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INTRODUCTION

Accidenta or diffuse release of pollutants, for example from urban and industrid aress,
induding those resulting from widespread gpplication of agrochemicals, clearly impinges on
the quality of surface and ground water (Barbash and Resek, 1996; Bemknopf et a., 1997,
Faure et d., 2000). For ingtance, stormwater runoff may contain elevated concentrations of
heavy metds, such as zinc and copper, that originate from ordinary wear of brakes, tires, and
other vehicle parts (e.g. Sansalone and Buchberger, 1997; Hares and Ward, 1999; Davis et
d., 2001). Runoff may dso contain eevated levels of organic compounds, including

gasoline and oil- and grease-based hydrocarbons (e.g. Hoffman et al., 1984, Boving, 2002).
Additiona sources of ssormwater contamination include accidenta releases of toxic
substances, excess application of fertilizer and pesticides, and — as an unintended
consequence of prescribed burning and wildfires — deposition of airborne soot (e.g. Maruya
et d., 1996). With precipitation, these contaminants wash off impermesble surfaces or erode
from agriculturd land, collect in drainage structures, and eventualy discharge into surface-

or groundwater bodies, potentialy alowing the contaminants to enter drinking water
resources.

Stormwater runoff from roadways in particular has been identified as one of the most
important contributors of toxic compounds to the environment. Notably, Hoffman et dl.
(1984 and 1985) studied the chemica compaostion of stormwater runoff from Interstate 95 in
Rhode Idand. Their findings indicate that sormwater runoff from highways is an important
source of organic and inorganic contaminants to adjacent water bodies. For example, in thelr
study area over 50% of the total pollutant input, such as lead, zinc, and polycyclic aromatic
hydrocarbons (PAH), into the Pawtuxet River originated from highway runoff. Almost 20
years later, Boving (2002) investigated roadway runoff and the performance of a newly
congtructed retention pond system dong 1-195 in Providence, Rhode Idand. Preliminary
data indicate that the contaminant load (PAH, zinc, and copper) in I-195 runoff is comparable
to levels observed by Hoffman et d., 1984. These findings demondirate that pollution
reduction measures have been successtul, given that since the Hoffman study was completed,
the number of registered motor vehicles and associated emissions has increased by over 12%
(USDOT, 1994). On the other hand, Boving's study aso indicates that the retention pond
system has been ineffectud in removing dissolved contaminants. Thus, a consderable
fraction of PAHSs (up to 20%) passes through the pond system and enters a nearby river and,
subsequently, Narragansett Bay.

Upon entering the water, organic and inorganic contaminants are recacitrant and remain in
the environment for long periods, posing athreat to human hedth and marine environments
(Tuhackovaet al., 2001). Most polycyclic aromatic hydrocarbons (PAHS) are both a
geotoxin and carcinogen (Harvey, 1997). Ther presence in the marine environment causes a
reduction in diversty of marine species (Grynkiewicz et d., 2002). Human and marine
gpecies are a0 susceptible to heavy metas. For ingance, heavy metds can accumulate in
agae, become part of many marine food chains, and may eventudly impact higher marine
lifeforms. Habitat loss is one of the one mgor consequences of the marine pollution

problem (EPA, 2001).
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The abatement of sormwater runoff pollutantsistypicaly dedt with by structurd best
management practices (BMP). Detention ponds are an example of a stormwater BMP (EPA,
1999). Primary remova mechanisms are sedimentation of suspended solids and attenuation
of contaminantsin created wetlands (e.g. Mdlin et d., 2002; Krishnappan and Marsalek,
2002). However, conventionad BMPs often yield poor results or are severdly limited by
season (e.g. Boving, 2002). One reason is that sorbed contaminants may re-enter the runoff
stream by desorption from contaminated sediment (Krein and Schorer, 2000). For instance,
Ghosh et d. (2001) performed laboratory desorption studies with silt/clay sediment and
found that at room temperature over 90% of the PAHs associated with the sediment
desorbed, entering the dissolved state. Because of the failure of conventional BMPsto
effectively remove dissolved pollutants, there is aneed for innovative runoff attenuation
technologies.

Precipitation, ion exchange, carbon exchange, and membrane filtration are current methods
for removing heavy metals from water (Patterson et d., 1994; Sar et d., 2001; and Yu et d.,
1999). These meta removal processes, however, are costly — especidly when dedling with
large volumes of sormwater (PAmaet d., 2003). Less expensive organic materids, such as
pest, sawdust, peanut and hazelnut shells, have been suggested for treeting meta
contaminated wastewater (Bryant et al., 1992; Brown et a., 2000; Ciminio et a., 2000;
Schneegurt et d., 2001). Besides heavy metds, the contaminant remova ability of wood has
been applied to pesticides, chemica dyes, and phosphate (Bras et d., 1999; Moraiset dl.,
1999; Karthikeyan et a., 2004). Boving and Zhang (2004) conducted column studies with
Aspen wood (Populus tremula), and four PAH compounds (naphthal ene, anthracene,
fluorene, pyrene). It was shown that filters made from Aspen wood are an effective,
environmentaly friendly technology for removing dissolved compounds from contaminated
water. Similar results were reported by Mackay and Gschwend (2000) who examined the
sorption of monoaromatic petroleum hydrocarbons (benzene, toluene, and o-xylene) onto
Ponderosa pine and Douglasfir.

Table 1. Typesof wood and lignin composition
(after Fengel and Wegner, 1989)

Types of wood % Lignin
Aspen 21.0%
Poplar 20.9%
Oak 22.2%
Red cedar 32.5%
Red maple 22.8%
White birch 22.0%
American em 21.7%
Jake pine 28.6%
European spruce 27.3%
Balsam fir 27.7%
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The cgpability of wood to remove PAHs from the water islinked to its lignin content
(Garbarini and Loin, 1986). For ingtance (Table 1), the composition of aspen wood, which
was used in this study, istypicaly 51% cellulose, 26% hemicdlulose, 21% lignin, 1% ash,
and less than 1% inorganic (Fengel and Wegner, 1989). Table 1 aso provides an overview
of other wood species and their lignin content. The sorption of PAH to the wood is most
likely facilitated by the formation of wesk Van-der-Walsbonds. Likethe PAHS, ligninisa
hydrophobic compound. Because of that, it provides athermodynamicaly attractive
environment for other hydrophobic compounds to partition to. Hence, by association with
the wood lignin, hydrophobic contaminants are removed from the agueous solution.
Hydrophobicity can be expressed in terms of partition coefficients. Partitioning coefficients
in generd identify the ability of a compound to transfer between atimospheric, aguatic, and
sediment phases. The octanol water partition coefficient, Koy, in particular determinesthe
affinity of acompound to an organic phase. For example, PAHs have octanol water partition
coefficients ranging from 10° to 107 (mol/L octanol)/(mol/L water). The amount of dissolved
PAHSs that can be removed from the water is generaly controlled by the amount of natura
organic matter present: more PAH is removed from solution when the fraction of organic
carbon is high (Schwarzenbach et d., 1993). Therefore, increasing the amount of organic
matter is expected to enhance the sorption of PAHs. Wood is organic matter, and because
the wood lignin is aso very hydrophobic, placing wood in ssormwater runoff enhances the
remova of PAHs and other hydrophobic compounds. Thisisthe basis for the wood filter
technology.

Table2: PAH characteristics (after
Schwarzenbach et al. (1993) and Montgomery
(1996))
log Kow
Molecular| Octanol-water
PAHSs Weight partitioning
g/mol coefficient
at 25°C
Naphthaene 128.16 3.36
Acenaphthylenel 152.21 4.07
Acengphthene | 154.21 3.92
Huorene 166.23 418
Phenanthrene 178.24 457
Anthracene 178.24 454
Fuoranthene 202.26 5.22
Pyrene 202.26 5.13
Chrysene 228.3 5.91*
Benzo(a)pyrene| 252.32 6.50

Further, because PAHs with a high molecular weight (HMW) have a higher organic carbon
partitioning coefficient (Corndissen et d. 1999; Cho et d. 2002), HMW PAHSs are expected
to sorb more effectively to the wood than their less hydrophobic, low molecular weight
(LMW) homologues. [LMW: naphthaene, acenaphthylene, acenaphthene, and fluorene]
[HMW: phenanthrene, anthracene, fluoranthene, pyrene, chrysene, and benzo(a)pyrene).
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HWM PAHs are typicaly more toxic and of greater concern when present in solution. Table
2 ligs molecular weights and Ko, for dl 10 PAH compounds anayzed.

While the removd of hydrophobic compounds is comparably well understood, the heavy
meta remova mechanisms are till debated. Said et a. (1993) proposed that once a
hydrated-metal complex is adsorbed to cdlulose through hydrolysis, a positively charged
metd ion interacts with the cellulose’ s hydroxyl groups. Other potentia sorption Sites on the
cdllulose surfaces may include carboxyl and carbonyl groups. Crigt et d. (2003) investigated
the sorption of Ph(1l), Zn(11) and Cu(ll) onto kraft lignin, a waste product from paper
production. Ther dataindicates that the metal-wood partition coefficient, K, depends on pH.
Crisgt et al. (2003) aso suggest that metd sorption onto ligninisin direct reltion to the
aqueous meta concentration and the solid surface of the lignin. Srivadtava et a. (1994)
found that increasing the temperature increased the sorption of Pb(11) and Zn(11) onto black
liquor, another product of the paper industry.

