a spectrophotometéShimadzu, UV160)at 660

nm, usinghe method described Wolf and Baker (1990

Scanning electron microscopy (SEM) (FBEM, Hitachi SU70, Japan) and
Fourier Transform Infrared Spectroscqf-IR) (ThermoScientific, Nicolet 6700)
with smart iTR attenuated total reflectance (ATR) sampicgessoryvere

performed for WTR fomorphologyanalysis

3.2.4 Data Handling and Statistical Analyses
A strong correlabn exists between oxalate extractable aluminum, iron

(Al +Fe,) and phosphorusR,) in soil material{McLaughlin et al. 198)L The
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phosphorus saturation index (PSI) efided(McGechan and Lewis 200Payton
and Basta 2005b
P

PSI=——o%
Al +Fe,,

[0

Equation 3-1

where By, Alox and Fgy are expessed on a molar bagimmol/kg soil) PSl is
often used to qualify P loss potential from a soil, and a critical value of 0.1 has been
suggested for noncalcarious acidic to neutral soil systaAmgn-Birikorang et al.
2009. Research has shown that a PSI > 0.1 greatly increases the risk of P leaching
(Kleinman et al. 2000Agyin-Birikorang and O'Connor 20Q./SI values were
calculated for théioretentionrmedia samples befothe P1site retrofitand every
four tosix monthshereafterin order todeterminaf the WTR application resuétdin

P losses osustainedncreassin the P sorptive capacity of the bioretention system.

One way ANOVA testwere used to determine if the addition of oxalate

extractable content®y, Alox and Fgy) in soil media were statistically significant.
3.3Results and Discussion

3.3.1 WTR Characterization

The basic characteristics of WTR are presentéichbile3-2. WTR is
essentially neutral, with a pH of 6.Bhe highapparenOM (36%) of WTRgiven by
LOl is likely due to the chemicdlound water removed frothe hydrous oxides of
WTR during ignition(Elliott et al. 2002 or the nonionic organic polyme

(CLARIFLOC N-6310 POLYMER us=din the drinking water coagulation processes
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(O'Neill and Davis 2012aThe amount of amorphous Al and Ad 4 + Fey,) was

high and WEP was low, which implies the high sorption capacitylow leaching
potential of AMcLaughlin et al. 198]1Elliott et al. 2002.WTR can be found in
various shapes and sizes and is highly po(biggire3-3). Several peaks are apparent
in the FFIR patterns oWTR (Figure3-4); however, sinc&VTRs are physical
mixtures of aluminum and iron hydrolysate (oxides) containing small quantities of
activated carbon and jymer (Ren et al. 2013 It is difficult to clearly confirm the
compositions at these peaks, however, the wavelengtbuatd 3300 crii should
indicate hydroxyl groups; the two gies at approximate wavelengths of 1400'@nd
1600 cni may due to the organic impurities; metal oxides, such as silica dioxide,
aluminum oxide and iron oxide should contribute to the peak at the wavelength

around 1000 cih

Table 3-2 WTR characteristics.

Characteristics Values
pH 6.5
EC (mmohs/cm) 1.34
WC [moist] (%) 84.1
WC [air dry] (%) 15.6
LOI (%) 36
Alox (9/kg) 123
Fexx (9/kg) 3.54
Pox (9/kg) 0.469
WEP (mg/kg) <0.1
M3P (mg/kg) 2.03
PSI 0.003

" This value $ likely not representative of the organic
matter content due to the presence of bound water. S

text for discussion.
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10.0kV 5.9mm x30.0k SE(U) 1.00um

Figure 3-3 Scanning electron microscope image of an ANTR.

Organic impurities
eg: 2,4Dinitrotoluene

| Hydroxyl groups .

M-O-M
M: Si , F
4,000 3,500 3,000 2,500 2,000 1,500 1,000 500

Wavenumber (cm#(-1))

Figure 3-4 FT-IR patterns of WTR.
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The results of the characterization studies performed bye¢tevare Soil
Testing Progranbeforeand after theetrofit are shown inTable3-3. The il texture
did not change aftehe WTR retrofit howeverthe pH decrease slightly from 7.3 to
6.8. WTR may also alter the pH of soils after addition. Increases in pH can decrease
Al solubility in the short termAlso, decreases in pH can result in Al reledSgure
3-5). Generally, previous research on WTR has indicated that Al solubility does not
increase when WTR is applied to s@ileters and Bastb96 Gallimore et al. 1999
Agyin-Birikorang et al. 200P Davis et al. (200p6found that pH changes resulted in a
phosphorus release in the uppeil media portion of the bioretention system (but did
not affect the outflow phosphorus concentrations) due to the runoff buffering

occuring within the soil depth.

Table 3-3 Media characterization of the P1 site before andfter the WTR retrofit.

Characteristics Before retrofit After retrofit
pH 7.3 6.8

Organic content (%) 5.7 5.1

Sand (%) 80 82

Silt (%) 13 10

Clay (%) 7 8

Soil Texture Loamy Sand Loamy Sand

®Data were collected byi (2007b)
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Figure 3-5 Solubility diagram for Aluminum (111) hydroxide
(http://ceeserver.cee.cornell.edu/mw24/mjects/SSF/alsol/aluminumsolubility. htm).

3.3.2 General Trends of Media Oxalate Extractions

Changesn media oxalatextractionsalong with site depth, flow pathnd
time pasagewere investigateérom before retrofit and during the entire running
period Theoxalateextractable contents and PSI valuestii@media samples are
listed inTable 3-4. One way ANOVA tests were used to determine if the WTR

addition increased oxalate extractable contents of P, Al and Fe.

