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Chaptlenrt rlooduct i on

Stormwater runoffs been a major cause of environmental degradation
many surface waters as the urbanization process leads to fewer plants and less
pervious surface, which allows little or no infiltratidvutrients, primarily
phosphorus and nitrogen, come from fertilizers, detergents, human and pet wastes,
living and deaying plants, automobile exhausts, and atmospheric deposition, can be
washed by stormwater into water bodies through surface runoff (USEPA 1999).
Excessive nutrients input to receiving water bodies causes adverse aesthetic and
biological impacts to the @ronment, the most common and one of most concern is
eutrophication. Eutrophication is characterized by high density of algae and extensive
mats of floating organisms owing to the excessive phosphorus and nitrogen
enrichment needed for photosynthesisytesy in degradation of water quality and
reduction of biodiversity. Therefore, it is essential to implement some appropriate and
effective solutions to manage stormwater and minimize the pollutant loads entering
water bodies.

Various best managementptices (BMPs), also known as stormwater
control measurements (SCMs) have been widely implemented in urban areas to
manage stormwater volume and mitigate the pollutants in stormwater. Bioretention
and sand filters are common SCMs, which have been brapglied and approved
as technologies to effectively improve water quality in developed landscapes.
Traditional bioretention and sand filters are very successful in particulate species
removal, relying on physical removal mechanisms, especially sedimentia¢io

particle settling) and filtration. Many SCM studies (Urbonas 1861t et al. 2008;
1



Li and Davis 2009; Barret 2010andsman and Davis 20)L&ported excellent
performance to remove total suspended solids (TSS) and partioalatd pollutants
like particulate phosphorus (PP) in the systardwmwvever, traditional SCMs are less
successful at capturing dissolved phosphorus (DP), which is defined as the amount of
phosphorus that passes through a .46 f APHA/AWWA/WEF 1998),
because chemical guion/precipitation or biological processes are needed for DP
immobilization.Phosphorus partitioning between particulate and dissolved phases is
variable based on specific site conditions, therefore it is important tboakéP and
DP removals into awsideration for the SCM designs to reach an optimum overall
phosphorus treatment effectiveness. Some SCM st([Dlgags and Shokouhian 2006;
Hatt et. al 2007; Cho et. 2009 Brown 2013Y)eported thahitrogen removal is
highly variable and generally pobecause of the biogeochemical complexity of
nitrogen species and various removal mechanisms including sedimentation/filtration,
adsorption, mineralization, and biological transformations interacts in the SCMs.
To improve dissolved pollutants removalyadced technology needs to be
developed as a replacement or update of the traditional SCMs.

Water treatment residuals (WTRs), sometimes céljetiosolids are
byproducts from the water treatment process in drinking water treatment facilities.
They aremade of noroxic aluminumbased or irofbased chemicalsyhich have
been demonstrated asvelsupplement materiate mitigatephosphorugeaching
and greatly enhangghosphorusemoval from stormwater runoffV TR offers a
much greater phosphorus adsorption capacity than bioretention soil by the large

specific surface area and abundant porous structure, which means more adsorption



sites available for phosphorus attachm@éwaisorption occurs at oxide/hydroxide

aluminum and iron interfaces; phosphate replaces hydroxy)(@idups or water

molecules D U) and then reorganizes into a very stable binuclear bridge through

mono ligand and/or bidentate ligand exchange mechanBaim (et. al 198 Some
pilotandlabo at ory studies (Lucas et al. 2011;
2019) have demonstrated that WTR incorporated bioretention systems significantly
increased phosphorus removal compared with traditional bioreteHiovever,as a

fairly new technologyfield performance of WTR incorporated SCMssiarmwater

runoff treatment is sparse.

In this studya WTRincorporated high flow media (HFM)lunge pool was
applied as a SCM to manage the stormwater runoff from a residential community
with a 2.9 ha oveall drainage area in Maryland, USAhe pollutants in this site are
expected to be similar with most of residential areas, such as road dust, leaf
decomposition and other wastes. The system was designed to collect the stormwater
runoff and remove the poliants washed by the runoff from the whole drainage area,
instead of allowing it to discharge to the downstream creek dirécy31 m HFM
layer is the main functional part of the plunge pool, which was made by\DRb6
(by volume) and sand mixture. In @rdto systematically evaluate the water quality
performance of the plunge pool, common stormwater pollutants including TSS,
phosphorus, nitrogen and heavy metals were monitored during natural stormwater
events fronfebruary 2019 to March 2020. The followinbjectives are identified to

achieve the aim:

06



1. Evaluate the effectiveness of a WA orporated HFM plunge pool for TSS,
phosphorusnitrogen zinc, and coppaemoval, with the hypothesis that the
SCM will perform well in TS$phosphorusand metalsemoval, but less
efficient in nitrogen removal.

2. Detect whether Al leaching from the HFM, with the hypothesis that Al
leaching will not be detected in the pH range typical of urban stormwater
(Ostrom and Davis 20)9

3. Compare water quality results with otf®CM studies, with the hypothesis
that phosphorus removal is as effective as other WitBrporated SCMs, but

more efficient than the traditional SCMs (without WTR applied).
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Site Description

Theexperimental site is located at the intersection of Davis Avenue, Fort
Drive, and Crosier Street, Suitland (Princ
1 and Figure 2). A WTRncorporatedHFM plunge pool was constructed to manage
the stormwater runoffrdm the residential community with a 2.9 ha overall drainage
area. The construction work started in October 2018 and finished in December 2018.

Figure 3 shows the experimental site before/during and after construction.
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Figuré 1. EXpérimentaI site location includes latitude and longitude (Google maps)



Figure 2. The overalldrainagearea and zoomed in exprimental site location
(Google maps).




Figure 3. Photos of the experimental site a) before/during construction, arfietb) a
construction was finished.

As Figure 4 shows, the plunge pool is located below a 0.38 m diameter inflow
concrete pipe which collects the runoff from the drainage area. The plunge pool is
nearly rectangular in shape (length=2 m, width=1.5 m)yaban in depth, with the
volume about & . The stormwater is treated by infiltrating through the 0.31 m
HFM, which is the main functional part of the plunge pddle HFM wasnadeof
10%WTR (by volume) andWashed ASTM €33 Fine Aggregate Concretargl
mixture The particle size distribution was summarized in TdblEhe sand is silica
based, which is often utilized for stormwater management applicalibasNTR
applied in this projeds a claylike material, whichwasobtained from th®alecarlia
Water Treatment Plant in Washington D@strom and Davig2019, who used WTR
from the same water treatment plant as our stugpgrted the aluminurmontent is

10,700= 1500 mg Al/kg dry sample in the WTR, and iron conte®25a 213 mg

Fe/kg dry sample.

Table 1.Summary of particle size distribution of ASTM33 Fine Aggregate.

Sieve Size Percent Pasing by Weight

3/8 in. (9.5 mm) 100

No. 4 (4.75 mm) 95 to 100
No. 8 (2.36 mm) 80 to 100
No. 16 (1.18 mm) 50 to 85
No. 30 (600 pum) 25 to 60
No. 50 (300 um) 10 to 30
No. 100 (150 pm) 2to 10

Note: Data are retrieveddm: http://www.buildingresearch.com.np/index.php



After treatment, stormwatdlows througha0.15 m diameter PVC subsurface
pipe system (Figure 5) to downstream creekhédfrunoff inflow rate is greater than
the infiltration rate during a relatively heavy rainfaéfie plunge pool caretain
runoff. When the plunge pool reaches to the maximuiditg capacity, excess
runoff can flow to the riprap outlet (flood controlhe inflow and outflow pipe were

set as the influent and effluent water quality samples collection points. The site was

studied for 4 months, beginning February 2019.

Figure 4. The 0.38 m diameter inflow concrete pipe and the plunge pool (during a
rainfall event).



Monitoring and Sampling Methodology

Water quality and hydrology were monitored at the experimental site during
natural storm events froffebruary2019 to March 2020fwo ISCO 6712 Automated
Portable Samplers (Teledyne ISCO, Lincoln, Nebraska) with integataulerflow
meters (ISCO 730 Budter Flow Module) were assigned at the upstream and
downstream for influent and effluent stormwater quality samples collection and
hydrology data monitoringAn ISCO (Lincoln, Nebraska) tipping bucket rain gauge
(ISCO 674 Rain Gauge) with 0.254 mm disciepling was connected to the
upstream autosampler to measure the precipitation depths. Bubbler tubes were
connected to the autosamplers (flowmeters) and to the 0.38 m and 0.15 kafhel
volumetric weirs installed in upstream and downstream pipes faurieg the water
depths. Water depths were converted to flowrates by the autosamplers. Tliter 9.4
poly bottles were used to collect composite inflow and outflow stormwater samples.

Sampling containers were cleaned with phosphémesdetergent, acidiashed,



thoroughly rinsed with denized water, and completely dried before using in the
field.

Rainfall data from Weather Undergrourdtps://www.wunderground.coin/
was used to estimate the incoming precipitation depths. With the precipitation data,

theinflow volumes were estimated usihNdRCS method (NRCS 1986):
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where CN is the dimensionless curve number, given as 87 for this experimental sit
(from the project design plariis the initial abstraction (cm); S is the maximum
potential retention of water by site soil (cr):is runoff depth (cm)D is the

predicted individual storm depth (cry; is the predicted inflent volume

(& ); and A is the overall drainage area, given as 2809767.16 acres) for the
experimental site (from the project design pldiis method works as a guidance to
setup the programs. Autosampler programs were updated and revised on@ay be
the expected rainfall events to make sure appropriate amounts of samples can be

collected.
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When the water depths in the pipes reached to enable levels, the autosamplers
were activated. For upstream, when the water depth reached 0.005 m, the program
was triggered; for downstream, 0.02 ~ 0.03 m was set as the enable level according to
the baseflow level in the downstream pipe (the baseflow will be discussed in the
following Effluent Seepage Issusection). Composite sampling was employed for
both inflow and outflow.The programs were set as volumeighted flow based,
which means the samples concentrations were equal to the event mean concentrations
(EMCs, will bedefined in Data Handling and Statistical Analysessectior).