The principa objective of this sudy wasto indd| a pilot-scae aspen wood filter in awell
characterized detention pond and evauate its effectiveness for removing dissolved pollutants
i.e. PAHSs, nitrate, phosphate, iron, zinc, and copper. In addition, the lifetime (= capacity) of
the wood filter, the operating/maintenance requirements, and proper disposal avenues for
spent wood filter materids were sudied. Also, contaminant remova as afunction of filter
mass and seasondlity were investigated. Spatia changes in contaminant uptake within afilter
were monitored and mass balance cal culations were conducted to estimate how much wood
isrequired for trestment. Concomitant laboratory experimentsinvestigated if other woods
(Cedar) provide an dternative to Aspen wood. Also, it was investigated if other dissolved
contaminants, such as zinc and copper — can be treated by wood filters. Findly, the lessons
learned from this pilot test culminated in adesign study thet will facilitate a future
implementation of the wood filter technology.
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MATERIALSAND METHODS
Site Description

Thefidd dte was a state- of-the-art roadway detention pond system off Interstate 195, exit 3
(Gano Street), in Providence, RI. The pond system was built in 1999 to decrease the flux of
pollutants entering the Seekonk River from the surrounding urbanized areas and parts of I-
195. The catchment areaiis gpproximately 5.26 hectare (Boving 2002). The traffic count for
the area averages 150,000 vehicles per day, making it one of the most highly traveled
sections of the Rhode Idand road network (RIDOT, 1999).

Drain/Difeh

e afframg

Figure 1: Plan view of the Gano Street pond system and wood filter location. This BMP consists of
three ponds, a sedimentation pond, a created wetland, and a micro pond (from right to left). Roadway
runoff enters the system through two culverts and a drain (bottom center). It leaves the system
through a spillway at the termination of pond 3 (lower left corner). The water is being discharged
into the Seekonk River, about half a mile before it flows into Narragansett Bay. The discharge pipeis
outside the plan area, about 50 yards southwest from the overflow. (Plans by Maguire Group,
provided by RIDOT). Also shown is the location of the wood filter (blue shaded box) and the up- and
down gradient sample points (white circles) in Pond 3.

The detention system consists of three ponds (from inflow to outflow): settling pond,

atificid wetland, and micro-pool (see Figure 1). Thefirst pond is designed as a settling

pool, alowing particles to flocculate and settle to the bottom, thereby removing contaminants
from the water (Krishnappan and Marsalek, 2002). The second pond is an artificial wetland
designed to decrease the dissolved contaminant load of the runoff. Also, suspended sediment
during high flow periods becomes trapped in the created wetland as the water passes through
the reed grass (Mallin, 2002). Thethird pond, a micro-pool, causes any remaining fine
sediment to settle out. The capacity of each pond islisted in Table 3. Thethird pond was
considered the best suited for the wood filters because it is the degpest of the three ponds,
relatively narrow, and closest to the sormwater discharge point. Another Site selection
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criterion was that prior to the ingdlation of the wood filters, the contaminant flux through
the Gano Street detention pond system was systematicaly investigeted by Boving (2002).

Table 3: Pool dimension cdculated from digitized blue prints of the Gano

Street Pond system (Plans by McGuire Group, provided by RIDOT).

Pool Name Capacity Capacity
(cu. ft.) (m®)

Poal 1 11,041 3125

Pool 2 11,256 318.6

Pool 3 12,156 344.0

Final Report

Prior to the fiddd campaign, al personne involved in the project (field and lab personndl)
vidted the fidd ste. During the Ste vigtation, the sampling locations were identified, the
appropriate sampling procedures were discussed, the correct use of field equipment was
ensured, and sample handling and documentation procedures were manifested.

Wood Filter Design

The design and condiruction of the wood filter relied on commercialy available aspen wood
shavings. Thewood shavings, string fibers 1 to 2 mm thick and at least 15 cm long were
donated by American Excelsior Company. The wood was delivered in compressed 36 kg
bales. Thewood shavings were loosened and then used as received to congtruct thefilters.
To ensure sability and structure of the filter, a galvanized meta wire mesh frame was built

to contain the aspen wood. Thefilter system consisted of several modules, each about 1 to 2
meterswide, 1 meter high, and 12 - 15 cm thick (see Figure 2). Thismodular design
permitted easy inddlation and removad of the filter by one person and alowed overlapping

of the filter modules to provide complete coverage across the pond. The entire filter system
was approximately 5 - 8 meterslong. Thefilter modules, suspended froma 2.5 cm
gavanized sted pipe, spanned the micro-pool. The mass of wood varied from 36 - 115 kg
dry weight, increasing in weight with each successve test. Four wood filters were
congtructed to determine the most advantageous filter size, amount of wood needed, duration
of the wood filter’ s effectiveness, including the degree of contaminant sorption.

Length (5-8 m)
I

Galvanized steel

Wire H_J

Module (1-2m)

Figure 2: Cross section of the wood filter frame. The approximate shape of the filter was dictated by
the cross section of the detention pond.
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Sampling M ethods and Prepar ation

Immediately following ingtallation, samples were collected up gradient and down gradient
from the wood filter (see Figure 2). Samples were collected in clean 4 L Boston round style
amber glass bottles with Teflor® lined caps. Duplicate samples were taken periodically
(about 10% of dl samples). The parameters pH, eectrica conductivity (ec), dissolved
oxygen (DO), and temperature were measured in the fidld using an Orion 250A with H+
9107 dectrode, Orion 130A with a conductivity cell 013610 dectrode, and an Y SI
Incorporated 55 DO meter, respectively. To ensure qudity assessment/control (QA/QC),
each ingrument was cdibrated before use according to the manufacturer’ s specifications.
Because of vanddism, arain gauge could not be ingaled at the Site. Instead, precipitation
and temperature data were obtained from the National Wesather Service (NWS) - Nationa
Oceanic and Atmospheric Adminigtration (NOAA) web site for the nearby T. F. Green
Airport weether station (Www.erh.noaa.gov/box/dailystns.shtml). Accurate flow
measurements could not be obtained for severad reasons. (1) water depthsin Culvert A and B
(seeFg. 1; inflow) were too shdlow for ingaling flow meters, (2) runoff from the I-195 off
ramp (see Fig. 1) drained directly into pond 3, and (3) an unknown amount of precipitation
fdling on the catchment area drained into sewage water lines and not into the detention pond
System.

Aqueous samples for dissolved contaminant analysis (see Table 4) up gradient and down
gradient from the wood filter were obtained daily during the first 2 to 3 weeks after filter
inddlation. The samples were andyzed for the contaminantslisted in Table 4. Later, the
water was sampled once or twice aweek. Seasond influences, such as droughts or freezing

of the ponds, prevented sampling in some instances. In addition, wood fibers were collected
periodicaly to measure the PAH mass sorbed by the wood. Wood was sampled from various
locations, i.e. wood from the top, bottom, center, and periphery of the filter system to
determine spatia changes of PAH sorption. A long-term sorption test was performed to
determine tempora changes in sorption.

Table 4: Contaminants analyzed

PAHs Heavy Metals
Naphthaene Totd Iron (Fe™, Fe™)
Acenaphthylene Copper (Cu™)
Acenaphthene Zinc (Zn™)
Fuorene
Phenanthrene
Anthracene Other Contaminants
Fluoranthene Nitrate (NO3)
Pyrene Phosphate (PO,™)
Chrysene
Benzo(a)pyrene

Filters were tested during one caendar year, beginning in spring 2003 and ending in winter
2004. The duration of each experiment was primarily controlled by the mass of wood used
in thefilter congtruction (i.e. filters with more wood mass remained in the pond longer) and
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by seasond influence. The ultimate duration of each test was not determined by changesin
the filter removd efficiency, i.e. filters were exchanged even before significant decreasesin
efficiency become evident. Table 5 summarizesthe test conditions for dl four wood filter
tests (WFT) conducted.

Table5: Wood filter test durations for dl four tests (WFT1,

WFT2, WFT3, and WFT4)
Filter | Mass Date Date Length Days
Name (kg) | Installed | Removed | (days) | Sampled
WFT1 36 03/28/03 | 04/02/03 6 5
WFT2 55 05/05/03 | 05/28/03 24 9
WFT3 0 07/22/03 | 09/23/03 64 16
WFT4 | 115 11/18/03 | 01/06/04 49 18

Analytical Procedures

Sample preparaion and andys's was conducted immediatdy after returning from the fild
gte. Along with dissolved PAH concentrations, analyss was fe'formed for nitrate (NO3"),
phosphate (PO,%), total dissolved iron (Fe?*, Fe*"), zinc (Zn**), and copper (CU**). Note that
nitrogen is reported as nitrate, not as nitrogen.  Nitrate concentrations can be converted to
nitrogen concentrations by multiplying with 0.226. Similar converson from phosphate to
phosphorous concentrations can be achieved by multiplying with 0.341. For non-PAH
contaminant analys's, water samples were filtered through a Whatman 90 mm 0.45-micron
GF/C glass microfiber filter and separated into three 125 mL HDPE bottles. Sampleswere
preserved by adding 0.100 mL of 1 M anaytica grade sulfuric acid to the phosphate sample
to prevent biologic decompaosition and 0.100 mL of 1 mole andytica grade nitric acid to the
metal samplesto prevent meta precipitation. All chemicas or lab supplies were purchased
from Fisher Scientific Inc. or Aldrich Inc. if not indicated otherwise. After preservation,
Hanna lon Sdlective meters were used to andyze the dissolved concentrations of nitrate,
phosphate, iron, zinc, and copper. All eectrode interferences were accounted for to ensure
accurate measurements. The lowest detection limit (according to manufacturer’s
gpecifications) was 0.001 mg/L for iron, 0.1mg/L for nitrate, and 0.01 mg/L for copper, zinc,
and phosphate. The accuracy of the Hanna lon Selective meters was +0.01 mg/L iron, £0.03
mg/L zinc, £0.04 mg/L copper and phosphate, and £0.5mg/L nitrate (according to
manufacturer’ s specifications). Similar accuracies were determined when comparing the ion
Selective eectrode results from standard samples with duplicate standard samples andyzed
by an accredited environmenta |aboratory.