64



Table 3-4 Summary of axalate extractable contentsand PSI collected athe enhanced P removal
bioretention site for all samples and all depths

Pox Al ox Féox PSI
mmol/kg mmol/kg mmol/kg

April 26, 2011 3.16 £0.59 |10.80 +£3.01 |33.95+5.91 | 0.075+0.003

August 31, 2011 | 3.27 +0.80 | 64.74 £21.46 | 22.46 +2.26 | 0.048 +0.004

March 12, 2012 | 3.62 +0.37 | 92.92 +9.36 | 23.97 £2.67 | 0.031 +0.001

October 16, 2012 | 4.02 £0.27 | 69.92 £5.77 |22.02+1.39 | 0.045 +0.002

March 1, 2013 4.20+0.63 | 80.10 £12.77 | 28.40 £4.27 | 0.039 +0.001

Figure3-6 shows the values of the media samples collected at the P1 site
before the WTR retrofit. At that time, the P1 site had been running as a traditional
bioretention site for seven yeaiR,, Alox and Fgx were found to accumulate in the
top 4 cm of the medid his investigations in accordance with the resultsSfharpley
(1985, which concluded that the efféae depth of interaction between surface soll
and runoff ranged from 2 to 40 miidomlos and Traver 20)2In the same layer,
group 2 has the highest concentrations of media oxalate extraeigomsntsrom
Figure3-2, since the flume iet, which extended0 cm into P1 site, is close to a long
side of therapezoid group 2mediawas more likely tde exposed to runoffuring
the storm events due to the flow pathwaih)e values of all the,R Alox and Fey
decreased following the inflo pathway: group 2 > group 1 ~ group 3 > group 4 (top
media). The average PSI was 0.075, indicating aHdeachingisk (Agyin-

Birikorang et al. 200P However, the PSI values increased as the media got deeper.
The lower PSI values in the top media, is due to the accumulataanaphougil
and Feas seenwhich can reiforcethe P sgotion ability of medigElliott et al. 2002

Agyin-Birikorang and O'Connor 200.7
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The highesP,y, Alyx and Fg, media moved from the surfacels@i 4 cm)
to 812 cm after the retrofitRigure3-7). This is likely because the mixing of the
WTR into the media moved the former topsoil to a lower locaBased on the WTR
characteristicen Error! Reference source notfound., theexpectedncreass of Py,
Alox and Fgy concentrationsvere0.41 mmol/kg, 124 mmol/kg and 1.7 mmol/kg,
respectivelydue to the WTR incorporatio@omparing the mean values on April 26,
2011 (before retrofit) and August 31, 2011 (after retrofit), the addition,pérd Fegy
was not obvious, which is attributed to the high variability among sanmipiesnean
PSI was 0.048educed significantly frorthe mean value of 0.0%®fore the retrofjt
which meangheP loss potentiavas very lowafterthe WTR applicationHowever,
differences of PSI values were foumokt onlybetweerdifferent layers but also
between different groupsvhich maybe have resulted froomeven mixing of WTR

with the BSM.

With continuedoperation Py again accumulatkin the top mediaKigure3-8,
Figure3-9 andFigure3-10). Unlike beforetheretrofit whereP was onlyretainedn
the surface mediafter the retrofiP was able tdeadsorbedy thelower mediathe
average values of.,Pat the depth of 4 24 cm after retrofit were all higher than the
values at April 26, 2011, which may be dughe retrofit mixing. The layer and
group average values with standard error are showigiure3-11 andFigure3-12.
The gradient of oxalate extractions concentrations for groupsotlicary a lot.
Group 2 still was the group with highest concentratioingxalate extractable of P, Al
and Fe, due to the fact that it received more runoff during storm efregptdid not

significantlyincreaseaftertheretrofit, but the vertical distribidn wasmuchmore
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eventhanit wasbeforethe retrofit Even though the A} valuesvaried a lot after

WTR addition all valueswereall higher than before the retrofit. The extremely high
value of August2011 could be because the core sample contained much more WTR.
Since this is a field project, the WTR could not be completely mixed with BE3\!.
values changkonly minimallyand alwaysemainedbelow 0.05 aftetheretrofit,
indicatingthat theWTR amendmentontinued to work well after two years in

operation.

One vay ANOVA tests indicated that the addition of amorphous Al and the
increased of P adsorption capacity of the soil median were statistical significant. This

resulted from the WTR addition and wiasaccordance with the findisgf O'Neill

and Davis (2012aAn increase in thée  + Al, content of the WTRamended

media was expected to increase the P sorption capacity of the soil.
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Feox Content (mmol Fe/kg soil)

© o 20 40 60 30 100
U l l 1 1 |
— 5 ]
£
S
-E 10 -
E‘ =—4—Group 1
== Group 2
15
==fe=Group 3
20 - =>=Group 4
25 $
PSI
@ 0.00 0.02 0.04 0.06 0.08 0.10 0.12
U | | 1 1 l |
5 4—Group 1 Threshold
—_ —li— Group 2
£ 10 -
= ~— Group 3
=
& 15 | =2¢Group4
(]
20
25

Figure 3-6 Oxalate extractablecontentsand PSI collected at enhanced P removal bioretention
site at April 26, 2011 (a) Pox (b) Aloy (C) Feyy (d) PSI
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Figure 3-7 Oxalate extractablecontentsand PSI collected at enanced P removal bioretention
site at August 31, 2011(a) Poy (b) Aloy (C) Fey (d) PSI.
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Feox Content (mmol Fe/kg soil)
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Figure 3-8 Oxalate extractablecontentsand PSI collected at enhanced P removal bioretention
site atMarch 9, 2012: (a) Py; (b) Al (C) Fey; (d) PSI.
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Figure 3-9 Oxalate extractablecontentsand PSI collected at enhanced P removal bioretention
site atOctober 16 2012: (a) Pyy; (b) Aloy; (C) Feyy; (d) PSI.
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Figure 3-10 Oxalate extractablecontentsand PSI collected at enhanced P removal bioretention

site atMarch 1, 2013: (a) Poy; (b) Al (C) Fey; (d) PSI.
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Figure 3-11 Layer average xalate extractablecontentsand PSI collected at enhanced P removal
bioretention site during the entire experimentalrunning period: () Poy; (b) Al (C) Féyy; (d)
PSI.
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Figure 3-12 Group average xalate extractablecontentsand PSlcollected at enhanced P removal
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3.3.3 Mass Balance and Mass Accumulation

As mentioned in Section 2.3.1, tWéTR retrofit may have modified the media
slope runoff coming into the demay beunableto migrate far from the inlet
resulting inonly asmall area of the bioretention skieingutilized. Seeing from
Figure2-6, although he field-determined BAMs 6.88 nt, most of the storms started
to have the otflow when the inflow volume higher than 11.8,which is about 3%
of the calculated Ave BAV @2m°). This indicates that the utilization of the P1 site
was only 30% of the total surface area (18}, nvhich is equivalent of 54.3mAs a
result, hemass balance calculation was made in a trapezoidal area (leh#jtim=
width =4.2 mto 4.8 m area = 54 i) near the fluménlet with a media depth of 40
cm (Figure3-13). The segment was divided into 5 layers@/2cm/4cm/4cm/
28 cm) and 3 groups (4.5 m/ 3 m/ 4.5 m) for 15 small segments. Total mass was

calculated by compositing the mass of all of these 15 small segments.