Ice was added around the 9.2 L containers to keep the sample cool one day
before summer rainfall events. After the rainfall stopped, the samples were picked up
within 24 hours from the site, ice covered, and stored in an insulated box. Then they
were trangerred to University of Maryland Environmental Engineering Lab for
analysis.

The water quality samples storage, preservation, and holding time strictly
followed USEPA 1978 criteria. Samples fitosphorus and nitrogen analysisre
acidified with 2 mL ofconcentratedulfuric acid(Fisher Chemical) per liter of
sample; samples for total recoveratvletals analysisiere acidified with 3 mL of 1:1
trace metal gradeitric acid(Fisher Chemical) per liter of sample; samples for
dissolved elements were file through @2 um membrane filters (Fisher Scientific)
first then acidified All sample bottles were sealddbeled, and then frozen (25
°C) before testing?arameters such as TSS and pH were tested immediately when

samples were collected. Other paedens were analyzed before the maximum
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holding time (up to 28 days for phosphorus and nitrogen; up to six months for

metals)

Analytical Methodoloqgy

Water quality parameters measured included pH, T&&, phosphorusIp),
DP, soluble reactivehosphorus (SRP, considered equal to dissolved phojphate
total nitrogen TN), nitrate 0 0  0), nitrite 0 O 0 ), ammonium0 'O 1),
total metals and dissolved metals includdI®( Fe(lll), Cu(ll) and Zn(ll) were
analyzed using Standard Mettsf APHA et al. 2012 Particulate phosphorus was
calculated by subtracting DP from TP (PP =-TBP). Dissolved organic phosphorus
was calculated by subtracting SR&m DP (DOP = DP SRP)

Sample pH, conductance and TSS were measured immediatelyhehen t
sampls weretransferred to the lab. Sample pH and conductance were measured with
a glass electrode pH/IG%@ meter (Metter Toledo MA235, Greifensee, Swizerland).
TSS was measured gravimetrically by Standard Method 2540 D.

TP was analyzed using potassium persulfate digestion (Standard Method
45006P B.5) and colorimetric determination by the automatic ascorbic acid reduction
method (Standard Method 4580F) at 880 nm using an AQ300 discrete analyzer
(SEAL Analytical). DPané RP samples were first filtered
membrane filtersKisher Scientifig, then analyzed using methods identical to TP
analysis, except without the digestion process for SRP. All phosphorus forms are

reported as mg/L as P. The detection limit TP, DP, SRP is 0.002 mg/L as P.
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TN was measured usir§fandard Method 45608 C with aTotal Organic
Carbon Analyzer with a Total Nitrogen Measuring Unit (TOC analyzer, Shimazdu,
Kyoto, Japan). Stir bars were put into the TN vials to make sure thdéesawgre
well mixed during the analysis; the detection limitis 0.05 mg/L a N. 0 was
measured using Standard Method 4600 and 4110 B and ion chromatography
(ICS-1100, Dionex, Sunnyvale, CA). 4.5 mM @0 0/1.4 mM0O & 'O6 éluent
solution was run isocratically through an aniexchange column with 150 mm
length, 4 mm ID, and 6.5 mm polymer particle size (lonPac AS22 Fast IC column,
Dionex, Sunnyvale, CA) at a flow rate of 1.2 mL/min (Ostrom and Davis 2019). The
detection limitis 0.1 m@/as N.0 0 U was measurespectrophotometricallin
an AQ300 discrete analyzat 520 nnfollowing Standard Method 4560 0 . The
detection limit is 0.0006 mg/L as N."O 0 was measureghotometrically inan
AQ300 discrete analyzat 6@ nm folowing Standard Method 45€0 "OH and
45000 "0 G. The detection limit is 0.003 mg/L as Al nitrogen forms areeported
as mg/L as N.

Stormwater samples were digested with 1:1 trace metal grade nitric acid
(Fisher Chemical) and 1:1 trace metal griagérochloric acid (Fisher Chemical)
following by EPA Method 200.8 before measuring totali\J( Fe(ll1), Cu(ll) and
Zn(ll) concentrations. For dissolved metals, an appropriate volume of 1:1 trace metal
grade nitric acid (Fisher Chemical) was added jostdhe acid concentration of the
aliquot to approximate a 1% (v/v) nitric acid solution. Total and dissolved metals
concentrations were measured using inductively coupled plasma atomic emission

spectroscopy (ICRAES) (ICPE9000 Plasma Atomic Emission Spemeter,

13



Shimazdu, Kyoto, Japan). The detection limit forlA)and Fe(lll) is 2% g/L, and it
is 10eg/L for Cu(ll) and Zn(ll).

All laboratory analytical procedures were calibrated every time before they
were used. The standards solutions with different ranges were used based on the
stormwater samples concentrations and linear calibrations of standard curves had no
less than 0.996orrelation coefficients. Additionally, all samples were measured in
triplicate, in which the variation of the three measurements did not exceed 10%. If a
concentration was below the detection limit, a value equal to 1/2 of the detection limit

was used fostatistical purposes.

Data Handling and Statistical Analyses

Discrete rainfall events were identified if separated by a dry period greater
than 12 hours. Runoff volumes (V) were determined by numerically integrating the

flowrate over time:
) 002Q0 Oy

which equals the area under the hydrograph. Since there is always a baseflow
contributing to the outflow, the outflow hydrograph area is not the true outflow
volume. To determine the true value, outflow volume was calculatedhiyacting

the baseflow volume from the total volume. (baseflow will be discussed in the
Effluent Seepage Issusection). The Event Mean Concentration (EMC) was used to
represent the volumeeighted pollutant concentration throughout an entire storm

event

14
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which is the mean concentration from triplicate measurem@fiisis the runoff
flowrate at time tp is the time when rainfall starts andis the time when rainfall
ends;C(t) is the cocentration collected at time@verall cumulative input/output
pollutant mass (M) was calculated by:

0 OO0 ¢Fw Oy
Overall volumeweighted average (mean) EMCs were calculated by cumulative mass
divided by the cumulative volume for all éatted samples:

B 0
00 Qiwdd 6 GufX) MO0 Qi O WO B o O g

the overall volumeveighted average EMC discussed in the following sections are
from pairedsample events (the events have both influent &hdeet water quality
samplesaandhydrology data) unless specifically noted.

Exceedance probability plots were usegtesent water quality data in order
to emphasize the treatment outcoamel evaluate the plunge pg@rformance. They
werecreated by ranking the measuredues from largest to smallest and plotted on a
log scalejmplying their lognormal distribution nature, as describedpynd Davis
(2009).The Wilcoxon SignedRank Test was used to determine if the improvement in

waterquality were statically significant for paired data.
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Chapter 3: Results and Discussi o

Effluent Seepage Issue (Baseflow)

The presence of an effluent seepage was a significant challenge in this project.
It was expected that no influent or effluent webokcur during dry periods because of
no rainfall. However, it was noticed that there was always an effluent flow from the
downstream pipe even when the upstream pipe was totally dry during times of no
rainfall. This 1 ndi c a ichkecsentinruduslytconaibufedta s ef | owo
the effluent. No leak could be detected since all pipelines are underneath the ground,
so it was assumed that the downstream pipe was cracked somewhere.

A mass balance method was used to eliminate the effects of the Wateflo
the effluent concentrations. Figure 6 describes the inflow, baseflow and outflow in
detail. The inflow pipe collected the runoff from the drainage areenthe runoff

discharged from the inflow pipe into the plunge pool:; 0] refer to the
flowrate and concentration of runoff discharged fittva inflow pipe The runoff
discharged into the plunge pool and was treated by passing through the HFM, then
flowed into the outflow piped 0] refer to the flowrate and
concentration of the runoff discharged from the HFM, witere is the true
effluent concentration we are looking for. However, the baseflow flowed into the
outflow pipe andnixed with the true effluent 0] represent the
flowrate and concentration of the baseflow. After mixitigg combined flow
discharged from the outflow pipe and was collectéd. 0] represent

the flowrate and concentration of the combined flow.

16
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Figure 6. Flow description in the experimental site showing the impabaseflow
on the effluent.

According to the basic mass balance method:

Cops B 00 o
6000 —g—0r— " T

the target concentration was calculated using:

0 z @ o zZ @ o
0 ; ,
= % p
W W [ O ¢
. 0 zZ 0 zZw or
0 , , o
W W P
whereo is the target/true effluent concentratian; is the measured
concentration of the combined flow; is the measured condeation of
baseflow (baseflows were collected one day before the rainfall events); s

the combined/total effluent volume, determined from the autosampler output;

® is the baseflow volume, which is calculated using:

) 0 z 9 o 1
where0 is the average baseflow flowrates the runoff duration from the
effluent hydrograph. An example of how tle andw were

determined is presented in tAppendix.
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Table 2. Summary of the characteristics of the baseflow; comparison among true
effluent, baseflow and combined effluent EMCs (pasathples only).