The dissolved PAHs were extracted using a liquid-liquid extraction method modified from
MacKay and Gschwend (2001). One liter of runoff sample wasfiltered through a Whatman
90 mm 0.45-micron GF/C glass microfiber filter. Aninterna standard (100 pg/L 2-
fluorobiphenyl 96%) and 100 mL methylene chloride (HPLC grade) were added to the
sample, mixed together, and refrigerated at 4° C for 24 hours. During thistime, the PAHs
dissolved into the methylene chloride, which was then separated from the agueous phase
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using a 1000 mL Pyrex brand Squibb Separator funnel. This extraction step was repested
twice, but without adding the internal andard. At the end of the extraction, atotal of 300
mL of PAH-methylene chloride solution was obtained. The 300 mL PAH solution was
concentrated to 10 mL by ditillation, using an Aldrich Ace Claisen adapter with an Aldrich
digtilling adapter. The 10 mL concentrate was filtered through 2 grams of activated silica gdl
(Selecto Scientific) in an Alltech Silica Extra Clean column (60 A porosity). Next, 5 mL of
8:1 hexane/methylene chloride and 15 mL of 3.4:1 hexane/methylene chloride were flushed
through the sllica gd to isolate the PAHs. The hexane/methylene chloride mixture was
digtilled to lessthan 10 mL for andyss. A Shimadzu GC-17A FID (Gas Chromatography—
Flame lonized Detector) with a J&W Scientific DB-5M S glass capillary column (30 m, 0.32
mm id, 0.25 pm film thickness) was used to analyze the 10 PAHs. The column temperature
program was modified after EPA method 610 (40 CFR Part 136, Appendix A). An externa
PAH standard was used to calibrate the GC-FID (EPA method 610 PAH mixture; obtained
from Ultra Scientific Inc.). The detection limit of the GC-FID ranged from 0.1 — 5 pg/L and
increased with breakthrough time and PAH molecular weight. To ensure quality assurance,
control blanks, sample duplicates, and standard repegts were anayzed frequently. If not
stated otherwise, total PAH concentrations are dways caculated by summing up the
concentrations of dl 10 individua PAH compounds.

The PAHs in the collected wood fibers were extracted using EPA method 3540 (Soxhlet
extraction) (EPA SW846). In short, after removing any visible debris from the wood shaving
samples, the wet wood shavings were cut into millimeter size fractions. About 15 to 20
grams wet wood (equaling 3 to 4 grams dry) were placed into a 30 x 80 mm Whatman
Extraction Thimble. The PAHs were extracted with 300 mL of methylene chloride in a500
mL Pyrex Brand Soxhlet Apparatus with Allihn Condenser for 24 hours. The sample was
concentrated to less than 5 mL and analyzed using the same method as described above.

Quadity control was performed on the instrumentation and preparation steps. The GC-FID
and Hanna lon Sdlective Meters were checked for accuracy using multiple standard
concentration mixtures. Each preparation step was analyzed for the incorporated error. The
error bars within the graphs indicate the error from the instrumentation and preparation steps
(see Appendix).

Laboratory Tests

Testing wood other than Aspen: Red Cedar wood (Thuja Plicata) was sdlected for the
laboratory study. Cedar’s known decay resistance makesit a favorite choice for outdoor
condruction, including playground structures and roof shingles. Together with is

comparably high lignin content (32.5%; see Table 1), its decay res stance makes Cedar an
interesting dternative to Aspen wood. A commercia lathe was used to generate Cedar wood
strands from a block of Cedar wood purchased at alocd lumber yard. The wood strands
were Seved through a2 cm screen to remove any chunks of solid wood. The wood that
passed through the sieve was washed with deionized water to remove wood dust. The clean
wood was then soaked in deionized water for at least four weeks. Theinitid water content of
the dry wood before soaking was approximately 8%. During the soaking procedure, the
water was replaced on a periodic bass. At the end of the soaking, the water was analyzed by
GC-FID for interfering compounds. Also, soaking wood fiber samples were collected
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periodically and inspected for visua changes (e.g. decay). No interfering compounds and no
sgns of decay were detected. After padding the wood dry with paper towds, its weight was
determined and then oven dried at 105 °C. The difference between dry and wet weight was
used to calculate the degree of water saturation per gram of dry wood.

Column experiments with Cedar wood were carried out to study the uptake (sorption) and
release (desorption) of PAH under dynamic, i.e. flow-through conditions. About 3.5 g of
water saturated wood was packed into a stainless steel column (HPLC preparatory column,
ID: 2.2 cm, length: 7 cm; Alltech INC). An aqueous solution containing amix 9 PAHS (see
Table 4), each present at 10 pg/L, plus one PAH surrogate, 2-fluorobiphenyl, was pumped
through the column using a precison piston pump (Acuflow Series | HPLC pump). Sodium
azide at 50 pg/L was added to the contaminant solution as abiocide. No other background
electrolyte solution was added. The flow velocity was held constant at 0.5 cm®/min.
Stainless sted tubing was used for al plumbing purposes. The PAH samples were collected
by forcing the agueous column effluent through 300 ml methylene chloride that was present

at to bottom of the collection container. After about 1 liter of effluent passed through the
methylene chloride, a new sample container was connected to the column and the PAH
extraction process was repeated. The mix of methylene chloride, water, and PAH was stirred
for 24 hoursto transfer dl PAH from the agueous phase into the solvent. The solvent was
then separated from the water and treated in the same way as the fidd samples (i.e. liquid-
liquid extraction followed by didtillation and purification). The chemica andysswas

carried out following the same procedures as described above (GC-FID). Duplicates, blanks,
and standards were anayzed frequently to assure quality control.

After flushing for 52 consecutive days, the contaminant solution was replaced by delonized
water. The column experiment continued by using the delonized water to flush out the PAH
adhering to the wood ingde the column (desorption experiments).  The column effluent
concentration was determined as described above. The desorption experiment was
terminated after 8 days because PAH effluent were below detection limit.

Removing contaminants other than PAH: The heavy metd (Zn, Cu) trestment effectiveness
of Aspen wood was investigated. The aspen wood source was identical to the wood filter
material used for the fidd pilot-test. Before use, the wood fibers were washed with deionized
water to remove dust and other impurities. The water content of the aspen wood was
determined by saturating wood fibers with deionized water for four weeks. Wood saturation
was achieved when the water content of wood samples remained constant over three
successive measurements.  After saturation, the wood was oven-dried (24 hr at 105°C) and
weighed. The mass difference between saturated and dry wood trandated into an average
water saturation of 58%. Trace metal grade, concentrated HNOs | zinc sulfate, ZnSO4 X 7
H>0, and copper sulfate, CuSO4 x 5 HyO, were obtained from Aldrich Inc. (A.C.S. purity
grade) and used asreceived. All solutions were prepared using E-pure water free of
detectable traces of the target metals.

Sorption Isotherm Experiments: In preparation of the sorption isotherm experiments, the
aspen wood fibers were soaked in deionized water for two days. Then, 200 mL of a copper
aulfate or zinc sulfate solution ranging from O mg/L to 5 mg/L (as Me(l1) concentrations) were
added to 1.445 g (dry weight) aspen wood. No sgnificant sorption differences between wet
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and dry aspen wood were found during preliminary experiments. Samples of 2 ml to 5 mL of
each batch were collected over a period of one week to 12 days. Each sample was acidified
with 20 pL concentrated HNO3 using an autopipette with a high-dengty plagtic tip. The metd
concentration of each sample was analyzed on an Optima 300 XL ICP-OES in the Geology
Department at Bates College. The mass of metad in solution for a given sample was
subtracted from the massin the starting solution to obtain the metal mass sorbed per gram of
wood wool. The Freundlich isotherm was used to model the metal sorption onto the wood
wooal:

C*=KC

Equation 1

where C* is the mass of solute sorbed per dry mass of the solid sorbent [mg '], K isthe
partition coefficient, C isthe concentration of the solute in equilibrium with the solid sorbent
[mg ], and j isdimensionless, the Freundlich exporent (Fetter, 1993). To calculate K
vaues, equilibrium solute concentrations were plotted againgt the mass of meta sorbed per
gram of wood and a best-fit curve was determined. The equilibrium vaue K was obtained
once sorbtive uptake of acompound to aspen wood stabilized, i.e., no more changesin the
aqueous meta concentration were measurable over three consecutive measurements.

Column Experiments. The purpose of the column experiments was to investigate the sorption
and desorption of Cu(ll) and Zn(ll) to and from aspen wood fibers. A 5% nitric acid-washed
Kontes brand Glass Chromatography column (5 cm long and 2.5 cm 1.D,) was packed with
1.445 g (dry weight) aspen wood. Prior to experimentation, a Fisher Variable Fow Perigdtic
Pump (Pump 1l Mode 3385) was used to flush E-pure water through the packed column until
al trgpped ar was removed. During the sorption experiment, the column was flushed with a
meta solution (concentrations ranging from 0.8 mg/L and 10 mg/L Cu(Il) and 5.5 and 11 mg/L
Zn(11)) at average flow rates that ranged from 0.5 mL/min to 0.7 mL/min. Periodic column
effluent samples were collected in 15 mL polypropylene conicd test tubes and acidified with
20 ni concentrated HNOs. The sorption experiment concluded when the relative
concentration (C/Co, the ratio of effluent to influent concentration) reached avaue closeto 1
(influent concentration = effluent concentration). For the desorption experiments, the column
was then flushed with E-pure water (pH = 5.6) in an attempt to flush out sorbed metals.

Again, periodic samples were collected and acidified as described above. All samples were
andyzed for metd concentration using an ICP-OES. The column experiments lasted for 3-10
days each.