Around 15,000 kg of WTR (moist) was added at the P1 site, which means that
almost 1.32 kg B, 347 kg Alxand 9.79 kg Fg were brought in by the WTR retrofit.
For the mass balance calculation segment, the additignaIB and Fgxwere 0.40
kg, 104 kg and 2.93 kg, respectiveéljne mass balance calculation segment was
divided nto five layers and three groups, resulting in 15 small segments. The total
mass of the oxalate extractable P, Al and Fe were calculated by sum of the mass of all
these fifteen small segmenthe mass accumulation calculation of the study segment
is shownin Figure3-14 Moreover, the mass based average concentrations were
calculated by dividing d the oxalate extractable mass by the total soil mass of the

mass balance calculation segment, which are summariZexbla 35.
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FromFigure3-14(a), it can be seen thag/Mcreased after the WTR retrofit
(August 31, 2011)but at a much higher level than the amount of the WTR addition.
This may be due tB accumulation from the stormwater runoff, DOP export by
biological processing and P cycling of vegetation in the(katas and Greenway
2011 Novozymes 201¥ Each year, around 0.84 kg TP (3.00 kgyhx 0.28 hax 1
yr = 0.84kg) was brought in by stormwater influent and only 0.13 kg (0.48 kg/kxa
0.28 hax 1 yr = 0.13 kg) went out; nearly 0.71 kg of TP was retained by the P1 site
(calculated using the parameters in Section 2.3t#&).difference in i mass between
Octoberl6, 2011 and August 31, 2011 was 0.77 kg, and between March 1, 2013 and
March 9, 2012 it was 0.90 kg somewhatgreeng with the stormwater balanggiu
and Davis 2013 However, meid P, values in the spring were lower than in the fall.
This may be attributable to plant growth activity. In the early spring, nutrients and
water from the media are obtained by seeds and plants in order to facilitate seed
germination, seedling developntgand organogenesis or new bbdilding (Grant
et al. 2001 Novozymes 201y During these processes, tgakeof P is far greater
than the release. A large amount of P is transported from the media to the vegetation,
where it accumulates. From late sumiteeearly fallplant growth slowdown, which
means there is less need FaMoreover, falling leaves and biodegradation might

also add some P to the meliaicas and Greenway 2011

Alox increased substantially due to the WTR addition, which is in accordance
with the results of one way ANOVA tests described in Section 3.3.2, and then
remainedat an almost constant valugigure3-14(b)). However, the increased

amount was only 60% of the estimated level, which may be because the WTR was
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not evenly spread throughout the entire site, or because some of the Al oxide become
crystallineover time and was not oxalate extratégKatz and Hayes 1995The
WTR amendment als@sulted in some Bgincrease. After the initial increase, the

level of Fgx did not change substantialllgiGure 3-14(c)).

l 12 m |

! ) M

ss Balance Calculation g
Segment

-}l g=--p——t-

Figure 3-13 Sketch of mass balance calculatiofor oxalate extractable contents at the enhanced
P removal site.

Table 3-5 Mass based average concentratiorsf oxalate extractablecontents

Pox ‘ Al o ‘ Féox

mmol/kg soil
April 26 2011 1.81 3.98 19.52
Aug-31 2011 3.29 85.04 22.19
Mar-9 2012 2.81 67.21 21.86
Oct-16 2012 4.18 68.49 23.44
Mar-1 2013 4.10 75.36 27.13
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Figure 3-14 Mass accumulation of oxalate extractable P, Al and Fe in the mass balance zone at
the enhanced P removal bioretetion site: (a) Py (b) Aloy; (C) Féyy.

3.3.4 Leaching ofDP from Capture PP.

The P1 site was found to export TP before the retflofiand Davis 2009
however, as can e in Figure 33(a), since PSivas< 0.1, the risk of P leaching
into theP1 site beforéheretrofit is low. It ishypothesizedhatthis P leaclng came
from PP captured by the medfcarlatos 1997Chen and Sheng 200Berretta and
Sansalone 20)2In order to test this assumption, an experiment exagin

Phosphorus leaching from PP was performed and the resu#iscave inFigure3-15.
The original stormwater influent had a TP of 1.13 mg/L, with dissolved
fraction (f, :%) of 9.7% (DP = A1 mg/L), most of which was DOP (0.10 mg/L).

After three days of dryinthe PP collected from the field runoff, @11 mg/L § =
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11.2%) was found to leach when water \adged The dissolved organic fraction

(f = IDOP) was 69.5%. DP lehingwas found each time whevater was added

d- org _F

after each three day drying time. TP value decreased to 0.06 mg/L on the second
round (Day 7), which is about half that of the first leaching concentration. It then
decreased to 0.03 mg/L on the third rdbBay 10), which is about a quarter of the

first leaching concentration. Finally, it stayed at that lev€4(@g/L) through the

fourth round (Day 13). The.by for each round was similar (70975%),

corroborating the hypothesis that DP leaching tedfilom the particulate mattém

the P1 siteThis observation agrees with the observations made by other researchers
(Scarlatos 1997Chen and Sheng 200Berretta and Sansalone 2Q1that PP that

was filtered and accumulaté@m urban stormwatesould potentially partition back

to the aqueous phaddoreover, DOP is the major component.