Effluent EMC (Calculated. mg/L) Baseflow EMC (mg/L) Combined EMC (Measured, mg/L)
Pollutant Range Median Range Median Range Median
TSS <1-80 11 8§-112 32 <1-107 17
TP 0.006 - 0.168 0.022 0.010 - 0.062 0.018 0.006 - 0.157 0.015
™ 0.259 - 4.040 0.832 0.350-0.840 0.577 0.329-3.714 0.645

Table 2 summariethe characteristic of the baseflow. Comparison was made
among true effluent, baseflow and combined effluent EMCs to show how the
baseflow affected the effluent concentrations. The baseflow has relatively low TP and
TN concentrations. The baseflow and effitthave similar TP EMCs, whereas the
median TN EMC of the baseflow is less than the effluent. The maximum effluent TP
EMC is 1.7 times greater than the baseflow, and the maximum effluent TN EMC is
3.8 times greater than the baseflow. Based on the compsyiEP concentrations in
the baseflow are similar or less than in the effluent, and TN concentrations in the
baseflow are less than the effluent. Therefore, the effluent TP and TN results may not
be affected much by the baseflow because the TP and Tdrdosons are
relatively low concentrations in baseflow.

However, the TSS concentrations in baseflow are relatively high, which might
affect the effluent results. Asable 2 shows, the minimum, maximum, and median
values of TSS in the baseflow are higher than in the effluent. The median TSS EMC
in the baseflows 32 mg/L, which is 1.9 times greater than in the effluent. Comparing
the median TSS EMC, the baseflow has the higleae, whereas effluent has the
lowest. The combined flow isibetween since it was combined by the baseflow and

effluent.
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The baseflow shows extremely high concentrations of iron (digested samples),
with a median EMC equal to 5 mg/L, and maximum EMC of 7 mg/L. (will be revised
after measuring the rest of sampldd)e high iron concentrations were reflected
visually in the baseflow sartgs. It was noticed that the wallixed baseflow samples
always had a brownish color. The color was caused by brownish particulate matter,
which was easily detected after the samples settled. Furthermore, a similar color was
detected in the effluent sampleSince the influent samples were generally clear, it
was hypothesized that the brownish particles in the effluent are from the baseflow.
Measurements showed high concentrations of iron in the combined effluent samples
as well, which verified the hypothedurther (need to add data).

Figure 7 shows welinixed stormwateisamples of influent, effluent, and
baseflow collected on October 10, 2019, which are representative of the general
conditions for all stormwater samples. The influent samples were ¢jgrodear,
with some suspended solids, large gravel particles or leaves. However, the baseflow
samples, as well as the effluent samples, always had the brownish colors. As Figure 8
shows, sediments are present in each bottle, especially for the baseflefflzant
sample. The influent samples had the least amount of sediments, while baseflow
samples had the mostigure 9 shows remaining solids after filtering samples through
0.22 um filters which provides another view of the sediments in each sample. A
relatively small amount of solids with black and grey color attached to the filter came
from the inflow sample. Baseflow and effluent samples left solids with brownish
color on the filters. The amount of solids in three samples had a sequence: inflow <

outflow < baseflow. During the experiments, we frequently found more filter papers
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were needed to filter same amount of baseflow samples, which suggests it has a high

solids concentration.

Figure 7. Well mixed stormwater samples from the inflow, outflamd baseflow,
collected October 10, 2019.

Figure 8. Settled stormwater samples from the inflow, outflow and baseflow,
collected October 10, 2019.
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Figure 9. Solids on the 0.22 um filter: stormwater samples from the inflow, outflow
and baseflow collected October 10, 2019.

There are two possible sources for the high iron concentrations in the
baseflow; one is the iron leaching from the WTR, the other one is by groundwater
intrusion. Simple mass balance calculations indicate that the most possible iron
source is the groundwatinstead of the WTR leaching.

The plung pool has been operational for over 1.5 years (about 550 days). T
flowrate of the baseflow was constant during a single rainfall event, but varied with
different events, ranging from 0424 L/s. The iron conedrations in the baseflow
ranged from 4143 to 7483 pg/L. With this data, the export mass of iron is ranged
from 3,938 to 497,829 @etails shown iRppendix).

Ostrom and Davis (2019) used the same WTR and reported that the iron

content is 10,900 mg Fegkn the airdry WTR; the moisture contents are 3.2 g wet/g
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dry for wet WTR. 10% wet WTR (by volume) was applied into the HFM, and the
bulk density of WTR is 0.58¥® & . The volume of the HFM is 0.51 cubic meters.
With this information, the total mas$icon is approximately 311 g. Therefore, the
smallest export mass of ironi8 to 160Qimes greater than the estimated total mass
of iron in the WTR, which indicates that WTR is not the source of iron in the

baseflow.

Characterization of Monitom Storm Events

From February 2019 to March 2020, 25 stormwater events were monitored.
22 influent and 15 effluent water quality samples were collected, in which 13 are
pairedsample (have influent and effluent samples from a single event). TSS, TP, DP
andSRP were analyzed for all collected samples.0’N,  Gho 0 0 and
0 'O 0 were analyzed for samples collected fritrafirst half year.The
precipitation depths, influent volumes, combined flow volumes, baseflow volumes,
and effluent volumes are summarized in Table 2 for all collected stornmuetiy

events. Effluent volume was calculated using Eq.12.
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Table 3. Summary of 25 monitored stormwater events at the WiCBrporated
HFM plunge pool experimental site.

Date Precipitation (cm) Vinfluent (mS) Ko hinen (mB) VBaseflow (m3) VEsfluent (mB)
March 31, 2019 0.08 0.54 0.31 0.29 0.02
April 8,2019 0.10 0.97 0.33 0.18 0.15
April 13, 2019 0.76 17.78 1.43 1.30 0.13
April 15, 2019 0.61 15.76 4.20 3.56 0.63
June 9, 2019 1.14 238.92 21.39 11.52 9.87
June 17, 2019 0.33 39.09 25.72 21.60 4.12
June 18, 2019 0.33 42.33 12.64 10.80 1.84
July 2, 2019 1.07 52.05 - -
July 4, 2019 0.61 134.58 34.70 15.84 18.86
August 13, 2020 0.18 36.12 37.97 18.00 19.97
October 13, 2019 0.99 262.20 - - -
October 26, 2020 0.53 12.54 15.54 1.58 13.95
November 18, 2019 0.58 185.54
November 22, 2019 0.94 173.83 - - -
November 23, 2019 1.47 76.10 82.76 60.48 22.28
December 1, 2019 1.40 113.28 20.48 7.92 12.56
December 13, 2019 1.09 22.14 13.16 4.86 8.30
December 16, 2019 0.48 9.88 10.16 2.59 7.57
December 17, 2019 0.53 2.25 9.90 6.30 3.60
February 4, 2020 0.13 4.47 3.44 2.92 0.53
February 10, 2020 2.18 24.10 22.75 2.88 19.87
February 12, 2020 0.94 0.18 15.84 6.48 9.36
March 13, 2020 0.56 18.69
March 14, 2020 0.43 15.63 -

Note: No effluent collected from July 2, 2019, October 13, 20i9, Novembe_r 18,
2019, November 22, 2019, March 13, 2020 and March 14, 2020 due to equipme
issues.

Rainfall depths for the 25 collected stormwater events ranged from 0.08 to
2.18 cm.The distribution of events was compared with historical data for the state of
Maryland (Kreeb 2003). The cumulative frequency of events more than 6.35 mm in
the historical study is 47.5%, whereas it is about 50% in this study. This indicates that
this study covers all types of stormwater events, with no bias towards to larger or
smaller ones.

The ideal relationship between influent volumes and precipitatipredicted

using the NRCS method (NRCS 1986) Eq. 1 to&gndshown in Figure 10. The

points in the figure represent all detected stormwater events. Most of the detected
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stormwater events points are located above the NRCS Method curve, whereas several
points are far away from the cun@everareasons may cause the difference: 1).

extra runoff coming from adjacent grass areas may cause the measured influent
volume to be more than expected; 2). the given curve number and overall drainage
area are estimalevalues, which may cause the difference; and 3). antecedent dry
period and rain intensity may cause the difference (Doan and Davis 2017). To
eliminate the biasganew CN was determined to be By trial and error to allowhe
mostdetected storm points belocated on the NRCS method cueved to have

other points distributedniformly on both sides of the cur¢gigure 11). The new CN

is greater than the given CN in the project design plan, which indicates the runoff

potential in the site was underestie, and the soil in the site is less permeable than

estimated.
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Figure 10.Stormwater volume from the watershed as a function of precipitation. The
line is a predictiorusing the NRCS method (CN = 87).
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Figure 11.Stormwater volume from the watershed as a function of precipitation. The
line is a predictiorusing the NRCS metid (CN = 94).

Total Suspended Solids
The plunge pool had a good performance in TSS removal as other SMCs. The

individual influent TSS EMCs ranged from 5 to 352 mg/L (median = 39 mg/L, 22
events), wheredasadividual effluent TSS EMCs ranged from < 18 mg/L (median
=13 mg/L, 15 events). The highest influent TSS EMC in this study is one order of
magnitude lower than the result from the WTR retrofitted bioretention, 1274 mg/L,

found by Liu and Davi$2013. Figure 12 shows the exceedance probabiliby folr
the TSS influent and effluent. About 76% of the effluent EMCs met the 25 mg/L TSS
water quality target value (Davis and McCuen 2005) compared to about 43% for the
influent, which indicates effective TSS removal was achieved in the plunge pool.
Watea quality results for all pairedample studies are summarized in Table 3.
Figure 13 shows the influent and effluent TSS EMCs for 13 pametple events.