11
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RESULTS

Thefollowing section summarized the results obtained in the field and in the laboratory. Not
al experimentd datais displayed and the reader is referred to the gppendix for additiona
figures, tables, and supporting information.

pH, ec, DO, Temperature, and Precipitation

Four wood filter tests were conducted during the year long experiment (see Table 5). The
tests covered al four seasons and varying weather conditions (e.g. moderate droughts, frogt,
snow, and thunderstorms).  The first wood filter (WFT1) was ingtdled in the detention pond
system for 6 daysin late March/early April 2003. Thisfirst experiment served as a proof of
concept test, determining if the wood fibers sorb contaminants under field conditions. WFT1
was the shortest of dl tests and only a comparably smal wood filter (36 kg) was ingtdled
(see Table 5). The second filter, WFT2, contained 55 kg of wood and remained in the
detention pond system for 24 days during May 2003. During test WFT3, 90 kg of wood was
used. The WFT3 duration was 64 days, from the end of July through September 2003. The
find filter test, WFT4, was the largest in terms of wood mass (115 kg). Thisfilter was
ingaled for 49 days from the middle of November 2003 to the beginning of January 2004.
Thelength of WFT4 was determined by the formation of ice on the pond, which prevented
sampling of the water and wood after January 6, 2004.

Table 6: Average, minimum, and maximum values for pH, ec, DO, temperature, and
precipitation observed during study period.
(na= not analyzed)

WFTL | WFT2 | WFT3 WFT4 | Yearly Avg.
Average pH 8.0 79 6.3 7.0 7.3
Max. pH 8.5 8.7 6.7 7.6
Min. pH 7.4 74 6.1 6.4
Average ec (US) na 54.8 69.7 164.0 96.2
Max. ec na 61.5 72.2 42.8
Min. ec na 511 67.7 711.0
Average DO (mg/L) 75 57 3.7 53 5.6
Max. DO 8.4 7.5 4.7 6.4
Min. DO 6.4 3.3 2.4 4.7
Average temp (°C) 10.5 16.8 24.2 6.1 14.4
Max. temp 13.9 22.8 25.3 10.0
Min. temp 75 12.7 23.7 3.2
Precip. total (mm) 54.6 67.8 | 248.7 173.2 1100
Largest rain event 404 | 356 | 645 30.2
(mm)

Table 6 summarizes the mean pH, ec, DO, and temperature values measured during each of
the four test. Also included isthe total amount of precipitation that was recorded during each
test period. The annua pH average for sormwater entering the detention pond system was
7.3. In comparison, the Nationa Stormwater Quality Database with 1668 observations
around the United States measured an average pH of 7.5 (with apH of 7.3 in resdentia

12
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areas) (NSQD, 2003). However, the pH fluctuated over the seasons. During the height of
summer the pH was more acidic (6.3); while during the rest of the year the pH was close to
or dightly higher than neutra (7.0 to 8.0). Similar seasonable changes were observed in
electric conductivity. For ingtance, ec was the highest during winter (164.0 puS) because of

presence of de-icing sat. The highest temperatures and the lowest dissolved oxygen (DO)
vaues were measured during summer test WFT3.
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Figure3aand 3b: Phosphate (PO,*") concentrations (mg/L) up gradient and down gradient

from the filter during WFT3 (3a) and WFT4 (3b). Graphsindicate initid phosphate leaching
and later sorption.
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Phosphate (PO4%) and Nitrate (NOz)

Phosphate and nitrate concentrations were measured only during WFT3 and WFT4. Figure 3
shows the phosphate concentrations up gradient and down gradient from the wood filter.
Overdl, the phogphate remova effectiveness of the wood filter increased over time.

Removal effectiveness defined herein is the difference in concentration between the up
gradient and down gradient samples (i.e. 50% remova efficiency equals 50% lower
contaminant concentrations down gradient than up gradient. A negetive sign indicates
contaminant release from the filter and will be referred to as “negative efficiency”).
Consgently higher downgradient concentrations during the first 6 days of WFT3 indicate
that phosphate leached into the water from the wood filter. Thisincrease may have been
caused by the disturbance of the pond system during filter ingtalation (i.e. re-suspension of
Seitled sediment) or by leaching of phosphate from the wood itsdlf. Laboratory leaching tests
indicated that at least some phosphate leached from the wood (see Figure 4). The sametests
aso indicated that the leaching ceased after 8 days.

Phosphate Wood Leaching Experiment
15 /J.
1.0 /
0.5 /

0.0
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©
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Figure 4: Phosphate wood leaching experiment. Graph indicates that some of
the phosphate measured down gradient from the wood filters may have leached
from the wood fibers. Once phosphate was leached for 8 days, no additional
phosphate was added to the solution.

After theinitid increase in phosphate concentration, lower down gradient concentrations
were measured throughout the remaining 58 days of WFT3. During this portion of the te<t,
the average phosphate concentrations were 39% |lower after passage through the filter (0.63
mg/L up gradient and 0.38 mg/L down gradient). The causefor thisincrease in efficiency
during the later stages of the experiment is unclear and needs to be investigated further.
Based on the difference in average concentration between up- and down gradient samples',
the total phosphate removal effectiveness over the entire WFT3 (64 days) was 24%.

! Total removal effectiveness percentages are alwayscalcul ated as the differencesin average concentration
between al up- and downgradient sample pairs.
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Phosphate leaching also occurred during the first seven days of WFT4 when the average
concentration up gradient was 0.46 mg/L, while down gradient the average concentration was
0.72 mg/L (-36% effective). During the last 42 days of the experiment, and Smilar to WFT3,
phosphate was removed effectively. The average up gradient phosphate concentration was
0.75 mg/L compared to the down gradient concentration of 0.34 mg/L (55% effective).
Figure 5 summarizes the phosphate remova effectiveness during WFT3 and WFTA4.
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Figure5aand 5b: WFT3 (5a) and WFT4 (5b) effectivenessin removing
phosphate (PO,%") from the runoff. Effectivenessis defined as the change
in concentration from up gradient to down gradient of the filter. Hence, a

positive vaue indicates phosphate remova, while a negative vaue sgnds
addition of phosphate.

Figure 6 summarizes the nitrate remova effectiveness during WFT3 and WFT4 (see
Appendix for other tests). The nitrate remova efficiency appearsto vary significantly and
unpredictably. The average nitrate concentration was 0.71 mg/L up gradient and 0.61 mg/L
down gradient and 0.37 mg/L up gradient and 0.41 mg/L down gradient for WFT3 and
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WFT4, respectively. This difference in concentration is less than the measurement accuracy.
Hence, the resullts of WFT3 and WFT4 indicate thet nitrate removal was insignificant.
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Figure 6aand 6b: WFT3 (6a) and WFT4 (6b) effectivenessin removing nitrate (NOs).

M etals

Along with nitrate and phosphate, copper, iron, and zinc were measured during WFT3 and
WFT4. Figure 7 showsthe daily dissolved copper concentrations up and down gradient from
thefilter for WFT3 and WFT4. During both tests, copper concentrations were generdly
lower down gradient. For WFT3, the average up gradient and down gradient concentrations

were 0.96 mg/L and 0.66 mg/L, respectively. In the case of WFT4, 0.23 mg /L of copper
was removed (on average) from the influent.
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Figure 7: Copper (Cu?*) concentrations (mg/L) up gradient and down gradient from the
filter during WFT3 and WFT4.

From Figure 8, the dissolved copper removd efficiency varied from -57% to 66% during
WFT3, with an overdl effectiveness of 31%. During WTF4, it varied between -13% and
72% with an overd| effectiveness of 27%. Negative efficiencies were observed during both
experiments. However, these occurrences were limited to two sample events each and do not
appear to reflect any trend. It appearsthat toward the end of WFT3 the copper removal
effectiveness of the wood filter decreased. A smilar decline in effectiveness was not evident
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during WFT4; probably due to the shorter test duration in combination with more wood mass
used during WFT4.

WFT3 Effectiveness in Removing Copper
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Figure 8: WFT3 and WFT4 effectiveness of removing copper from the runoff.

Iron results were Smilar to copper. Iron was effectively removed during both tests. During
WFT3 the average up gradient iron concentration was 0.55 mg/L, while the average down
gradient concentration was 0.25 mg/L. Thistrandated into an average iron remova
efficiency of 54%. Aniron remova efficiency of 31% was measured during WFT4 (average
iron concentrations up gradient and down gradient were 0.69 mg/L and 0.48 mg/L,
respectively).

The average zinc concentrations up gradient and down gradient for WFT3 were 0.07 mg/L
and 0.34 mg/L, respectively; while WFT4 up gradient and down gradient concentrations
were 0.12 mg/L and 0.38 mg/L, respectively. The gpparent increase in zinc concentration is
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caused by the materia used in thefilter congtruction. Lab leaching experiments confirmed
that (1) the wood itself was not the source of the zinc and (2) the increasein zinc
concertration was caused by corrosion of the galvanized chicken wire used in the
congiruction of the wood filter modules. For this reason, zinc concentrations could not be
utilized to determine zinc sorption to the wood filters.