Adsorption and/or precipitation have been recognizelegsvo primary
mechanism$or SRP well retention in bioretéon systemgErickson et al. 20Q7
Hsieh et al. 2007aVu and Sansalone 20113 the water quality research described
in Chapter 2 (see Table2), the outpuEMCs (based on the cumulative mass divided
by the cumulative volume for all collected samples) of SRP and DOP were identified
as 0.37mg/L and 0.@8 mg/L, respectively. DOP accounts for 43% of DP, compared
to the results of this leaching study which fduhat f.org = 67%, indicating thaDOP
was managedell by WTR additionas well as SRPKarathanasis and Shumaker
(2009 found that wih hydroxide minerals preseint soil media, organic phosphorus
can be sorbed in greater quantities and with a higher energy trganic

phosphorus.
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Theincorporation oMWTR significantlyincreased the amount amorphous
aluminum and iron (Ak + Fey) of theP1 site, resulting in a PSI decrease (from
around 0.075 to 0317 0.048), which implisthatthe P sorption capacity was
enhanced bthe WTR addition(Kleinman et al. 2000Agyin-Birikorang and

O'Connor 200yY.

P distributionhad astrong correlation witthe runoff path. It is much easier
for Pto accumulate in the tapediaandit occurs inhigher amourgclose to the
runoff inlet. Before retrofit, since most of tla@norphoudAl and Fe were lwughtby
therunoff and accrued in the surface media, the P sorption capacity decnéthsed
deepemedia. However, the P adsorption depth in the media was enlargeithafter
retrofit. Additionally, the PSI valueglid notchang significantlyand always
remainedbelow0.05 aftertheretrofit, indicatingthat theWTR amendmentontinued

to work well after two years of operation.

The mass balance calculatji@ompaedto the water quality analysis
demonstratethat themedia Pcontinued tancreaseduring the running @riod,
mostly due to theaccumulation fronstormwater runoffHowever, the media P values
in the spring were lower than in the falthichmay bedueto plant growth activity.
Both SRP and DOP leachimgsultedfrom captured PEuring a laboratory leaching
study;DOP leackedalmost twice asnuch asSRP. Since SRP wasightly higher
than DOP in the output dfie P1 site &sdescribed in Chapter 2),aan be

extrapolatedhat bothDOP and SRRverewell managed byhe WTR addition.
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WTR can strengthetine sarption capacity for both SRP and DO#&thieving
enhanced P removal for urban stormwaiéis appeato beafeasiblemethod for

retrofitting traditionalstormwater control measures of enhanced P removal
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Chapter 4Porous Pavement/Denitrification Matlireatment
Train for Enhanced Nitrogen Removal

4 1 Introduction

Nitrogen (N) is essential nutriefar plant growth excessive input to water
bodieswill result in N saturation, eutrophication and algal blooms in surface water,
leading to poor water quajiand losf biodiversityin the aquatic ecosystem, even
causing adverse health effects on human by contamination of drinking(@tatem
and Morgan 1996Collins et al. 2010Ergas et al. 20)0Consequentlymore and

more attentioras beenpaidto N regulation in urban stormwater

Various sources of nitgen compounds in stormwater runftlude
fertilizers, animal wastes, plant decay and atmospheric depodtais et al. 2006
Collins et al. 201)) and the typical TN concentrations (event mean concentration
(EMCQC)) in urban storm events are approximately 1 to 3 mg/L for lan@Qakns et

al. 2010Q. Nitrogen in water can be present in a variety of forms dependirtgeon t

wa t @H a@nd redox characteristics, includiamgimoniumnitrogen (NH, ), nitrate
nitrogen( NQ, ), nitrite-nitrogen( NG, ), dissolved organic N (DON), and particulate
organic N (PON (Li and Davis 2014

N caneitherbetransformed from one spesi® another, or beremoved
temporarilyby assimilation and adsorptignocesse¢Collins et al. 201 NH; isa

common redoed form of N andan bemicrobially transfornedto NO, and NG; in
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the presence of oxygeturing nitrification proces$rganic N can undergo

ammonification® NH, , andnitrification to NQ, . Nitrogen assimilation is
process by which inorganic (\NH; , NQ; , NG, ) is transformed into microbial or

plant biomass and temporarily stdras organi®N. NH; can also be removed

through adsorption onto negatively charged soil parti€esitrification results in
the permanent removal of (€ollins et al. 201 During which process, nitrogen
oxides (NQ) is conversedo nitrogen gas () uncer an anoxic environment with

organic carbon provided.

Moderateto-poor ammonium and nitrate removal, with nitrate export
observed irsome instance$ias beemeported irbioretention systeratudies(Hatt et
al. 2009 Li and Davis 2009Li and Davis 2013 The likely reason is that the
nitrification process occuiia thebioretention cell between storm eve(iavis et al.
2001 Hsieh and Davis 200%ho et al. 200P Since nitrate is an anion, it cannot
attach to soil and soil particles. It is very mobile and can easily be washed from the

soil and transported into receiving watédavis and McCuen 2005

As a resultthe promotion of denitrification is one suggested vody
enhaning N removal Somestudieshavereported that bioretention systems wattn
internalsaturated zoneanpromotedenitrification by creating anoxic conditions
(Kim et al. 2003 Dietz and Clausen 2005Davis 2007 Hsieh et al. 2007lErgas et
al. 201Q. Pilot-scale experiments were conducted with bioretention systems
incorporating aerobic nitrification and anoxic denitrification zones with sulfur or

wood chips as denitrification substratdaring which more than 88% of TN removal
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efficiencies were found in both unit&rgas et al. 20)0H u n t efdscalé research

performed in North Carolina showed a high capacity for nitrate removal (75%) with
anoxic storage zosgHunt et al. 2006 However, concentrations of TKNNH,; and

TN in effluent were higarthanin influent a conditionattributableto the conversion

of organic forms of nitrogen tdiH; . Two bioretention cells were monitored at a

study conducted on the University of Maryland campus; one cell contained an anoxic
layer.Although no significant differensgn the nitrate reductions by the two cells
werereported, high mass removals of nitrate 2063hd 95% werebservedThe

results were attributed #odenitrification processes occurringthme saturated zones

of both cells(Davis 2007.

Carbon sources, electron donors, contact time, composition of bioretention
medig and vegetation aral important factors affettg the denitrificaton process
Kim et al. (2003 reported that usinggoodchips, alfalfaand newspapes carbon
sourca promoted 100% nitrate removal in a laboratory column stedpertson
(2010 found that woodchips can work as long as 10 years effestivecarbon
source for denitrification imgriculturalrunoff. In Smitlés researchalonger ontact
time promoted denitrificatioSmith 2008. Finertextured soils support more
denitrification due taheir higher capacity faretaining water in soil micrositgsiunt
et al. 2006Hsieh et al. 2007Cho et al. 200p Woodbased mediavhich are
inexpensie, readily availablehaveconsiderable longevity anéquire dow level of
maintenancare excellent electron donors for denitrification va(lRebertson et al.