Ten of them showed positive TSS removal (i.e., effluent EMC < influent EMC). The
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EMC removal efficienies for those ten events ranged from 16.4% to 99.7% (median
=76.2%; 10 events). Three events exhibited negative TSS removal, which might be
attributed to the iron particles from the baseflow. The Wilcoxon Sifteatk Test
determined that the effluent TS#&s significantly reduced compared with the

influent (pvalue = 0.03318).

Table 4. Water quality performance data for the storm events monitored at the plunge

pool.

Influent EMC (mg/L) Effluent EMC (mg/L)

Pollutant N (Number of Events) Range Mean (Median) Range Mean (Median)
TSS 13 5-352 50 (24) <1-80 18 (11)
TP 13 0.035 - 0.396 0.160 (0.121) 0.006 - 0.168 0.042 (0.022
PP 13 0.011-0.191 0.076 (0.071) <0.002 -0.093 0.014 (0.007)
DP 13 0.017 - 0.205 0.084 (0.056) 0.006 - 0.130 0.028 (0.013)
SRP 13 0.007 - 0.099 0.049 (0.031) <0.002-0.051 0.014 (0.009)
DOP 13 <0.002 - 0.125  0.035(0.025) <0.002-0.079 0.014 (0.005)
N 7 0.531 - 2.805 1.345 (1.310) 0.259 - 4.040 1.345 (0.832)
NO;~ —N 7 <0.002-0.716 0.425(0.197) <0.002-2.314 0.568 (0.036)
NO,” —N 7 0.014-0.024  0.019(0.021)  0.019-0.117  0.032 (0.021)
NH4+ —-N 7 <0.002 - 0.268 0.112(0.076) <0.002-0.174 0.049 (0.017)

Note: The data in the table are from pakgmimple events only.

The overall volumeveighted average influent TSS EMC is 50 mg/L, which is
lower than results from other SCM studies, ranging from 65 to 140 rhgénd
Davis 2009; Liu and Davis 201Bandsman and Davis 20L&e et al.(2010
concluded that the composition of solids on urban surfaces is highly dependent on
location and land cover/land use. Irish e{ 8295 found that rainfall volume and
intensity affect influent TSS concentratiorssveell. The overall volumeveighted
average effluent TSS EMC is 18 mg/L, corresponding to a 63.9% EMC removal,
which supports BSremovalwas successfuLiu and Davig2013 reported TSS

were significantly removed in the WTRtrofitted bioretention witthe mean EMCs
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reduced from 97 to 6 mg/L, and concluded that WTR did not harm the filtration
mechanism in the bioretention media.
As discussed above, the iron particles from the baseflow impact the TSS

export. However, using the mass balance methappéars that significant TSS

reduction occurs.
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Figure 12.Exceedance probability plot of influent and effluent TSS EMCs. Values

below thedetection limit are plotted as one half of the detection limit and are shown
as open symbols.
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Figure 13.Influent and effluent TSS EMCs for 13 pairsample events.

Phosphorus

Total Phophorus

The plunge pool showed excellent performance for TP removal. The
individual influent TP EMCs ranged from 0.026 to 0.74 mg/L (median = 0.16 mg/L;
22 events), wheredbeindividual effluent TP EMCs ranged from 0.006 to 0.17 mg/L
(median = 0.024 mg/L; 15 events), respectively. In this study, the highest TP EMC
was detected as 0.74 mg/L, which was measured from the influent samples collected
on October 13, 2019. The s3gpted reason causing this was an extremely long dry
period (over 7 weeks) before this rainfall event. Large amounts of leaves flushed into
the plunge pool (Figure 14). The leftover dead leaves act as a nutrient source and may
have contributed significantito this high level (Brown et al. 2013; Shumilovskikh et
al. 2015). Doan and Dav{2017 found a similar phenomenon, with a very high TP
level of 1.67 mg/L in an event which had over two weeks since the previous rain.
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Natarajan and Davi2016 also repaed the maximum phosphorus input might
happen in the fall due to decomposition of leaves and grasses releasing nutrients.
Figure 15 shows the exceedance probability plot for the influent and effluent TP
EMCs. There is a clear difference in the data Jéte.1¢" and 9¢' percentile influent
TP EMCs are 0.064 and 0.39 mgl/L, respectively, whereas thantDod" percentile
effluent TP EMCs are 0.010 and 0.13 mg/L. About 70% of the effluent EMCs met the
EPA recommended 0.03656 mg/L TP for rivers and streams in Ecoregion XIV
(USEPA 2000), compared to only 7% for the influent, which supporeffactive TP
removal.

Figure 16 shows influent and effluent TP EMCs for 13 pas@uiple events.
All paired-sample events exhibited pos&iVP removal. The EMC removal
efficiencies ranged from 36.3% to 92.4% (median = 83.8%; 13 events). There are two
events with input TP EKas greater than 0.3 mg/L. The maximum influent TP EMC is
0.4 mg/L for the pairedample events. The corresponding effluent TP EMC was
reduced to 0.17 mg/L after treatment, with a 57.5% removal. Another e\cimipioa
TP EMC equal to 0.31 mgjlafter treatnent, the effluent TP EMC was reduced to
0.045 mg/L, which corresponds to 85.7% EMC removal. These data indicate that the
plunge pool performed well with a high TP input. The Wilcoxon SigRadk Test
indicates that the difference between influent andiefft EMCs are statistically

significant (pvalue = 0.00148).
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Figure 14.Leaves in the plunge pool. Photo taken October 14, 20109.
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Figure 15.Exceedance probability plot of influent and effluent TP EMCs.
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Figure 16.Influent and effluent TP EMCs for 13 pairedmple events.
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In this study, the overall volume&eighted average influent TP EMC was
calculated a®.16mg/L, which is lower than most of the EMCs found by other field
studies (Urbonas 1999; Davis 200#ynt et al. 2008; Li and Davis 2009; Passeport et
al. 2009; Barrett 2010; Liu and Davis 2013; Natarajan and Davis 2016; Doan and
Davis 2017; Erickson et al. 2017). The Water Environment FedeattASCE
(WEF/ASCE 1998) reported that te®C for total prosphorus in urban runoff is
0.33 mg/L. Brown et a[2003 stated that a total phosphorus concentration of 0.3
mg/L is adequate to describe both new and old urban development. Some field studies
found much higher overall volumegeighted average influent TEMCs ranging from
0.5 to 0.8 mg/L (Davis et al. 2006; Brown et al. 2013). Stormwater runoff
concentrationsnight bevariableat different watersheds or under different rainfall
characteristics. Some factors might affect the input TP: 1). land coverAargince
phosphorus sources varied from site to site; 2). rainfall depth, duration, intensity and
antecedent dry day8). project duration because phosphorus inputs are affected by
seasonality (Landsman and Davis 2018). In this project, more than half of the paired
data are collected in winter (December to February), when the phosphorus sources
were relatively limited. Tis maybe the main reason why the input TP in this study is
lower than other filed studies. However, the overall vohwmeghted average TP
EMC calculated using all influent samples (paired sample +pamed sample)
which covers more events from otheasens is 0.31 mg/L, which agrees with results
in other field studies, and also meets the concentration in urban runoff reported by

WEF/ASCE(1998 andBrown et al.(2003. The overall volumeaveighted average
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effluent TP EMC in this study was 0.042 mg/L,ialhcorresponds to an 73.6%

removal, indicating TP reduction was successfully achieved.

Particulate Phosphorus

Theplunge pool shows a good PP removal as other EMCs. The individual
influent PPEMCs ranged from 0.011 to 0.24 md#nedian = 0.072 mg/L; 22
events), whereas the effluent ranged fralr082 to 0.10 mg/l(median = 0.007
mg/L; 15 events)Figure 17 shows the exceedance probability plot for the influent
and effluent PP EMCs. The plot illustrates about 82% effluent PP EMCs are less than
0.03656 mdL., compaedto only about 24% for the influent, which agrees \tfité
common knowledge that traditionr@CMs likebiorientationand sand filterare
highly effective at removing PP, relying on physical removal mechanisms such as
sedimentation and filtratio(Davis et al. 2006; Hsieh and Davis 2005; Davis 2007;
Liu and Davis 2014; Landsman and Davis 2018

Figure 18 shows the influent and effluent PP EMCs for 13 paiaeaple
events. All paireesample events exhibited positive PP removal except the one
collected on June 18, 2019. The EMC removal efficiencies ranged from 37.1% to
98.7% (median = 87.7%; 14 events) excluding the PP export event. The maximum
influent PP EMC is 0.19 mg/L for the pairedmple events which found the same
day as the maximum inflaé TP occurred. After passing through the plunge pool, the
effluent PP EMC was reduced to 0.038 mg/L, corresponding to 80% removal. The
Wilcoxon SigneeRank Test also indicates that the effluent PP EMCs are

significantly reduced compared with the influ¢ptvalue = 0.0088). The overall
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volumeweighted average influent PP EMC was 0.076 mg/L, coetiar0.014

mg/L for effluent after treatment, which means over 81P®4vas removed by the

plunge pool.
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Figure 17.Exceedance probability plot of influent and effluent PP EMGdues
below the detection limit are plotted as one half of the detection limit and are shown
as open symbols.
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Figure 18.Influent and effluent PP EMCs for 13 pairsdmple events.
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Dissolved Phosphorus

The plunge pool shows satisfactory DP removal. The individual influent DP
EMCs varied significantly, ranging from 0.01 to 0.49 mg/L (median = 0.062 mg/L;
22 events). After the runoff passed through the HFM, effluent DP Ed@®=ased
significantly; individual effluent DP EMCs lowered to 0.006 to 0.13 mg/L (median =
0.017 mg/L; 15 events). Figure 19 shows the exceedance probability plot for influent
and effluent DP EMCsMore than 90% of effluent DP EMCs are less thdi8656
mg/L, compared to about 27% for the influent, which indicates an effective DP
reduction was achieved in the plunge pool

Figure 20 shows the DP EMCs for 13 patsainple events. All pairesample
events exhibited positive TP removal. The EMC removaliefies ranged from
27.7 to 88.7% (median = 80.7%; 13 events). The Wilcoxon Sigaedk Test shows
the difference between influent and effluent DP EMCs are statistically significant (p
value = 0.00148). The overall volumeesighted average influent DP EMGaw/0.084
mg/L, compared to 0.028 mg/L in the effluent, which indicates 66.8% DP was

removed.
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Figure 19.Exceedance probability plot of influent and effluent DP EMCs.
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Figure 20.Influent and effluent DP EMCs for 13 pairedmple events.