Table 7 summarizes the average up and down gradient concentrations and contaminant
removal effectiveness during WFT3 and WFT4 for NOs” PO,* totd Fe, Ci?* and Zr*,

Table 7: Summary of average concentrations and removal effectiveness of
Nitrate, Phosphate, and Heavy Metals from WFT3 and WFT4. <D: not
detected

| WFT 3 | WFT 4
Nitrate (NO3) mg/L
Effectiveness 13.21% -9.73%
Avg. Conc. Up grad. 0.71 0.37
Avg. Conc. Down grad. 0.61 041
Max. Conc. 150U 1.60 D
Min. Conc. <D <D
Phosphate (PO,”) mg/L
Effectiveness 23.90% 24.04%
Avg. Conc. Up grad. 0.55 0.64
Avg. Conc. Down grad. 0.42 0.49
Max. Conc. 097U 1.02U
Min. Conc. 010D 012D
Iron (Fe™, Fe®") mg/L
Effectiveness 54.09% 31.65%
Avg. Conc. Up grad. 0.55 0.69
Avg. Conc. Down grad. 0.25 0.48
Max. Conc. 1.70U 1.26 U
Min. Conc. 0.06 D 0.06 D
Copper (Cu”) mg/L
Effectiveness 31.23% 26.75%
Avg. Conc. Up grad. 0.96 0.866
Avg. Conc. Down grad. 0.66 0.634
Max. Conc. 204U 137U
Min. Conc. 035D 025D
Zinc (Zn“") mg/L
Effectiveness -78.30% -68.54%
Avg. Conc. Up grad. 0.07 0.12
Avg. Conc. Down grad. 0.34 0.40
Max. Conc. 1.06 D 1.08D
Min. Conc. 002U 0.03 U

U = up gradient D = down gradient
Note: Zinc was included, athough its concentration was affected by leaching
from galvanized metal parts used in the construction of the wood filter.
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Dissolved PAHSs

The assessment of the wood filter remova efficiency for dissolved PAH concentrations was
amagor research objectives of this pilot-scae wood filter tests. The dissolved PAH
concentrations were measured during al four tests (WFT1 through WFT4). During the
shortest test, WFT1, the average daily concentration of total PAHs in the filter effluent was
17.6 pg/L; whereas, 21.4 pg/L of PAHs (on average) were measured up gradient. The
overdl dissolved PAH removd effectiveness during WFT1 was 17.8 % (see Figure 9).

WFT1 Dissolved PAH Removal Effectiveness
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Figure 10 displays the daily concentrations of naphthaene, the lightest molecular weight

PAH anadyzed; and fluoranthene, one of the heavier molecular weight PAHs andyzed during
WFT1. The average ngphtha ene concentration were higher down gradient) than up gradient
from thefilter (2.61 pg/L versus 1.79 ug/L). Contrary, the average daily fluoranthene
concentration were 2.44 pg/L and 1.46 ug/L up gradient and down gradient, respectively. In
terms of removal effectiveness, the wood was not efficient in removing naphthaene, but
removed 40% of the fluoranthene. As expected, these results indicated that the wood filter

removed HMW PAHs more effectively from solution than LMW PAHs. Figure 11 indicates
this relationship of heavy molecular weight PAHS having higher wood sorption
concentrations.
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Figure 10: Removd of adissolved light molecular weight PAH (nephthaene) and ahigh
molecular weight PAH (fluoranthrene) by the wood filter during WFT1.
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Sorption vs. Molecular Weight
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Figure 11: Average sorption during WFT2, WFT3, and WFT4 versus
molecular weight. Samples from filter center bottom.

During WFT2, the average daily PAH concentrations up gradient and down gradient were
22.6 g/l and 16.6 pg/L, respectively (see Table 9). Removd efficiencies aslow as-35%
and as high as 56% were observed (see Figure 12). On average, 25% of the dissolved PAHs

were removed by the wood filter.

WFT 3 differed from the previous tests because the dissolved PAH concentrations were lower
during the test period. The average up gradient PAH concentration was 11.7 pg/L versus
more than 20 pg/L during the proceeding tests. This decrease in PAH concentration was
most likely caused by agae blooms and lush vegetation that began growing in the detention
pond system during the test period. These plants increased the organic materid in the pond.

With more organic material for PAHs to sorb to, less PAHs remained in solution. As
indicated in Figure 13, the PAH removal efficiency during WFT3 ranged from 4% to over

50% with an overdl effectiveness of 30.8%.
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Figure 12: Dissolved PAH remova effectiveness during WFT2.
The overdl effectiveness was 25%.
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Figure 13: Dissolved PAH remova effectiveness during WFT3. The
overd| effectiveness was 31%.
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Figure 14: Disxolved PAH remova effectiveness during WFT4.
The overdl effectiveness was 36%.
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The find test, WFT4, was the largest in terms of wood mass (115 kg). It was aso the most
effective a removing dissolved PAH condtituents. Thefilter removed 35.6 % of the
dissolved PAHs entering the wood filter (Range: -0.88% to 74%; see Figure 14 and Table 9).

Figure 15 shows that increasing the wood mass resulted in higher removal efficiencies. The
overdl tota PAH removal effectiveness ranged from 17.8% for the smallest filter (WFT1) to
35.6% for the largest filter (WFT4).

Wood Filter Effectiveness
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% Effective
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Wood Filter Tests
Figure 15. Overall effectiveness of WFT1, WFT2, WFT3,
and WFT4 in removing dissolved PAHs from solution.

Table 8 summarizes the total amounts of PAHs removed by the wood during WFT2, WFT3,
and WFT4 (no PAH mass remova per gram of wood was calcuated for the first test, WFT1).
The average PAH uptake per unit mass of wood remained essentialy the same during dl
threetest. The totd mass of removed PAH increased from 1.4 g to 3.0 g and reflects the
increasing amount of wood used for filter construction (see Table 5).

Table 8: Summary of the PAH removals observed during
tests WFT2 through WFT4.
Avg. PAH
Wood Filter Test | uptake per kg Tow T,A;I;rrrg)moved
wood (mg/kg) g

WFT2 25.2 14

WFT3 24.3 2.2

WFT4 26.2 3.0
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Table 9: Total and individua dissolved PAH compound removal effectiveness.
Avg.

WFT1 WFT2 WFT3 WFT4 off e?:t.
Total PAH (ug/L) .
Effectiveness 17.8% 26.3% 30.8% 35.6% 30.9%
Avg. Conc. Up grad. 214 226 118 218
Avg. Conc. Down grad. 176 16.6 8.1 138
Naphthalene (ug/L)
Effectiveness -22.5% nd 9.7% 16.0% 12.9%
Avg. Conc. Up grad. 190 nd 0.48 201
Avg. Conc. Down grad. 2.30 nd 043 169
Acenaphthylene (ug/L)
Effectiveness -17.9% 42.3% 19.1% 35.7% 32.4%
Avg. Conc. Up grad. 134 0.98 0.45 0.86
Avg. Conc. Down grad. 158 056 0.37 055
Acenaphthene (ug/L)
Effectiveness 21.7% 39.6% 14.9% 21.4% 25.3%
Avg. Conc. Up grad. 108 145 0.39 134
Avg. Conc. Down grad. 0.85 0.88 0.33 105
Fluorene (ug/L)
Effectiveness 27.0% -7.4% 34.4% 46.1% 24.4%
Avg. Conc. Up grad. 3.65 290 195 222
Avg. Conc. Down grad. 267 311 128 1.06
Phenanthrene (ug/L)
Effectiveness 25.4% 44.7% 28.2% 38.9% 37.3%
Avg. Conc. Up grad. 0.98 451 155 4.25
Avg. Conc. Down grad. 0.73 249 111 2.60
Anthracene (ug/L)
Effectiveness 19.4% 47.8% 37.1% 17.1% 34.0%
Avg. Conc. Up grad. 2.88 4.88 1.88 340
Avg. Conc. Down grad. 233 255 118 282
Fluoranthene (ug/L)
Effectiveness 40.4% 3.9% 20.4% 47.4% 23.9%
Avg. Conc. Up grad. 244 1.36 0.74 1.69
Avg. Conc. Down grad. 146 130 059 0.89
Pyrene (ug/L)
Effectiveness 34.1% 10.9% 45.1% 36.9% 31.0%
Avg. Conc. Up grad. 434 1.78 123 187
Avg. Conc. Down grad. 2.86 158 0.67 118
Chrysene (ug/L)
Effectiveness 1.1% 25.8% 40.6% 66.5% 44.3%
Avg. Conc. Up grad. 128 194 144 293
Avg. Conc. Down grad. 127 144 0.85 0.98
Benzo(a)pyrene (Lg/L)
Effectiveness 0.3% 2.4% 20.6% 19.8% 14.2%
Avg. Conc. Up grad. 172 278 166 141
Avg. Conc. Down grad. 171 271 132 113
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Table 9 summarizes dl test results, including individua PAH compounds. The average
effectiveness was caculated based on test WFT2 through WFT4. Test WFT1 was excluded
because of its short duration and preiminary character. Overdl, naphthalene, which isthe
lightest molecular weight PAH, had the lowest average remova effectiveness of 12.9%
(Range: 9.7% to 16%0); while chrysene (the second heaviest molecular weight and highest
Kow PAH andyzed) had the highest average sorption effectiveness of 44.3% (Range: 25.8%
t0 66.5%). Note that only alimited amount of data exist for the “heaviest” PAH analyzed,
benzo(a)pyrene, because of andytica problems. All tests combined resulted in atota PAH
remova of 30.9%.

Amount of PAHs Sorbed to Wood Matrix

Cdculating the amount of PAHSs that sorbed to unit weight of the wood filter matrix was an
important factor in determining the effectiveness of this water trestment technology. During
two tests (WFT2 and WFT3) aspatid distribution andysis was conducted to establish if
sorption was a function of location within thefilter, i.e. did certain parts of the wood filter
preferentidly sorb contaminants. In addition, possible tempord variations in contaminant-
wood interaction were studied during WFTA4.

For the spatial analysis, wood samples were collected from the center top, center bottom, and
from sections closest to the pool’s edge. Sampling for spatial andysis occurred at the end of
thetests. Asshown in Table 10, the highest PAH concentrations were measured at the center
bottom of the wood filter. The lowest concentrations were found in those parts of the filter
that were only under water during storm events: the filter periphery and its top section.