2005, Robertson 2010
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Perviouspavements another recommended type of green infrastructure,
which has been proveto beextremely effective in infiltrating stormwater runoff
(Dietz 2007. Gilbert and Clausen (20p6onducted research in Connecticut which

concluded that, as compared to asphalt driveways, the levels of nitrogen species
(NG;, NH;, TKN) in the runoff from UNI Ecostor® driveways were significantly

lower. A comparison of performance in controlling stormwater runoff was taken
between porous pavements parking lot and asphalt parking xteayin et al. (2006
Porous pavements were found to have the advantage in treating metals and TP, but
thesame effect was not found for TNollins et al. (200Pevaluated nitrogen species
removal for four different type of permeable pavement and standard asphalt in eastern

North Carolina, finding although no significantfdrent of TN concentrations
between porous pavement and standard asphallltjeand TKN concentrations

were lower and NQconcentrations were higher in all the permeable pavements

except one.

Although numerous studies have beadetakenon the nitrogerenhanced
removal process for urban stormwaggngle stormwater control measurensssitl|
lack the ability to effectively mitigate nitrogen concentratighgombinationof two
or more technologies together is a promigogsillity for even greater success in N
removal.Robertson et al. (2008ombined a sand filter and a denitrification filter

together to treat septic tank effluent in four fetlale sites. Results irudited that

denitrification filters significantly reduce8lQ, amounts from 87% to 98%.
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Peterson (20)3ecommended that N reduction tonwater runoff can be
improved by installing a stepped system with the combination of a filter and a

saturated denitrification layer.

This field study is made by combiningprous pavement and denitrification
vaults together as a treatment train in derapt to produce a nitrogareutral parking
lot. The pavemeninfiltrated water drained directly into three submerged vaults with

oak logs added to provide a carbon source for denitrification and to maintain anoxic
conditions All N species (TN, DN,NQ, , NG; , NH,) were monitoredThe goa$ of

this researclwvereto (i) evaluatehe waterquality produced byhe treatment train to
see if itachievedyood N removal; (ii) assess if the tie@nt train hd advantages in
N removal compadwith abioretention systengnd(iii) clarify the reaction
mechanisms in each stage of the treatment; tf@nexaminethewater balance for

porous pavements.

4.2 Methodology

4.2.1 Site Description

The 80 i (lined) porous pavement was installed on the campus of the
University of Maryland, College Park, to collect stormwater runoff from a small
parking lot. The infiltrated water drained directly into three submerged vaults (H =
1.6 m, A = 5.2 rf), to whicharound 0.1Im*of willow oak logswere addedo provide
a carbon source for denitrification and to maintain anoxic conditiwiiw oak is a
native hardwood The willow oak used for this experimamascultivated at the

Arboretum and Botanical Gardemnthe Univesity of Maryland, College ParRhe
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site construction work was completed in December of 2082 site was studied

from August2013 toMay 2014.Diagrans ofthe N1 site and theonstruction work

performed there arghown inFigure4-1 andFigure4-2, respectively

Anoxic
Condition
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Figure 4-2 Enhanced N removal site construction process.
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4.2.2 Monitoring and Sampling Methodology

Stormwater runoff drains into the porous pavement, collected by the15
underdrain PVC pipe with a pltig 15cm ThetMar weir outfitted in theoutlet, then
goes irto the submerged denitrification vaults. There were two monitoring points in
the system, one for unddrained water from porous pavement (NM1) and the other
for water in the denitrification vaults (NM2ISCO Avalanche autosamplerguipped
with bubble flow metes (730 Bubbler)vere assigned tboth monitoring pointsA
recording rain gauge (674 Rain Gauge) with a 0.0254 cm level of sensitivity was
connected to one of the autosamplers on the site dodréee rainfall depth. A water
level logger (WL16 Water Level Data Logger, Global Watet50t) and a data
logging water quality sensor (AquiStar TempHidhSubmersible Smart pH/ORP
Sensor with Data Logging, Geoteai¢replaced in the bottom of the wi¢rification
vaults to record the water level andgite water quality parameters (temperature, pH,

ORP), respectively. Theonitoring devices are shovimFigure4-3.

During astorm event, the sampling prograrasiset to colledourteen
sampleg400 mL sample in 958nL poly bottles)with different sample timsfor both
NM1 and NM2.400 mL samples were collected every one or two days from NM2
during the dry period by manually operating the ISCO Avalanche auttezafp
rigorous QA/QC was implemented throwgitall of theprocesses of sample

collection, storageand analysisthis implementatiomvasdescribedn Section 2.2.2.
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ISCO Avalanche auto-samplers

Figure 4-3 Monitoring devices atthe enhanced N removal ge.
4.2.3 Analytical Procedures

The water quality parameters analynmethe laboratoryncluded TN,
dissolved nitrogen (DN), nitrateNG; ), nitrite (NO, ) and ammonium nitrogen
(NH;). Partculate organic nitrogen (PON = TN\DN), dissolved organic nitrogen
(DON =DNi NG; 7 NG, i NH;), total organic nitrogen (N = PON+ DON),
and nitrogen oxides (NG NG, + NQ, ) were all calculated from direct N

measurements.

DN, NO,, NG; and NH; samples were first filtered through a 0:28

membrane filter. TN and DN were thpreparedising persulfate digestion (4500

C) and colorimetric determination ltlye ultraviolet spectrophotometscreening
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method(4500N0O3" B) scan from 220 275 nm (Agilent Technologies Cary 60 UV
Vis, Kyoto, Bpan).NQ, and NH; weretested using the Colorimetric Method
(4500NO; B) and Phenate Method (450MH; F) at 543 nm and 640 nm (Agilent
Technologies Cary 60 UVis, Kyoto, Japan), respectivel\NO; was analyzed using
the lon Chromatographic Method (4XN@3) by an ion chromatography system

(DIONEX ICS-1100, Sunnyvale, CA) with an automated sampler (DIONEX AS40,

Sunnyvale, CA)

Nitrogen species ameportedooth in concentration (N mig) and composition
(% of TN). Half of the detection limit valugas used for statistical analysis if the

measured value was more than 15% lower than the detectionTiheidetection

limit was 0.10N mg N/L for TN, DN andNQ, , 0.05mg N/L for NH, and 0.01 mg

N/L for NG, .