36



The overall volumeveighted average dissolved fractio® — was 0.53

in the influent, illustrating thgathosphorus has almost equal fractions for DP and PP
in the surface runoff, which is in accordance with results conducted in a residential
area by Landsman and Day018. However, thenationwide urban runoff program
reports that the median EMC of TP and DP are 0.38 and 0.14 mg/L for residential
land usestespectively, indicating that a typical fraction of dissolved to total
phosphorus can be expected to be approximately 37% (USEPA 08B8j.research
(Pitt et al.2005; Berretta and Sansalone 2011; Liu and Davis 2013; Erickson et al.
2017)alsofoundsmaler DP fractiors. It indicates that the DP fraction varies widely
for different sites and storm everfErickson et al. 2007). After passing through the

plunge pool, the average DP fraction changed to 0.67 in the effluent.

SRP and DOP

The individual iffluent SRP EMCs varied from <0.002 to 0.16 mg/L (median
=0.038 mg/L; 22 events), and thi# eent werdrom <0.002 to 0.05 mg/L (median =
0.01 mg/L; 15 events). Similar performance was noted for DOP, withflamim
EMCs ranging from <0.002 to 0.33 mg/inédian = 0.025 mg/L; 22 events), and the
effluent EMCs wereonsistently <0.002 to 0.08 mg/L (median = 0.005 mg/L; 15
events). Figure 21 and 22 show #xeeedance probability plot for influent and
effluent SRP and DOP EMCs. The plots show nearby cornstgoats of SRP and
DOP, which indicates adsorption is the main removal mechanism coimigibwt

equilibrium concentration discharged from the plunge pool (Liu and Davis 2013).
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TheWilcoxon SigneeRank Tesshows botlthe SRP(p-value = 0.00222and DOP

(p-value = 0.00438EMCsreductionsarestatisticallysignificant
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Figure 21.Exceedance pbability plot of influent and effluent SRP EMG#alues

below the detection limit are plotted as one half of the detection limit and are shown
as open symbols.
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Figure 22.Exceedance probability plot of influent and effluent DOP EMGdues
below he detection limit are plotted as one half of the detection limit and are shown
as open symbols.

The nearly consistent low effluent DP EMCs indicates adsorption is the
primary removal mechanism for DP. Given adequate time, P can find reactive sites in
micropores of WTR, becoming more strongly adsorbed at individual surface sites
(Ippolito et al. 2003)Some laboratory studies also found the similar steady state
dissolved DP concentrations, which can be explained by the adsorption equilibrium
mechanisms as well. For exampickson et al(2012 foundthe influent DP EMCs

varied from approximately 0.028.14 mgd 0 070 and the effluent EMC was

consistently between a natetect level (<0.01 mg 0 070 ) and 0.023 mg

00 OF0usingani r on enhanced sand f(2002fourdt i on .

theeffluent DP EMC was always < 0.001 mg 0 0F0 from input concentration
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equalto 0.12 mgd 0 070 in aWTR bioretention amendment logrm column
study.

Liu and Davig(2013 found constant outputs of SRP and DOP in the
investigation of phosphorus removal by WTR retrofitted biotate. Erickson et al.
(2012 found a steady state dissolved DOP and SRP concentrations in the
investigation of phosphate removal from synthetic stormwater by a sand filter
amended with iron filings. Yan et 42016 alsofound the alurmodified WTR
BSM exhibits extremely high DOP and SRP sorption capacity based on the batch
scale experiments. The fractions of SRP and DOP are identical in the effluent, which
suggests that same removal mechanisms are applied for SRP and DOP.

It was expected that thenpact of baseflowouldbe eliminatedusing mass
balance methadHowever the iron particles in the baseflow had inevitable
interferences to this proje@ome complex chemical and physical reactions are likely
between the iron particles and other materials when the two flows mixed. In fact,
iron/iron oxide can reduce phosphorus concentration with similar mechanisms as
WTR (aluminum and aluminum oxide). Fotaanple, phosphorus can be precipitated
by iron and surface adsorbed to iron oxide (Erickson et al. 2007). In addiion,
based materials have been shown to capture other pollutants including As, Cd, Cr,
Cu, Ni, Pb, and Zn (Namasivayam and Ranganathf; X8eneFuhrman et al.

2008; Wu and Zhou 2009).

Therefore, the basefloimterference to phosphorus species (DP, PP, SRP,

DOP) cannot beliminated using the mass balance metipdtiof the stormwater

ranged from 6.34.98 in this study, and in this range the primary capture mechanism
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for phosphates with iron is adsorption (Stumm and Morgan 1981). Phosphates bind to
iron oxides by surface adsorpti¢farickson et al. 2012Reddy and 6 A n 199490
also summarized: in mineral soils dominated by iron oxides, phosphate can be readily
immobilized through sorption and precipitation by ferric oxyhydroxide, and
formation of ferric phosphatgan occuin the oxidized zones at the soihter
interface.

As shown inFigure 23, in the HFM, PP can be retained by sand particles,
mostly via physical mechanisms likedimentation and filtratiomP can be attached
on the WTR surface and removed by adsorption mechaAier.passing through
the HRM, the runoff flows into the outflow pipe and meets with the baseflow. The
remainingDP from the treated runoff is adsorbed by iron/iron oxide particles and
converted to PP. The baseflow works dis secondl treatment system by the
iron/iron oxide, providig additional removal for DP. However, DP or PP cannot be
retained in the outflow pipe, which means it is more like a conversion process (DP
PP) instead of a treatment/removal prockstecreases thBP fractionandincreases
the PP fraction (but TP reains constant). Furthermgiieis inconclusive which parts
of DP were adsorbed, thus the baseflow impact on SRP and DOP speciation could not
be eliminated by the mass balance method. All in all, the results of DP, PP, SRP, and

DOP are inconclusive.
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HFM plunge pool system.

Literature Comparison

Field studies of phosphorus removal using WfERited SCMs are sparse.
The results are compared with the study of WTR retrofitted bioretention for
phosphorus speciation and treatment conducted by Liu and &4, and the
study of an iron enhanced sdiiter to treat rainfallinduced agricultural tile drainage
events conducted by Erickson et(@017). Also, comparisons are made with some
traditional SCMs without WTR applied like bioretention and sand filters, to illustrate
the significance of using R for phosphorus removal. There were also some pilot
and laboratory studies that have learned that WTR incorporation increased

phosphorus removal in SCMs.
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One of the mostomparable studies is the enhanced phosphorus removal
bioretention retrofted with 5% (by mass) WTR on the campus of the University of
Maryland, conducted by Liu and Da\&014). The overall volumeveighted average
TP EMC was reduced from 0.3 to 0.11 mg/L (63% removal) by the WTR retrofitted
bioretention compared to 0.16 to@2 mg/L (73.8%emova) by the plunge pool.

The influent TP in our study is about 50% less than Liu and 20is4), whereas

the effluent TP is about 62% less. Since the effluent TP is much lower in our study
(but the input is also lower), it suggestattthe plunge pool has an excellent
performance for TP management

Another monitoring study measured the total phosphorus capture performance
of an iron filings (6% by weight) enhanced sand filter installed to treat agricultural
tile drainage (Ericksontel. 2017).The TP EMCs were reduced for all 20 collected
events found irErickson et al(2017. The overalvolumeweighted averagmfluent
TP EMC was 0.37 mg/L, which is 56.8% higher than we found. The higher TP EMC
makes sense because slaad filterexperimentatite was designed to treat water
from approximately 7.45 ha of farmland, which has more phosphorus input (fertilizer,
herbicide) than the residential area in our projése overalvolumeweighted
averageeffluent TP EMC was reduced to 05Lehg/L after treatment, corresponding
to a 66.2% reduction percentage, which shows satisfactory TP removal. Though the
TP reduction percentage is higher in our study (73.8%), considering the higher input
TP found byErickson et al(2017), the plunge poamight have a similar performance

as the iron enhanced sand filter in TP removal
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Comparisons between the plunge pool and other traditional SCMs without
WTR applied are conducte@ihe same bioretention experimental cell on the campus
of the University oMaryland before WTR applied was studigglLi and Davis
(2009. This study showed a lesé$fective performance for TP removal. TP leaching
occurred from the media before the WTR incorporation (output > input), which might
be attributed to specific mediagmerties (Li and Davis 2009As acommon issue,

TP export has been frequently foundriaditional bioretention medi#lunt et al.