These results indicate that the always submersed bottom part of the filter was most effective.
The results dso reflect one shortcoming of the filter design used in this pilot test: a

ggnificant amount of wood mass was only effective during high flow conditions. Hence,

about 2.3 to 2.8 times greater filter efficiencies could have been achieved by placing al wood
mess in the water & al times.

Table 10: Spatia analysis of the wood removal effectiveness. Reported
values indicate the amount of PAH mass taken up per unit weight of
wood.
Location of Sampling WFT2 WFT3
(H9/9) (H9/9)
Center bottom 48.7 41.7
Center top 16.2 15.7
Periphery 16.3t020.2 179t0 21.7
Ratio of center bottom 2.8 23
concentration to rest of filter

The center bottom samples were dso investigated for preferentid uptake of individua PAH.
From Figure 16 it is evident that the PAHs with highest molecular weight were dso the
PAHs most efficiently removed from thefilter’ s effluent. For example, the HMW PAHSs
phenanthrene (7.8 ng/g), anthracene (6.9 pg/g), and chrysene (5.9 pg/g) were removed more
efficiently than the LMW PAHSs (e.g. ngphthaene).
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Figure 16: Uptake of individua PAHs per gram of wood during test WFT3. Wood samples
were obtained from the submerged center bottom part of the wood filter.
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Figure 17: WFT4 long-term monitoring of the total PAH loading to the wood filter.

During WFT4, wood samples were collected throughout the duration of the test to determine
how the PAH sorption changed over time. All samples were collected from the center
bottom. Due to sampling protocol, the initial week was sampled more frequently than the
subsequent weeks. This skewed the data toward the initial week of ingalation. Despite this
sampling protocol, a decrease in efficiency was seen during the latter portions of each wood
filter test. Asdepicted in Figure 17, the amount of PAH mass sorbed by the wood increased
sharply from 1.8 ug/g background to 18 pug/g by day two. Afterwards, the PAHs sorbed
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steadily to the wood until day 15 of the experiment when the filter reached its highest PAH
loading of 37.6 ug/g. Between days 16 and 24, the PAH loading onto wood remained
essentially unchanged. From day 24 to 29, PAHSs appeared to have desorbed from the wood,
followed by once again by a steady increase for the remainder of the test period.
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Figure 18: Corrdation of tota PAH loading with precipitation during length of experiment
(WFT4). Graph indicates that some PAHs were flushed off thefilter during multiple large
rain events between days 24 to 28 (December 11 — 15, 2004).

Effect of Predpitation

The tempora changesin PAH uptake by the wood filter are related to the meteorologica
conditions during the test period. For instance, the decrease in PAH loading between day 24
and 29 in Figure 17 coincided with an exceptiondly heavy raingtorm that lasted from
December 11 to 15, 2003 (74.6 mm of precipitation). Over this period, PAH loading on the
filter decreased by 50% from 37.6 pg/g to 18.7 pg/g. Figure 18 showsthisrain event in
relation to the wood PAH concentrations. This observed response of the wood filter to this
particularly strong storm indicated that at least some of the PAHSs associated only weakly to
the filter, leading to remohilization when flow through the filter was very high for an

extended length of time. This remobilized fraction may represent PAHs associated with
colloidia matter deposited on the wood filter or biofilms that grew on the wood fibers. This
indicates that the PAH removal can not entirely be attributed to the wood, but that other
processes (biofilm formetion, deposition of fines) contribute to the filter performance. The
particles and PAH washed off the filter during the ssorm did not cause a spikein the
dissolved PAH concentration downgradient water samples. In fact, up and downgradient
PAH concentrations are dmost identical or even indicate some resdua removal

effectiveness. Hence, it appearsthat the initidly smal particles formed larger aggregates
while adhering to the wood filter. When these aggregates and the contaminants associated
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with them washed off thefilter, they were large enough to be retained by the 0.45-micron
filter used in sample preparation. Because “dissolved” is operationally defined asthe
aqueous fraction that passes through a 0.45-micron filter, the contaminants associated with
these larger aggregates are effectively removed from solution and expected to settle out
eventudly. An dternate explanation for the PAH desorption from the wood filter is
dissolution and dilution into less contaminated runoff water entering the pond during later
dtages of agtorm. Typicaly, contaminant concentrations are highest at the onset of astorm
(“firgt flush™). With increasing storm duration, concentrations in the runoff decrease (Barrett
et d., 1998). Theselower concentrations may promote the dissol ution/desorption of PAHSs
from the wood filter. Also, heavy rain events caused the flow veocity in the detention pond
to increase, which led to decreasing contact time of the filter with the contaminants. This, in
turn, lowered the remova effectiveness of thefilter.

Similar results were obtained during another strong rain storm that was sampled during

WFT3 on August 1, 2003, when 26.4 mm of rain fell in 24 hours. Table 11 summarizesthe
observed changes in filter effectiveness during both storms. Table 11 aso shows that besides
PAH, dl other compounds (phosphate, nitrate, and copper) except for iron gppeared to have
washed off thefilter at least partidly. For example, in the case of dissolved copper thefilter
remova effectiveness during the August sorm was -57% compared to an overal
effectiveness of 31% for the entire WFT3 test period. Contrary to copper, phosphate, and
nitrate, even during heavy storms, iron was till removed — dbait & alower eficiency leve.

Table 11: Sorption fluctuations of (NO3), (PO,™), (Tota Fe), (Cu™),
and total PAHs during August 1 and December 11, 2003 rain events
compared to overal effectiveness

Efeciveness gt ovedl 1112008 Overl
Nitrate -37.5% 13% -69% -10%
Phosphate -54.4% 26% 2.29% 26%
[ron 15.6% 54% 10.0% 31%
Copper -56.7% 31% -9.7% 2%
Total PAHs 4.7% 31% -0.9% 36.3%

Effect of Seasons

Thewood filters were tested during al seasons. Even though the PAH concertrations were
about 50% higher during winter than in summer, the filters exhibited no sgnificant changes

in PAH sorption during the seasons (i.e. PAH remova was not affected by temperature, DO,
or pH fluctuations). The measured summer PAH remova effectiveness was 30.8% versus
35.6% in winter. The 4.8% increase in effectiveness can be attributed to the increase in the
mess of thefilter. Copper and iron were more effectively removed during the summer
(WFT?3) than the winter (WFT4). Heavy metas sorb more readily to organic materid when
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the pH is between 4 and 6.5. During the summer months the average pH of the sormwater
was 6.3; while during the winter the average pH was 7.0. With lower pH the amount of
contaminants removed by the filter during the summer was higher. Changes in temperature
or the amount of wood mass in the system did not greetly influence the metd removad. The
compounds nitrate and phosphate did not demonstrate any seasondity effects.

Wood Filter Disposal:

An evauation of appropriate contaminated wood filter disposal avenues indicated that proper
disposal has to be addressed locally. For example, in Rhode Idand, contaminated wood filter
are accepted in sanitary landfills. In Switzerland, the Ordinance on Air Pollution Control
(Graf, 2002) provides that contaminated wood can be used, for example, asfud in incinerators.
Locd rules and regulations may prohibit the use of these disposa avenues elsewhere. To
address this problem, leaching studies on contaminated wood filters should be carried out to
eva uate the contaminant remobilization potential. Depending on the outcome of these studies,
sanitary landfill disposa may be the most gppropriate disposa avenue for loaded wood filters.

Laboratory Testing of Cedar Wood

The results of the laboratory column tests with Cedar wood illustrate that Cedar wood very effectively
removes dissolved PAHSs. Figure 19 shows the column effluent concentration of the LMW PAH
whereas Figure 20 summarizes the HMW PAH concentrations. Low and high molecular weight PAH
concentrations remained near the detection limits for the duration of the experiment. Fluoranthene and
chrysene, which were the highest molecular weight compounds studied, were detected in only 3 and 1
samples, respectively, during late stages of the experiment. The analytical resolution of the HMW PAH
is somewhat scattered because the effluent concentrations remained near the lower detection limit for
most of the experiment. The fina concentration of the LMW PAHs were 66% to 92% less than the
inflow concentrations, indicating that the Cedar filter remained very effective even after more than 50
days of flushing.
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Figure 19: Results of the column sorption experiment with Cedar wood and amix of 9 PAH
compounds. Shown are the effluent concentration of the four low molecular weight PAHs
naphtha ene, acenaphthylene, acenaphthene, and fluorene. The influent concentration for
each PAH compound was 10 pg/L.
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Figure 20: Results of the column sorption experiment with Cedar wood and amix of 9 PAH
compounds. Shown are the effluent concentration of the five high molecular weight PAHS
phenanthrene, anthracene, fluoroanthene, pyrene, and chrysene. Theinfluent concentration
for each PAH compound was 10 pg/L.

Sorption I sotherm Experiments. Figure 21 shows the results of the Zn(11) and Cu(ll)
sorption isotherm experiments. In both cases, sorption equilibrium was reached within 168
hours. The sorptive meta uptake was nonlinear over the range of concentrations anayzed (0
mg/L to 5 mg/L; initid concentration). Applying the Freundlich isotherm, an equilibrium K
vaue of 0.51 and 0.77 was caculated for Zn(I1) and Cu(ll), respectively. The Freundlich
exponents, j, for both metas were smilar, i.e., 0.29 for Zn(11) and 0.31 for Cu(ll). Equations
1 and 2 describe the sorption isotherms:

C,, =051C, %
Equation 1

031

Cy, =0.77C,

Equation 2

The higher K vaue for Cu(ll) indicates that Cu(ll) tends to sorb more effectively to aspen
wood relative to Zn(ll).
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Figure 21: Equilibrium solute data for Cu(ll) and Zn(I1) plotted aongside best-fit Freundlich
isotherms. A K vaueof 0.77 | g was calculated for Cu(ll) and avaue of 0511 gt was
caculated for Zn(l1). The Freundlich exponents for Cu(ll) and Zn(I1) were similar (0.31 and
0.29, respectively). The equilibration time was 168 hours.
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Figure 22: Rdative concentration (C/Co) of an aqueous Cu(ll) solution in column effluent.
The column was packed with 1.445 g (dry) aspen wood. The influent concentration during
the sorption experiment was 10 mg/L. Cu(ll). During the following desorption experiments,
delonized water was flushed through the column.
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Table 12: Summary of column sorption and desorption experiments with Cu(l1) and Zn(11)
solutions. All mass vaues are per unit weight of wood (mg/g).