4.2.4 Data Handling and Statistical Analyses
Since the original ORP values monitored in this study was referiad
Ag/AgCl electrodefi 2 30 mV 0o w aeranaddtab@dert to the Hydrogen

reference electrode reads)g

As described irsection2.2.4 runoff volumesy, were calculated using
Equation 21; overall cumulative input/output pollutant masdésyere calculated
using Equation 2; the Event Mean Concentration (EMiG)calculated using
Equation 23; the annual pollutant mass loads produced or discharged per unit

drainage area (L, kg/hg) were calculated using Equatiomt2
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Pollutant duration curves were createdocus on th@erformancef
instantaneous pollutant concentrations in the denitrification vaalisassumption
was made that the daily grab samples accounted for six hours of duration. The
exceedance probability plots antdcoxon ranksum testvereemployedto
evaluate the differencéis N concentrations betwegrrous pavement effluent and

the contents of the denitrification vaults.

4 3Resultsand Discussion

This sitewasmonitoredcontinuously for ten months, from Augu13
through May 2014During this period52 storm events were monitoredaiRfall
depth and vault depth dateeremonitored during thentireperiod onsite pH and
redox datavere recordetheginning inthe middleof December 201and
continuously therafterfor five subsequennorths. Water quality data were collected
from September 2013 to April 2014, and includé grab samples frorthe
denitrificationvaults and timescheduled porous pavement effluent samples bm

storm events.

4.3.1 General Trend of a Storm Event

The rainfall deth for the 21 collected events ranged from 0.08 to 10.21 cm.
The hydrology performance, and pH and redox conditions of the vault water from
April 25, 2014 to May 5, 2014, with a storm on Aprél, 2014 (10.21 cmhare

presentedn Figure4-4.

These data are characteristic of the entire monitoring period and representative

of condition changes during a storfidhen it rained, the water depth in the vault
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increased; during dry weather, water was &strelativelyconstant rateapparently
due to leakage from the vauBasel on the design, there shouldt havebeen any
outflow if the water deptlwvas< 1.6 m. However, outflow wagcordedvhenthe
water depttwashigher than 1.2 mwhichonly happened 5 times dag the entire
monitoring period at October 10, 2013, December 29, 2013, January 10, 2014,
March 29, 2014 and April 29, 2014 nitayhave beemue to the watestop wall
being unable tgtopthewater.Waterwas able t@o through the wall anbe
dischargd by the outflow pipeKigure4-5). Nonetheless, ost of the liow could
effectively be managed by the treatment train system due to the dry weather

infiltration.

The vault water became aerobic when the flow edtémm the pavment
(the redox level (ORP) increas&om around340mV to 100 mV, whereas pH
decreased from around 8.0 to)7 Bhis aerobic condition in the vaults was
maintained for a short amount of time (from a couple of hours up to a dozens of
hour9, depending upon the duration of the rainfall. After that, the vaults provided
sufficient detention time and anoxic conditions (ORP was are’4@mV, pH was
around 8.9to promote denitrificatioiBlowes et al. 1994 The trend othe pH was
in accordance with that of tl@RP. Effluent fom porous pavementixed with the
vault water. The incoming water should contaxygenand mixing should add
oxygen,whichin turn canenhance the nitrification procegie nitrification process
created hydrogen ior{#l") (Equation 11, Equation 12), which resuledin a pH

decreaseThepH increasd again to around 8 anglas maintainethrough the dry
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period, at whichiime thepH anddenitrifying bacteriawere able taeach their highest

rates of nitrate reductiorfGlass and Silverstein 1998
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Figure 4-4 Hydrology performance, and pH and redx conditions of the vault water at the
enhanced N removalsite (April 2571 May 5, 2015).
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Figure 4-5 Diagram of the 39 denitrification vault at the enhanced N removal site.

Figure4-6 shows the general trend of the storm event collectefigotember
21, 2013 (rainfall = 2.46 cm). The hydrograph of the porous pavement effluent has a
shape following the hyetograph, but with broader peaks and peak delgys(
4-6(a)); thisis similarto the hydrograph of bioretentionSCM (Li et al. 2009 Li and

Davis 2013.

The concentrations of nitrogen species in the porous pavement effluent were
dynamic Eigure4-6(b)). The NQ, concentrations exhil@tan initial spikebefore
graduallydecreasingThis was most likely due tineammonification and
nitrification processes that occurriecthe porous pavemeritetween storm events
which convertedhe accumulated organic and ammonia nitragemnitrate. The
similar process was observed by many researchers in bioretention s{3tamsset
al. 2001 Hsieh and Davis 200%ho et al. 200P Because nitrate is an anion, it is

unable to attach to soil particles. Furthermore, its mobility allows it to easily be
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washed from the soil and transferred to receiving wéigasis and McCuen 2005
The changes in PON arldH,; showed a similar pattern; this may have been the
result of the first flushwhich was when the small particles were washed out. After
that, most of the PON andH; were retaind by sedimentation/filtratiom the

pavers mediaDON had no obvious variation during entire process, indicating DON
was not leaaing from the porous pavemeii.this sensethe porous pavemerg
superior to the bioretention systems, in which large amount of DON leaching was

foundby Li and Davis (2014

Figure4-6 (c) shows the daily change of nitrogen species concentrations in the

denitrification vaults after the storm event. Within the first few hours, the
concentration ofNH; decreased to aamount lower than the detection limit. This

behavior seems to be congruent with our observations illustrakgure4-4: the
nitrification process occurred when water came into the denitrification vaults and was
kept there for a short tim&om a couple of hours to one or two days depending on
therainfall duration) NO, decreased rapidly in the first two days after the storm

(from 0.48 mg/L to 0.26 mg/L.)and then slowed until it reached a low level (around
0.1mg/L). One possible reason for this result could beléhérification process
occurring in the denitrification vaults. The amounts of TN and DN decreased during
the dry periods, mainly as a result of the decreadOgf TON (PON + DON) kept a
relatively constant rate during the dry peridther stormwater events followed this

patten but differred in the detalils.
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Figure 4-6 General trend of a storm event at theenhanced N removakite (September 21, 2013):
(a) porous pavenent effluent hydrograph and pollutograph for nitrogen species; (b) distribution
of nitrogen species concentrations for porous paweent effluent; and (c) long period distribution
of nitrogen species concentrations for water in the denitrificatin vaults.