(2006 observed that TP concentrations in the effluent of several bioretention
facilities were higher than the influents and concluded that those bioretention media
had high phosphorus contents, causing the TP exfaother largescale WTR field

test was condued with bioretention soil mixes to evaluate phosphorous retention in
Oregon byPoor et al(2019. This study found that TP leaching from the traditional
bioretention soil is a big issue, where the effluent TP concentrations were 6 to 20
times higher thainfluent Bratieres et ali2008 found P was also exported if 10%

(by volume) leafcompost and mulch is blended into the .s&dditionally, Dietz and
Clausen(2005 also noted TP export from bioretention media in instances where the
input phosphorus vevery low.

There are several mechanisms of phosphorus removal in bioretention:
filtration, sedimentation, adsorption, plant uptake, and microbial utilization.
Microbial and plant uptake account for only a small fraction of P retained (Lucas and
Greenway2008).Traditional SCMs as bioretention and sand filters have a significant

effectiveness to remove PP, relying on physical removal mechanisms like
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sedimentation and filtration; however, DRI pass through the filter without
treatment (Landsman and Da2@18).

WTR offers a much greater phosphorus adsorption capacity with large
specific surface area and abundant porous structure, which means more adsorption
sites available for phosphorus attachment. In addition, the oxide/hydroxide aluminum
and iron corpounds in WTR bind with various phosphorus species as strong ligands,
which may have a maximum phosphorus adsorption capacity of 25,080kagg
(Kim et al. 2002). Ligand exchange between the phosphate groups and the surface
reactive hydroxyls of the adsanhts is the primary removal mechanism for both SRP
and DOP (Parfitt et al. 1976; Shang et al. 1990, 1992). Improved SRP and DOP
removal with alum addition can be attributed to the formation of high surface area
aluminum hydroxide, which is an effective adsent for phosphorus (Anderson and
Arlidge 1962; Hano et al. 1997) From a chemistry perspective, both Al and Fe are
known as good Lewis acids and phosphate is a strong ligand/ Lewis base. As Lewis
acides, Al and Fe cations have vacant orbitals whichtdeet@ accept electrons
donated by phosphate; as such, phosphate can be taken up by WTR with high
selectivity due to metaligand complexation (Qiu et al. 2019). That is why WTR
incorporated SCMs can enhance phosphorus removal.

Some pilot and laboratpistudies also have demonstrated that WTR
incorporation carsignificantlyincrease phosphorus removal in bioretention. Recent
laboratory work, using 15% WTR (by mass) employed as an amendment in a
bioretention column, concluded that the TP was effectinggtyoved from 4.0 to 7.0

mg/L in the influent to only 0.08 mg/L maximum in the effluent (Qiu et al. 2019),
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which reached to over 98% removal efficign€he value of 7.0 mg/L was an

extremely high influent TP concentration, which is almost 15 times gtéatethe

average TP EMC in urban areas. Under this extreme condition, the maximum TP
concentration was only 0.08 mg/L in the effluent, which shows the significant ability

of WTR for TP removal. Anotherloager m col umn study conduct e
Davis (2012, showed that WTRamended media far outperformed the WVgMR-

amendedontrol media for phosphorus management, in which the/MoR-

amendedontrol column effluent TP EMCs were 7 to 30 times greater than the WTR

amended media TP EMCs under same cantit The WTRamended column

showed consistent removal of P from synthetic stormwater, with TP EMCs ranging

from < 0.01 to 0.025 mg/L, compared to 0.1
Davis 2012). These laboratory studies indicate that the WTR sigrificarhances

TP removal capacity for bioretention systems under either low or high input TP

conditions Though laboratory studies were conducted under controlled conditions,

the results are valuable references to the EMCs designs.

Nitrogen

Total Nitrogen

The plunge pool did not show an effective TN removal. Figure 24 shows the
exceedance probabiliglot of influent and effluent TN EMC¥ariation among TN
was noted, most likely due to seasonal variation of fertilizer application and leaf

decay,among other factors (Landsman and Davis 20th®)jndividual influent TN
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EMCs varied from 0.53 to 3.6 mg/L (median = 1.6 mg/L; 14 events), whereas the
effluent varied from 0.26 to 4.0 mg/L (median = 0.95 mg/L; 12 eveabs)ut 30%
of theeffluent EMCs ae less than the EPA water quality criterion of 0.69 mg/L

(USEPA 2000), compadwith 10% in the influent, which is not a big improvement.
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Figure 24.Exceedance probability plot of influent and effluent TN EMCs.

The overall volumeveighted average influent TN EMC is 1.41 mg/L, which
is within the range reported by Collins et(@010 that average TN EMCs in
stormwater for urban land uses are between 1.3 and 3.2 mg/L as N. The overall
volumeweighted average effent TN EMC is 1.35 mg/L, corresponding to only
4.3% removal. Nitrogen fate in the plunge pool is complex and difficult to treat
because varies nitrogen forms including Oh0 O 0 and0 O O exist
and several treatment mechanisms like sediatiem, filtration, adsorption and
mineralizationare operativén the system (Davis et al. 2006; Hatt et al. 2007; Cho et
al. 2009; Brown et al. 2013). The nitrification proceés®© © 0 0 © 0 U leads

to nitrate export, which might be the main cause of the poor performance.
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Nitrogen has not beahefocus in the WTR retrofitted studies (Lucas and
Greenway 2011; Liu and Davis 2014; Erickson et al. 2017), but typically nitrogen
export wasascribed to other Montainng sources. However, WTR might be a
significant nitrogen sour¢cether studietave reportethat WTR contaiaup to 500
mg-N/kg (Dayton and Basta 2001; Lei and Davis 2019). TN removal efficiency is
highly varied with SCM studis. Urbona$1999 found the overalolumeweighted
effluent TN EMC was reduced from 8.0 to 3.8 mg/laisand filter study. Barrett
(2010 found similar resultas our studyn the evaluation of sand filter performance
in Texas, with overall volumweighed average influent and effluent TN EMCs as
1.5 and 1.1 mg/L as N. Li and Da¥®008 reportecthe overall volumaveighted
average influent and effluent TN EMCs are 3.1 and 2.4 mgditraditional
bioretention in University of Maryland. Li and Da\{&014) reportedminimal
capability of decreasing TN concentrations in stormwater runoff using traditional
bioretention, with the overall volumegeighted average influent and effluent TN
EMCs equaling to 1.62 and 1.55 mg/L. This variability of TN removalfferent
studies is due to the complexity of nitrogen behavior in bioretention and sand
filtration systems, because nitrogen has a diverse speciation in runoff and its

speciation and concentration varies with site and season (Taylor et al. 2005).

Nitrateand Nitrite
Figure 25 shows the exceedance probability glanfluent and effluent
00 0 EMCs The range ob 0 0 EMCs varied greatly, with the influent

varyingfrom <0.002 to 1.6 mg/L (median = 0.095 mg/L; 15 events) and the effluent
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from <0.002 to 2.3 mg/L (median = 0.146 mg/L; 12 events). As the probability plot
shows, the effluent trend line above the influent, which illustratés0 0

export. Poon 0 0 removal was attributed to internal assimilation/release
processes and possibly from direct transformation of runoff nitrogen, specifically, to
the conversion of capturéd©O 0 and0 U O into0 0 0 between storm
events (Landsman and Dav@18). Similar results were found in other bioretention
studies (Kim et al. 2003; Hsieh et al. 2007; Li and Davis 2008; Zinger et al. 2013; Li
and Davis 2014; Landsman and Davis 2018), which concludé that 0 is

highly mobile and will generally wasdtraight through an aerobic sand filter and/or
bioretention cell.Nitrogen removal varies among the systems, but in general,
mineralization and nitrification of accumulated nitrogen species in the SCMs leads to
nitrate expor{Landsman and Davis 20L& 0 0 was rarely detected in the

plunge poolHunt et al.(2008 reported for €M systems which did not employ a
designed saturated zone, or internal water storage (IWS) zone, the lack of

O0h0 0 0 reductionis expected. Some SCM studies (Hehal. 2006; Hsieh and

Davis 2005; Dietz and Clausen 2006) found that the removallof Gh0 0

Oincreased with the presence of an interna

saturation zone.
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Figure 25.Exceedance probability plot of infloeand effluent) O 0 EMCs.

Values below the detection limit are plotted as one half of the detection limit and are
shown as open symbols.

Nitrate EMC (ug/L as N)

Ammonium

0 'O 0 removal was detected in the plunge pool. Figure 26 shows the
exceedance probability plof influent and effluenb O 0 EMCs.The influent
0 'O 0 EMCs ranged from <0.003 to 0.52 mg/L (median = 0.091 mg/L; 15
events), whereas the effluent variednfirg0.003 to 0.174 mg/L (median = 0.015
mg/L; 12 events)The relatively lowd 'O 0 EMCs and highy 0 0 inthe
effluent indicates nitrification might be the major removal mechanisma f& 0

removal in the systend, O 0 is nitrified to U 0 under aerobic conditions
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during drying between storm even@hin et al. 2006; Hatt et al. 2007; Cho et al.
2009. Moreover,0 'O fixation and ion exchange might happen by the aluminum
hydroxide in the WTR or hydrated oxides of iron in the basef@ygnkar and Asit
1981;Uttam and Katsuhiro 1997

0 'O 0 removal in stormwater runoff has been reported in some other
SCM studies. Hunt et 22008 foundthat themean concentration @f 'O was
reduced from 0.34 mg/L to 0.1 mg/L as N (below the reporting limit) by a
bioretention cell in urban Charlotte, NC, attributing removal to combined sorption
nitrification processes. Li and Dayig014) found the volumeaveighted average
0 'O 0 EMC wassignificantly reduced from 0.15 to <0.05 mg/L (below detection

limit) at theUniversity of Maryland
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Figure 26.Exceedance probability plot of influent and effluéntO 0 EMCs.
Values below the detection limit are plotted as one half of the datditit and are
shown as open symbols.
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Metals
A metal of significant concern for leaching from the plunge pool is aluminum,

because the media was created using alumipased WTR. Another study using Al
WTR (Ostrom and Davis, 20)%ound aluminum concentration increased from
influent to effluent in edier storm events, which might have been caused by initial
washout of fines containing powdered WTR as the media was newly established.