Metal | Concentration| Tota Total Mass Percentage| Mass | Percentage
mg/L Input Output Sorbed Sorbed | Desorbeq Desorbed
my/g mg/g my/g my/g
cu (Il 0.85 0.32 0.05 0.27] 84 % 0.006 2%
10 6.74 4.44 2.3 34 % 0.099 4%
Zn (1) 5.5 2.71) 1.67 1.10 40 % 0.077] 7 9%
11 3.94 2.70 1.24 31 % 0.028 2 %

Column Experiments  Figure 22 summarizes the results of a column experiment usng a 10
mg/L Cu(ll) solution flushed through 1.445 g (dry) aspen wood fibers. After 30 hours of
flushing with Cu(l1) solution, the sorption experiment was followed by flushing the wood

with deionized water to investigate Cu(ll) desorption. Additional experiments were carried
out using a0.85 mg/L Cu(ll) solution and Zn(l1) solutionsat 5.5 mg/L and 11 mg/L. The
results of these experiments are summarized in Table 12. Over thefirst hour of the sorption
experiment, the relative Cu(ll) effluent concentration increased sharply, i.e., from zero to
gpproximately 0.3 C/Co. Afterwards, the effluent concentration continued increasing, but at a
much dower rate. The effluent concentration approached the influent concentration
(C/Co=1.0) &fter about 30 hours of flushing. At thistime, 974 ml of Cu(ll) solution,
containing 9.74 mg Cu(ll), had been flushed through the column. During the following
desorption experiment, the Cu(l) concentration dropped below 0.2 mg/L within 6 hours (87
ml tota flushing volume). Over the course of the sorption experiment, 2.3 mg Cu(ll) per
gram of aspen wood were removed from solution. Compared to the Cu(l) massinput, thisis
equivaent to aremoval efficiency of about 34%. During the desorption experiment, only 0.1
mg Cu(ll) was released back into the flushing solution (deionized water) over a6 hour period
(4% of amount sorbed).

The sorption experiment indicates that the removal of dissolved Cu(ll) by aspen wood was
mogt effective during the first 12 hours of the experiment, when the rate of Cu(ll) uptake was
the greatest. The high degree of initid remova effectiveness can be explained by rgpid
surface complexation of the metal ion onto the wood surface. Once the easily accessble
surface complexation sites were filled up, further metal uptake was dow, but steady. This
observation can be explained by diffusive trangport of metd ions into the wood matrix.
Figure 3 shows the changing removd effectivenessin terms of metal Cu(ll) mass entering and
leaving the column. The difference between input and output was equd to the amount of
Cu(ll) sorbed to the wood (per gram). From Figure 23 it is evident that the meta remova
effectiveness decreased with time. For example, after about 25 hours of flushing, the mass of
sorbed Cu(Il) remained essentidly constant (2.3 mg Cu(ll) per gram of aspen wood). This
implies that around this time the wood filter had reached its maximum remova effectiveness.
The desorptive rel ease appeared to be steady and linear (see Figure 23). Extrapolating the
linear part of the desorption curve, it would take (theoretically) about 470 hours (ca. 19.6
days) to remove al the sorbed Cu(ll). Thus, the desorptive release of Cu(ll) is much dower
compared to the sorptive uptake.
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Figure 23: Mass balance for the sorption and desorption experiment using 10 mg/L Cu(ll)
solution.

Compared to the Cu(l1) experiments, the experiments conducted with Zn(11) solution
exhibited amilar results (see Table 12). The main differences between the Zn(I1) and Cu(ll)
column experiments were that (a) the effluent Zn(11) concentration reached C/Co=1 sooner
and (b) the desorptive release of the Zn(l1) from the wood was dower, i.e., Zn(I1) effluent
concentration dropped below 0.1 mg/L soon after flushing with delonized water began. The
tota measurable amount of Zn(l1) desorbed accounted for about 2 % to 7 % of the sorbed
mass.

Figure 24 shows the time dependency of the measured remova effectiveness for Cu(ll) and
Zn(I1) solutions ranging in concentrations from 0.8 mg/L Cu(l1) to 11 mg/L Zn(11). For both
metas, the removal effectiveness increased with decreasing metal concentration. For
example, the remova effectiveness was ill high (near 80%) after flushing 0.8 mg/L Cu(ll)
solution for 24 hours. During the same time, the remova effectiveness dropped to below 20%
when a higher concentrated Cu(l1) solution was flushed through the column (10 mg/L). These
results reconfirm the sorption isotherm experiments, which showed that the metal-wood
interaction is non-linear with a Freundlich exponent <1.
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Figure 24: Time dependent remova effectiveness of Cu(ll) and Zn(l1) solutionsranging in
concentrations from 0.8 mg/L Cu(ll) to 11 mg/L Zn(ll).
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SUMMARY AND CONCLUSION

This study examined the effectiveness of a pilot-scae wood filter system to remove dissolved
contaminants from a detention pond system. The operationa definition of dissolved
contaminant is the pollutant fraction that passes through a Whatman 0.45 um GF/C glass
microfiber filter. Thefraction of contaminants associated with colloids <0.45 pm was not
investigated. 1t was demongtrated that aspen wood filters effectively removed 10 PAH
compounds, phosphate, copper, and iron from stormwater runoff. The effectiveness of the
filters varied due to flow rate changes, PAH molecular weight, seasond fluctuations in pH,
and filter sze. The wood filter tests varied in length between one to nine weeks.

The PAH remova observed during the pilot-scalefilter tests was lower than the laboratory
results reported by Boving and Zhang (2004). During previous laboratory experiments the
remova effectiveness of individuad PAH compounds by Aspen wood was initidly as high as
90% and later decreased to 70% after approximately 30 days (Boving and Zhang, 2004). The
highest fidld efficiency was 35.6% for the largest filter (WFT4). Severa differences between
these two studies have to be pointed out. First, the laboratory experiments were conducted
with asingle PAH compound solution. The individua PAH compounds were dissolved in
deionized water and temperature and pH were held constant. Under these conditions, pyrene,
anthracene, and fluorene mass uptake by aspen wood was 74 ug/g, 67 ug/g, and 25.5 pg/g,
repectively. During the field experiments the average uptake of the three previoudy
mentioned compounds was 2.2 ug/g pyrene, 4.2 ug/g for anthracene, and 1.7 pg/g for
fluorene. The difference between the field and laboratory may be caused by competitive
sorption of the various organic and inorganic contaminants present in sormwater runoff.

Also, the lab experiments were conducted at PAH concentrations well above (50 ug/L),
which were about an order of magnitude or more higher than the PAH concentrations
measured inthe fiddd. The difference in concentration can potentialy influence the sorption
behavior, as expected for compounds that sorb in anon linear fashion. Also, high dectrica
conductivities — epecidly during winter - point to the presence of high sdt concentrations,

i.e. high ionic strength of the Stormwater runoff. Competitive sorption together with high
ionic strength appear the most likely factors decreasing the filter efficiency under fied
conditions.

Ancther important variable was the mass of wood used in the filter construction. For
example, tripling the wood mass doubled the PAH remova efficiency (WFT1 versus WFT4).
But, increasing the wood mass changed the wood filter geometry, i.e. comparably more wood
mass was residing above the water when larger filterswereingdled. Thefidd tests
demondtrated, however, that the highest remova efficiencies were achieved in those parts of
the filter that remained submerged a dl times. This part of the filter removed 37.6 ug/g to
48.7 pg/g of dl 10 PAHs studied (WFT2, WFT3, and WFT4). Thisremovd effectivenessis
much closer to the laboratory vaues (25.5 ug/g to 75 pg/g for individua compounds)

reported by Boving and Zhang (2004). Hence, the spatid variability in thefilter

effectiveness suggests that current filter design does not exploit the full remova capacity of
thewood. Thisfinding has important implications for future gpplication of the wood filter
technology. For ingtance, to increase the efficiency of the filter, the wood should (1) aways
be submerged and (2) the filter should be thicker in the center of the flow channd. By
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adjusting the filter design thisway, it is expected that the filter can remove 50 % or more
PAHSs from solution.

Compared to the [aboratory experiments by Boving and Zhang (2004), which were
conducted at room temperature (22 °C), the average water temperature during the field test
was lower 14.4°C. Even though PAH sorption is temperature dependent, i.e. it decreases
with increesing temperature (Slegp and McClure, 2001), the field test result indicate that
temperature did not influence the filter performance. Also, PAH remova appears to be pH
independent and does not vary with variable PAH inflow concentrations.

In contrast to the PAH, changesin pH sgnificantly dter the sorption rate of heavy metads
onto wood. This confirms findings reported elsawhere (e.g. Brown et d., 2000; Cimino &t
d., 2000; PAmaet d., 2003). The pH dependency of heavy meta remova wasreflected in
the wood filter test results: when pH was low (summer filter) more iron and copper sorbed to
the wood (WFT3 averaged 54.0% iron and 31.2% copper removal), while during the higher
pH winter test (WFT4), only 31.6% iron and 26.7% copper were removed from solution.