4.3.2 N Species Transformations and Removal
Pollutant duration curveand exceedance probability plots for N species are
presentedn Figure4-7 andFigure4-8 in order tocharacterizéhe treatment outcome

at theN1 site

TN has a recommendetditerionof 0.69 mg/L forrivers and streams
(Ecoregion IX (USEPA 2000. The duratiosof the TN concentrations gborous
pavement angtault water below this criterioneve44% (90 h out 0of202h) and74%
(439h out 0f593h) for the entire monitored peripdespectivelyigure4-7(a)). In
Figure4-8(a), EMC values for TNn the porous pavemeeffluentrangedfrom 0.33
to 213 mg/L (median = 0.8 mg/L, 64% exceeded the TN criterion of 0.69 mgih)
the denitrificaton vaultinfiltration waterranged from 0.2t0 0.76 mg/L (median =

0.61 mg/L, % exceede the TN criterion of 0.69 mg/LYN demonstrated a
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significant reductioffU= 1%)after storage in the denitrification vaults compared to

the porous pavement effluent.

A level 0f 0.2 mg/L NQ; is recommended as a benchmark cotefor

excellent water quality in the Potomac River Bg&havis and McCue2005); the

porous pavement effluent met this benchmark ofy(50 h ou of 206 h) of the time
whereas the denitrificatiovault water meit 67% (399h our 0f593h) of the time
(seeFigure4d-7(b)). Figure4-8( b) s hows a # B4igNO kteveen e a s e
the porous pavement effluent (0.19 to 1.36 mg/L, median value = 0.48 mg/L) and
vaultinfiltration water (< 0.1 to B2 mg/L, median values = (6Img/L), which

agrees with the previous statement and indicates that denitrification is occurring in the

vaults(Peterson 2013

NH, in the porous pavement effluent amehitrification vaultsvas belowthe

detection limit (0.05 mg/L) for6% (157 h ou of 206 h) and 586 (343h out 0f593 h
of the time respectively Figure4-7(c)). Although the denitrification vaultfiltration
water had a wider range (< 0.05 mg/L t82mg/L) than the porous pavement
effluent (< 0.05 mg/L to 0.11 mg/L), retatisticaly significant(U= 5%) difference

was found between the twbigure4-8(c)).

The porous pavement effluent EMCs for DON and PON ranged from
approximately 0.01 to 0.60 mg/L (median = 0.25 mg/L) and 0.02 to 1.12 mg/L
(median = 0.12ng/L), respectively. Whereas the denitrification vault infiltration
water EMCs for DON and PON ranged from 0.01 to 0.37 mg/L (median = 0.20 mg/L)

and 0.04 to 0.22 mg/L (median = 0.13 mg/L), respectively. The Wilcoxorsuamk
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test indicatedho significant{ & 5%) differencefor PON betweethe porous

pavement effluent and denitrification vault infiltration wat€éigure4-8(e)). However,
DON was statistically increas¢d = 5%) after the water accumulated in tiet
denitrification vault Figure4-8(d)), which may due to the organic matter leaching by

the wood loggRobertson 2010
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Figure 4-7 Pollutant duration curves for the enhanced N renoval site: (a) TN; (b) NO,; (c) NH,";
(d) DON; and (e) PON.
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Figure 4-8 Exceedance probability plots for theenhanced N removakite: (a) TN; (b) NO,; (c)
NH,"; (d) DON; and (e) PON.

113



4.3.3 N Behavior and Fate in Porous Pavement/Denitrification Vault Treatment Train

The alculation of annugbollutantloads (L) and pollutant massdction (or
increase) rati®(Ry) were described in Chapterfor thewater inthe denitrification
vault, an assumptiowas madehatthewaterwas continuousleaclredfrom the
vault at a constant infiltration rate fordividual storm eventsThe infiltration rate
was calculated by the depth difference in the vault (usually started with the point just
after one storm event to the beginning of next storm event) divided by the
corresponding duration. Since stormwater runoff was not collected in this stedy,
influent and effluent data from the P1 site (described in Chapter 2) were used to for
comparison with our current data. Detailed information regarding N removal at the P1
site can be found in the study undertaker.ibgnd Davis (2014 Detailed

informationcomparing théN1 siteto theP1 sitecan be foundn Table4-1.

Figure4-9 compares th&MC vaues(Table4-1) of all of the nitrogen species
for influent and effluent at the P1 site, as well as porous pavement effluent and

denitrification vault water at the N1 site.

The porous pavement/denitrification vault treatmenhtnaas designed to
havetwo stages. In the first stage, the porous pavemerked asafilter capable of
removng most of the particulate matter apebviding aerobic conditions to drive

nitrification; in this stage, PON was satisfactorily retained lynsentation/filtration.
OrganieN was converted tdNH, by ammonification, andNH; then converted to
NOy by nitrification. Compared to stormwater runoff from the P1 site, the PON

concentrations decreased draicelly from 0.93 mg/L to 0.14 mg/[The NH;
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concentrations demonstrated a significant redugtrem 0.15 mg/L to 0.07 mg/L)

and the NQ concentrations exhibited a sizeable incrdfsen 0.30 mg/L to 0.50
mg/L). The dissolved fi@tionsin the raw water €, = %) increased from 43% to

84%, indicating good removal performance of PONM€counted for 68% of the
DN, as compared to the stormwater runoff at 43%, illustrating the nitrification

process at this stage.

In the second stage, the denitrification vaults provided enough detention time
and anoxic conditions to promote denitrification, during which thg &4@Id be
converted to BO and N gas Significantdecreases in Nbetween the paver effluent

(0.50 mg/L)and vault water (08mg/L) wereobservedThe NH,; and PON were

almostmaintainedat theirrespectivdevels, and aslightrelease of DON was found

(anincrease from 0.16 mg/L to 0.19 mg/L).