In this study, the total aluminum EMC ranged from 0.052 to 1.31 mg/L
(median = 0.434 mg/L) for the influent, whereas it was 0.001 to 0.33 mg/L (median =
0.046 mg/L) for the effluent (Tablel). Asgure Z shows, all effluent EMCs are less
than the influenexcept the event on November 18, 2019, which indicates that
aluminum leaching is not a concern in this project. A relatively large rainfall (0.58
cm) with large amount of influent runoff (186 in that event might be the possible
reason for the high aminum concentration from the media. Almost all the influent
(12 events) EMCs exceeded the EPA ambient water quality criterion for aluminum,
87 ug/L, for freshwater at pH between 6.5 and 9B8KPA, 1983 After passing
through the WTR media, ten of thdleént EMCs were below the EPA criterion and
only three exceeded. The aluminum in the particulate phase has the same trend as
total aluminum. Only one of the paired events shows that the concentration increased

from the influent to effluent.

Table 5. Metal data of 13 monitored stormwater events at the Wi@rporated
HFM plunge pool experimental site.

Influent EMC (mg/L) Effluent EMC (mg/L)
Metal N (Number of Events) Range Median Range Median
Total Aluminum 13 0.052-1.31 0.434 0.025-0.33 0.046
Total Iron 13 0.064-17.4 0.546 0.025-59.1 741
Total Zine 13 0.025-0.062 0.044 0.025-0.032 0.025
Total Copper 13 0.005-0.013 0.009 0.005-0.026 0.007
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For the aluminum in the dissolved phase, most of the EMCs (9 for influent; 12
for effluent) were below the 25 pg/L detection limit; only one efflisrple was
found above 25 ug/L. The results agree waithminumsolubility calculations, which
is about 9 pg/L@g 1 8 M total Al) at pH 6 and 8§tummand Morgan 1996; Ippolito

et al. 201). It can be concluded that aluminum leaching is not an issuesiprttject.
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Figure 27.Influent and effluent total aluminum EMCs for 13 paisaimple events.
Data below the detection limit are plotted at the detection limit of 25 ug/L.
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Figure 28. Influent and effluent particulate aluminum EMCs for 13 pasachple

events. Data below thaetection limit are plotted at the detection limit of 25 pg/L.
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Figure 29. Influent and effluent dissolved aluminum EMCs for 13 pasathple

events. Data below the detection limit are plotted at the detection limit of 25 pg/L.

Figure30 shows thathe influent iron concentrations are relatively low, most

of them are lower than the EPA ambient water quality criterion for Fe at 1000 pg/L
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(USEPA, 1986). The effluent iron concentrations were expected to be lower than the
influent since no leaching wésund from the media based on the aluminum data.
However, the effluent data were affected because of the extremely high iron
concentrations from the baseflow. Two events show very high effluent iron
concentrations (54.5 mg/L and 59.1 mg/L). The main re&sovariation is the
rainfall/effluent characters. Relatively small rainfall leads to small effluent volumes,
which means the difference between the effluent volume and baseflow volume is
small. The volume difference was used as a denominator in thebalasse

calculations, and the small denominator led to a high result, which caused some bias.
Most of the total iron EMCs (9 events) exceeded the EPA criterion for the effluent.
Most of the iron EMCs (9 for influent; 8 for effluent) in the dissolved plaasdelow

the 25 pg/L detection limit. But iron export was detected for both total iron and
dissolved iron. The high iron concentrations in the effluent were caused by improper
function of the facility. This site will require extra work to remove the thasdron

and prevent further contamination.
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Figure 30. Influent and effluent total iron EMCs for 13 pairsdmple events. Data
below the detection limit are plotted at the detection limit of 25 pg/L.
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Figure 31. Influent and effluent dissolved iron EMCs for 13 paisainple events.
Data below the detection limit are plotted at the detection limit of 25 ug/L.
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Figure32 shows an effective and consistent zinc removal by the plunge pool

system. The total zinc EMGs the effluent are less than the influent for all 13 events.

Even with very low influent total zinc concentrations, the WTR still shewegllent

ability for zinc removal. All the influent concentrations are below the 133 pg/L EPA

criterion for acute teicity to the freshwater aquatic lif€l GEPA, 199%. After

passing through the WTR media, almost all (12 events) effluent total zinc

concentrations are lowered to less than the 25 pg/L detection limit, which indicates

very good performance. Tmemoval of zinc can be attributed to the complexation
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Figure 32 Influent and effluent total zinc EMCs for 13 paire@imple events. Data

below the detection limit are plotted at the detectionit lof 25 pg/L.
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The concentratianof copperarelow for both influent and effluent. The total
copper EMC ranged from0.01 to 0.013 mg/L (median = 0.009 mg/L) for the
influent, whereas it was0.01 to 0.021 mg/L (median = 000 mg/L) for the effluen
(Tableb). Six eventshadcopper removal from influent to effluent, and the effluent
EMCs are below th&3 pg/L EPA criterion for acute toxicity to freshwater aquatic
life. However,six events showd copper exporandfour of hadeffluent EMCsin

excesf the toxicity criterion
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Figure 33. Influent and effluent total copper EMCs for 13 paisaginple events. Data
below the detection limit are plottedfalf the detection limit ofLO pug/L.

Different factors in a water body can affect metals toxicity, for example, pH,
hardness, alkalinityand organic matter concentratio@s({rom and Davis, 20)9it
can be concluded that aluminum leaching is not a concern in this project under
conditions typical of stormwater runoff. The high iron concentrations in the effluent
are attributed to the faite of the effluent pipe system and the baseflow. The WTR
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media can remove zinc effectively, leading to effluent concentrations that meet EPA
water quality standard$he WTR medidad a decent performance of copper
removal. The effluent EMCs are betwe®005 to 0021 mg/L, andsix events showed

positive removal.

Pollutant Mass Load Reduction

Pollutant mass load reductsfor stormwater passing through the plupgel
consistf two parts: 1). pollutant concentration reduction; 2). volume reduction.
These reductions can be envisioned as follows: 1). when runoff flows into the plunge
pool, treatment (precipitation and adsorption) takes place at the media surface (Li and
Davis 2008 designated as system treatment, which is concentration reduction; 2).
stormwater volume is reduced by percolation, storage, and/or evapotranspiration,
which is volume reduction (Liu and Davis 2013).

The input and discharge annual pollutant mass loadsredrainage area (L,
in kg/halyr) were calculated to determine the overall treatment effectiveness of the

plunge poolsing Equation 15:

-

O

0 =
00

Orp v

where M is overall cumulative input/output pollutant mass (kg) measured during this
study; P is the average annual precipitation [107 cm/year for the State of Maryland,;
Maryland Department of the Environment (MDE) 2011]; A is the effective drainage

area (la) [2.898 ha for the experimental site]; and D is the total precipitation depth

(cm) measured during the entire monitoring durafidre annual pollutant mass
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reduction entirely due to volume reductian, was computed by Eq.16, as the
cumulativesum of the product of measured effluent EMCs and runoff volume
reductions (difference between influent and effluent volumes). If no discharge

occurred, the entire mass reduction was attributed to volume reduction for that event.

0 00 & o 26 o ¢

The overallpollutant mass load reduction ratig, , was calculated using Eq

17:

. 0 0 Ny
Y ——— O

whered is the input pollutant load, and is the output pollutant loadhe mass
volume reduction ratidy ~ , accounts for the fraction of (volume)

responsible for the total mass reduction, was calculated by:

D

Y —— Orp Y

U v

Table 6. Overall VolumeWeighted Average EMCs and Annual Pollutant Mass
Loads at the WTRncorporated HFM Plunge Pool.

Overall Volume-Weigthed Average EMC (mg/L) Annual Mass Load (kg/ha—yr) Percent Mass Reduction

Pollutant Influent Effluent Lin Lout Ly—req R Ry-v
TSS 50 18 114 8 44 93.2% 41.3%
TP 0.160 0.042 0.37 0.02 0.06 95.0% 18.0%

PP 0.076 0.014 0.18 0.01 0.03 96.4% 16.9%
DpP 0.084 0.028 0.19 0.01 0.04 93.7% 19.4%
SRP 0.049 0.014 0.11 0.01 0.03 94.5% 24.7%
DOP 0.035 0014 0.08 0.01 0.01 92.7% 12.8%
TN 141 1.35 5.05 0.66 2.67 86.9% 61.0%
NO;” =N 0.42 0.57 1.09 0.20 0.39 81.7% 44.0%
NH{L —-N 0.11 0.05 0.29 0.02 0.24 94.1% 86.9%

Note: Overall volumeveighted average EMCs were calculated by cumulative mass
divided by the cumulative volume for all collected samples.
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The overall influent and effluent volunveeighted average EMCs, annual
pollutant mass loads amdllutant mass reduction ratios for all phosphorus species
are summarized in Table 4. Both EMCs and mass loads were reduced for TSS and all
P species. Moraer, percentage mass reductions are higherttteaBMC percentage
removals due to the attenuation of volume by the HFM. The volume reductions have
a small contribution to phosphorus and phosphorus species mass reductions (less than
25%), but it contribute a lot for TSS mass reduction (41.3%) and nitrogen species
mass reductions (over 40%). TSS mass was reduced from 114 to 7-&kg/ha
corresponding to 93.2% mass reduction. TP mass was reduced from 0.37 to 0.02
kg/hayr, corresponding to 95% mass reduatith comparation, Liu and Davis
(2014 found TP mass was reduced from 3.0 to 0.48 kgrha the WTR retrofitted
bioretention, corresponding to 84.0% mass reduction. Comparing the mass reduction
ratios from these two studies, the plunge pool has a Ipettrmance for TP load
reduction. However, the input TP load from Liu and D42®&14) was much higher
than ours, and it still achieved an 84% mass reduction, which means the WTR
retrofitted bioretention is very effective for TP removal as well. Erickdal.(2017)
foundthe TP load was reduced by 66.3% from 1.27 kg to 0.43 kg in the iron filings
enhanced sand filter, which shows satisfactory treatment as well.