Compared to th1site, it was found tht the porous pavement/denitrification
treatment trailad some merits(i) the PON removal wdsetter tharat the P1 site
(P1=0.26 mf-, N1 = 0.13 md.), which indicate that thefiltration function was
quitestrong (ii) NQ; could be converted to gasus specieand be permanently
removed, which was more effectitteanat theP1 site (P1 = 0.65 mg/L, N1 = 0.15
mg/L); and (ii)) the leaching oDON was not as high as at the P1 ¢R& = 0.63
mg/L, N1 = 0.19 mg/L)As a result, Nhad obvious advantages in dealing with

nitrogen.
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Table 4-1 Comparison of the water quality and annualpollutant mass loads of N athe N1 and

P1 sites.
EMC (mg/L}
Pollutants P1 Inpuf P1 Output P1 Output N1 stage 2
TN 1.62 1.55 0.87 0.56
PON 0.93 0.26 0.14 0.13
DON 0.25 0.63 0.16 0.19
NOy 0.30 0.65 0.50 0.15
NH,4" 0.15 <0.05 0.07 0.08
L (kg/hayr)
Pollutants P1 Inpuf P1 Output P1 Output N1 stage 2
TN 14.0 9.2 9.3 5.6
PON 8.0 1.3 15 1.3
DON 2.2 3.3 1.8 1.9
NOy 2.5 3.5 53 1.6
NH," 1.3 0.2 0.7 0.8

®Based on the cumulative mass divided by the cumulative volume for all collecte

samples.

PData from the P1 site were collectedlbyand Davis (2012.

‘Porous pavement effluent at the enhanced N removal site.

YInfiltration water at the enhanced N removal site.
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Figure 4-9 N composition at theenhanced N removal sit€*influent and effluent data were obtained from the nearby P1 sitgLi and Davis 20149
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4.3.4 Volume Balance and Mass Load Balance

Figure4-10 shows the balances of both water volume l[dndasdoads athe N1
site. From August 1, 2013 to May 6, 2014, 52 storms were monitored. The total rainfall
depth was approximately 68.8 cm, corresponding to 56ver the pavementowever,
the depth cannot be accurately determined due to significant snow and atbar fro
precipitation. The assumed mass TN load #46 kg/hayr, based on the nearby

University of Maryland parking lot (P1) rundffi and Davis 201%

The total water volume going to the vaults frtme pavers was about 51.8,m
containing9.3 kg/hayr TN. Sincethis porous pavemerarea is lined and does not allow
percolationall water lost (3.5 1) was assumed to be due to evapotranspiratidrich
would not result in anyN removal. AroundB4% ofthe TN @.7 kg/hayr) washeldin

the porous pavement.

PON andNH; reductions wer@.5 kg/hayr and1.8 kg/hayr (Table4-2),

respectively, which indicated good performance with regarasitivation and

nitrification by the porous pavements. Th& kg/hayr production of NQ could be
attributable to both the ammonification and nitrification procefisesnd Davis 2013

The slightincreasen DON could be due to the conversion and leaching of organic matter

in the media of the PON.

It is assumedhatno effluent Iét the denitrification vaults from the discharge pipe.
The total volume reduction was based on water leaking fromatiiésvinto the ground,
which resulted in a TN massadreduction 0f5.6 kg/hayr, accouning for 40% of the

total mass load~rom the volume balance and mass balance, the TNlosal®duction
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by reactions in the denitrification vaults w3 kg/hayr, around26% of the total mass

load,andalmostentirelybased on the mass load reductioN@Gk (3.8 kg/hayr). PON
was reducedglightly, by0.2 kg/hayr. Thesmall amounbf productionof DON and NH;

could be due to the leaching finche wood loggRobertson 201,(Peterson 2013 As a
result, the N rass reduction that occurred was not only due to volume reduction (40%),

but also to system reaction0%).

The inflow PON mass proportion of TN was 57.1%, and reduced to about 16.1%
in the porous pavement effluent, then around 23.2% in the denitrificatidhinfiltration
water, indicating the removal of TN in the porous pavement was dominated by particulate
nitrogen, whereas in the denitrification vatnovalwas dominated by dissolved
nitrogen (DN ). Moreover the DON fractions of DN were 36.7%, 23ahth44.2% in the
stormwater runoff, porous pavement effluents and denitrification vault infiltration waters,
respectively, which walustrate thanitrogen removal in the denitrification vault was

dominated by the inorganic nitrogen.

Table 4-2 N mass loads in different stages ahe enhanced N removal site.

L (kg/hayr)

PON DON NO NH;" | TN
Rainfall runoff 8.0 2.2 1.3 2.5 14.0
Stage 1
Evapotranspiration 0.0 0.0 0.0 0.0 0.0
Reactions in porous pavement 6.5 0.4 -4.0 18 4.7
Porous pavement effluent 1.5 1.8 5.3 0.7 9.3
Stage 2
Infiltrating water 1.3 1.9 1.6 0.8 5.6
Reactions in denitrification vaults 0.2 -0.2 3.8 -0.1 3.7

"Data from the P1 site were collectedlbyand Davis (2014
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Rainfall depth: 68.8 cm

VO = (68.8/100)* 80 m? Reactions in denitrification vaults
= 55.0 m* V6 = 0md
L(TN)O = 14.0 kg/ha-yr (Assumption) L(TN)5 = 3.7 kg/ha-yr (26%)
Evapotranspiratiph losses
V1 =35 rn3
L(TN)1 =
ﬁ ol ES ﬁ 1t Water from pavers :
e RN V3=515ms
y L(TN)3 = 9.3 kg/ha-yr
e e -.’ X (66%)
s = /
"%@?ﬁ%ﬁ@ﬁgﬁa ' 0
Nitrification and ion exchange
V2 = 0 m®

L(TN)2 = 4.7 kg/’ha-yr (34%)

Infiltrating and vault water:
V4 - 515 m? A
L(TN)4 = 5.6 kg/ha-yr (40%)

Figure 4-10Volume and N massload balances at the enhanced N removal site.
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Figure 4-11 Fit of a first-order model to the NO3 concentrations of collected samples from the denitrification vaulat the enhanced N removal site.
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