Other traditional SCMs showed much lower mass reduction ratios or even
mass exports. Hurtt al.(2006 founda substantial TP export from the bioretention
systems in one of the field sites in North Carolina, whiat0.13 kg input mass and
0.44 kg output mass, corresponding to 240% increase. In addition, Dietz and Clausen

(2005 noted TP massxport from bioretention media in instances where the input TP
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was very low, whicthad7.16 g TP input and 15.09 g TP output, corresponding to
110.6% increase.i and Davis(2009 found input and output TP loads were 2.7 and

1.2 kg/hayr (55% reduction)n the same bioretention before WTR retrofit; Li and

Davis (2009 reported input and output TP were 0.9 and 0.38 kg/{&8%

reduction) in another traditional bioretention system. After application of WTR, the
mass reduction increased significantly, whicipported that WTR incorporation
enhanced P sorption capacity of the media, resulting in a more effective TP treatment.

Other P species have excellent load reductions as well. PP, DP, SRP, DOP
have over 90% mass reduction ratios. Similar fractionsRoabd PP were found both
in the input and output, which suggests the plunge pool can remove the dissolved and
particulate phosphorus effectively. SRP (58.3%) has a little higher fraction than DOP
(41.7%) in the influent, but the same fractions of DOP &RE @ere found in the
effluent, which suggests that they were removed by similar sorption mechanisms (Liu
and Davis 2013).

TN mass was reduced from 5.05 to 0.66 kg/havhich achieves 86.9% mass
reductions, mostly attributed to the volume reduction (626)ume reductions also
contribute a lot to mass reductions for other N speties. 0 had an 81.7% mass
reduction, where 449% from volume reduction; and O 0 had an 94.1% mass

reduction, where 86.99s from volume reduction.
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ChaptCorncd:usi ons

To minimize the pollutant loads entering water bodies from stormwater, a
WTR-incorporated HFM plunge pool was installed as a SCM in a residential
community in Maryland, USA. During the research peridds®rmwater events
were monitored. Water quality performance of the plunge pool was evaluated by
analyzing the influent and effluent pollutants concentrations including TSS,
phosphorus, nitrogen and metals. However, there was an effluent seepage caused a
Abasefl owd in the downstream pipe, which w
The plunge pool had a satisfactory performance for TSS removal via sedimentation
and filtration, which reduced the overall voltiweighted average EMC from 50 to
18 mg/L Substantial mass load reduction (93.2% percentage reduction) was achieved
in TSS, whereas 41.3% was attributed to volume reducki®s. exports were
exhibited in 3 storm events, which might be imputed to the iron particles from the
baseflow. Excellent pysphorus removal was achieved as expected. All paastple
events (13 events) exhibited positive TP removal, TEA&EMCs were significantly
reducedwith the overalvolumeweighted averageMC equaling 0.16 mg/L in the
influent, compared to 0.042 mg/L ihe effluent. 95% TP mass load was removed
after the runoff passing through the plunge pool, with 82% attributed to the EMC
reductionsThe overall volumaveighted average influent PP and DP EMCs were
0.076 and 0.084 mg/L, comparing 0.014 and 0.028 myAifluent after treatment.

The iron/iron oxide from the seepage further converted DP to PP in the downstream

pipe, which makes DP, PP, SRP and DOP results inconclusive.

63



TN removal was less effective in the plunge pool system, with overall
volumeweightal average EMCs equaling 1.41 mg/L for the influent and 1.35 mg/L
for the effluent, most likely due 1 0 0 export from the system through
mineralization and nitrification process (Landsman and Davis)2Uh& result
suggests that WTR does not haw@gmificant effect on N concentration.

Dissolved &uminum leachingrom the system wasgss than 0.05 mg/LThe
high iron concentrations in the effluent are attributed to the failure of the effluent pipe
system and the baseflow. The WTR media can remove zinc effectively, leading to
effluent concentrations that meet EPA water quality standahdsWTR medidad
saisfactoryperformancdor copper removal. The effluent EMCs are betwedb
to 0021 mg/L, and six events showed positive removal.

As the results show, the WTiRcorporated HFM plunge pool achieved good
performance for TSS and P removal, which satis@ier design purpose. The WTR
works as an advanced supplement matesfédring a much greater phosphorus
adsorption capacity than HFM moitigatephosphorugeaching and can greatly
enhance DP removal. WTR incorporatican highly improve the performanoé
traditional SCMs ifphosphoruss the target pollutant to deal with. From an economic
perspective, applying WTR in SCMs is a ceffective approach since many drinking
water treatment facilities need to pay for WTR disposal in landRite( et al. Q18).

It is also benefit for energy saving by reusing the WTR.

There are still some unexplored topics which might be worth studying in the

future. Some research should focus on WTR which is a novel material. The

phosphorusdsorption capabilities for IR are variable if they come from different
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drinking water treatment facilities. The capacities of WTR might be different even
from the same treatment plant but different batches. Therefore, it is important to
understand the nature of WTR and to quantify tesiduaphosphorusdsorption
capacity before applying it into the SCMs since it is not ideal to ugghtbephorus
adsorption capacity quickly.

Regarding this project, future work may help us to know the lifespan of the
system/WTR. Furthermore, tleemight be some contaminants that the WTR removed
during drinking water treatment process, like lead and arsenic which have serious risk
to human healthNEBRA 2019. Therefore, WTR that is to be used as a SCM
supplement material should be measured fovyhezetals and other potential
pollutants.

In this research, composite samples were collected to evaluate the
performancef the plunge pool. Composite sampling offers good estimate of the even
mean concentrations and reduce the experimental analytgtal] bowever, temporal
information cannot be collected by composite sampling. Therefore, discrete samples
would be better to understand how the concentrations of pollutants changed

dynamically during a single storm event.
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Appexndi

An example of how the andw were determined shown in
Figure 27 to Figure 30. Figure 27 shows the precipitation (red upper section) and
effluent hydrograph (black lower section) of the rainfall event recorded on Decemb
1, 2019. The flowrate was measured and recorded every minute by the autosampler.
As the hydrograph shaythere was a nearly constant baseflow from the outflow pipe
detected before the rain started (left bottom corner). Since the baseflow level changes
slightly, the average value was determined to represent the actual baseflow flowrate
for the whole storm evend( ). The flowrate of the baseflow was constant
during a single rainfall event, but varied with different events, ranging frota001
L/s. The effluent flowrate had a sudden jump after the rainfall started, which indicates
that the runoff has passed through the plunge pool and arrived at the downstream
pipe. The effluent flowrate changed as the rainfall continued. Then it detrease
continuously and reachextonstant value after the rainfall stopped for a while
(because there is a lag).

To determine the total effluent volume , the flowrate jump point
was set as the rainfall starting point, and the point withereffluent flowrate became
constant (chargof flowrate less than 5% within 30 minutes) after rainfall stopped
was set as the ending poidat. Is total area under the effluent hydrograph,
which was determined from the autosampler oufpli runoff duration (t) can be

determined by subtracting the rainfall starting time from the ending time from
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hydrograph. Then the baseflow volunie

target/true effluent volumew

was calculated using Eq.14. The

was catulated using Eq.12.
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Figure 34. Precipitation and effluent hydrograph from storm event on December 1,

2019.
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Figure 35. Zoom in the baseflow before the rain started (from left bottom corner in
Figure34).
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Figure 36. Interception from starting and ending points (from FigiBge

Iron Output Load

C (Iron concentration): 4,143 to 7,483 ug/L (will be revised whegetenore data);
T (Duration): 550 days;
Q (Baseflow Rate): 0.02 to 1.4 L/s (median = 0.065 L/s);

0 62027y
M (Output Load, using 4,143 ug/L): 3,938 to 275,626 g ( median = 12,797 g)
M (Output Load, using 7,483 ug/L): 7,111 to 497,829 g ( median = 28)113

M ranged from: 3,938 to 497,829 g (median ranged from 12,797 to 23,113 g)

lron in WTR

V (volume of HFM): 0.514 ;

10% WTR by volume;

" (Bulk density for dry WTR) = 0.56 g/ &
" (Bulk density for wet WTR) = ?
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0 (moisture content for wet WR) = 3.2 g wet/g dry = 2.2
m (Mass of WTR) = ?

Al content (dry) = 126,000 mg Al’lkg WTR

Fe content (dry)= 10,900 mg Fe/kg WTR

M (Mass of iron) =?
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Site Photos
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Figure 37. Programming pstream autosampler
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Figure 38. Intalln'g a hich weirino the influent pe
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Figure 39. Installing A ran gauge
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Figure 40. Cnnecting a batter to the autosapler
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Figure 41 Progrmming the downstream autoampler
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Figure 42. Installin ginch weir into the effluent pipe
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Figure 43. Collected influesamples
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Figure 44. Collected effluent samples
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