Table 13: Overdl sorption capacity per gram for each of the 10 PAHs
anayzed for during tests WFT2, WFT3, and WFT4

Center bottom wood WFT2 WFT3 WFT4 | average
sample Hg/gram | pg/gram | pg/gram | pg/gram
Naphthalene 1.0 1.4 11 1.2
Acenaphthylene 1.0 20 12 14
Acenaphthene LMW 15 21 0.7 14
Fluorene 2.1 3.3 1.6 2.3
Phenanthrene 3.0 7.8 8.9 6.6
Anthracene 49 6.9 3.2 5.0
Fluoranthene HMW 6.3 3.7 6.1 54
Pyrene 5.7 39 6.6 54
Chrysene 13.0 59 51 8.0
Benzo(a)pyrene 10.3 4.7 51 6.7
LMW PAH Total 5.6 8.7 4.7 6.3
HMW PAH Total 43.2 33.0 35.0 371
Total PAH 48.8 41.7 39.7 43.4

Intota, 6.6 grams of PAHs were removed by 260 kg of wood during tests WFT2, WFT3,
WFT4. Almogt haf the mass (3.0 grams) was removed by the largest filter (WFT4). Boving
(2002) calculated that 118.8 grams of dissolved PAHSs flow through the Providence detention
pond system each year. This researcher also estimated that, based on his [aboratory
experiment, about 1000 kg wood would be necessary to remove the annua PAH load from
the sormwater passing through this detention pond system. Thefield test showed that with
the current filter congtruction, 4660 kg of wood would be needed to effectively remove the
dissolved PAH load, (4.6 times the estimated amount and 16 times the amount of wood used
during this pilot-scae test). The wood filter field tests also demonstrated that the wood filter
design can be improved, e.g. by keeping the wood submerged at dl times and by increasing
thefilter thicknessin the center of the flow channd. It islikdy that an optimized wood filter
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system should require only 2440 kg of wood (2.4 times the mass estimated from previous lab
experiments by Boving, 2002) to remove the entire dissolved PAH load from the Providence
retention pond system.

During the fidd testsindividua PAH compounds sorbed to the wood in varying amounts, as
indicated in Table 13. Naphthaene, having the lowest organic carbon partitioning

coefficient, was the least sorbed compound with an average efficiency of only 1.1% and
sorption rate of 1.2 pug/g during the four filter tests. Chrysene, having a high organic carbon
partitioning coefficient, was removed from solution at 33.5% and had an average sorption

rate of 8.0 ug/g. Interms of molecular weight, the LMW PAHSs exhibited an average

removd effectiveness of 17.9% for dl four filters, while the HMW PAHSs had an average
remova effectiveness of 27.9%. Likewise, the PAH mass uptake by the wood of the LMW
compounds was only 6.3 pg/g versus 37.1 pg/g for HMW PAH. As expected, the wood filter
removed the heavier molecular weight compounds more effectively.

PAH sorption onto the wood fibers aso was found to be afunction of time. During dl four
wood filter tests the highest PAH removal rates were measured during the first weeks after
ingalation. For instance, during the first 9 days of WFT4, the remova effectiveness was
exceeded 70% (38.1% on average). During the remaining 40 days of WFTS5, the filter was
only 22.1 % effective. The highinitid PAHs removd during the first few days after
ingtalation was also observed during the three WFT2 and WFT3. The duration of WFT1
was too short to determine aremoval trend. It is possible that the decrease in filter
performance is caused by sedimentation of fines onto the filter or by biofilm growth. There
areindicationstha afraction of PAHs and other contaminants are associated with
depositions on the filter surface. Because these depositions appear to be washed off the filter
during heavy storms (= high flow veocities), the contaminant remova was found to be
partialy reversible. Because this problem appears only associated with exceptionaly heavy
ran events and can be circumvented by changing the wood filter design. For instance,
decreasing the flow veocity during high rain events by increasing filter volume would dow

the erosion of filter. Also, once the flow velocity increased beyond some threshold, a portion
of the water could be diverted around the filter through an emergency overflow. Also, the
wood fibers, origindly tan in color, turned black at the end of thefilter test and became
brittle when dry. These changes indicate that wood decomposition may have impacted the
filter performance. But, further studies are needed to determine how deposition of sediments,
wood decay, or formation of biofilms on the filter may influence the filter performance.

Nitrate and phosphate showed different wood sorption characteritics during the field tests.
While nitrate was not effectively removed by the wood filter, phosphate was — at least during
the latter stages of thefilter experiments. Theinitidly observed phosphate leaching confirms
the results presented by Park and Cho (2003), who performed laboratory leaching
experiments with wood and leaf materid. They determined that fast non-microbid leaching
resulted ininitid increase of phosphate concentration. The phosphate leaching ceased,
however, during subsequent microbia decay of the wood.

Dissolved copper and iron were more effectively removed during summer (WFT3) than
winter (WFT4). This seasonable change coincides with changesin pH. During the summer
months the average pH of the ssormwater was 6.3; while during the winter the average pH
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was 7.0. With lower pH the amount of contaminants removed by the filter during the
summer was higher. These results are in conformance with results reported elsewhere.
Meta sorption was more sSgnificantly affected by variationsin pH than afunction of
temperature or the amount of wood mass in the system.

The wood filter system was designed to remove dissolved PAHs and heavy metas from the
Providence detention pond system. The ingalation of the wood filters was successful in
removing a portion of the contaminants entering the sysem. The effectiveness of thefilters
varied due to seasond fluctuationsin pH and temperature. The average filter remova of
phosphate, iron, and copper was 26%, 42%, and 29%, respectively. PAH concentrations on
average were 28% lower down gradient from thefilter. The effectiveness of the wood fibers
to sorb PAHs was not a function of PAH concentrations in the water. Heavier molecular
weight PAHs sorbed more readily to thefilter than the lighter molecular weight PAHS. It

was determined that increasing the filter Sze improved the remova effectiveness.

Thelifetime (i.e. maximum capacity before filter becomes inefficient) was found to be longer
than the maximum test duration (WFT3; 64 days). To cdculate the lifetime of the wood
filter, 6 or more months are needed to determine how long the filter remains effective.
Ineffective wood filter need to be disposed off. The most appropriate disposa routein
Rhode Idand was found to be landfilling. However, in regions where waste incinertion is
practiced, wood filters are best incinerated.

Data gathered during this pilot wood filter test indicate this technology may be most useful in
protecting pristine environments where the contaminant influx islow. If theinput of PAHs
into the system is low, the apparent maximum sorption cagpacity of the filter (30 - 40 pg/g)
would require less frequent exchange of the filter. Hence, lesser amounts of wood would be
necessary to achieve comparable PAH removd. If the PAH input isreatively high — as was
the case for the Providence fidld dite - the amount of wood necessary to treet the PAH
contamination and the operating/mai ntenance cycle becomes impracticable.

Many variables are associated with the field pilot test that could not be controlled. Based on
the data gathered during the field test, certain observations can be determined and are
displayed in Table 14. These variables need to be isolated in the laboratory for amore
detailed andyss. For example, increased flow rates appear to decrease filter effectiveness.
Performing column experiments with varying flow ve ocities would help determine what

flow rate would be most advantageous for sorption. This would improve future filter design.
This research did not differentiate between dissolved PAHs and PAHSs associated with
colloids, which are clusters of molecules neither in solution nor able to be filtered with the
suspended load. The interaction between the filter and the dissolved PAHs or colloid PAHs
was not studied.

Significant design changes are necessary for the continued improvement of this wood filter
contaminant remova technology. The design of the fidd pilot filter wasto dlow dl the
water in the detention system to pass through the filter. Unfortunately, this exposed a
ggnificant amount of the filter mass to the atmaosphere, preventing a greater remova of
contaminants. Increasing the mass of thefilter did increase efficiency, but not in proportion
to the wood mass added.
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Future research is needed to establish the wood filter technology as a practica stormwater
trestment system. Cadmium, nickel, and lead are other heavy metds previoudy determined
to sorb in the laboratory that could be examined inthefidd. A future test should use a
redesgned system that centers the mass of wood and alows permanent immersion, leading to
afurther increase in pollution removd effectiveness. Also, longer residence times can be
achieved by usng an eongated (i.e. wider) filter desgn. Additiondly, during largerain
events, 25 mm or grester, a system overflow/bypass may be necessary to minimize
remobilization of contaminants.

Table 14: Changesin variables during field test
+ = Remova was affected by this variable
- = Removal was not affected by this variable
ud = Undeterminable from the data gathered
Contaminant Flow
Contaminants Masy pH | DO | EC Temp Concentration Rates
PAHS + | - | w i Low concentrations |
equally removed
] Concentrations equal
Iron + | ud | ud | + affected pH during tests +
) Concentrations equal
Copper + | ud | ud | + affected pH during tesis +
Nitrate Wluwl + wl!l? ca_used lower Higher nitratein +
or higher DO summer
) Concentrations equal
Phosphate + | ud | ud | + affected pH during tests +

The biodegradation of PAH is a possible contaminant attenuation process that may further
enhance the wood filter treestment efficiency. In dl lab sudies, experimentd work was
conducted under abiotic conditions (using sodium azide asabiocide). Hence, lab
experiments did not provide additiona information about the possible contribution of
bacteriato the PAH remova. Under fidd conditions, thefilter’s overdl remova

effectiveness was treated as a“black box” process, i.e. no experiments were devised to sudy
contributions of bacteria degradation to the overdl PAH remova. Thisinteresting aspect of
wood filter technology needs morein depth sudy and may jugtify afollow up field study.

Mesasuring the flow rate of the detention pond would have dlowed caculation of the volume
of water that passed through thefilter. Unfortunately, water flow rates could not be
measured during this pilot-scae test. The water flow rates would have permitted cal culations
of the mass flux rates through the system, which would have helped to determine the wood
filter effectiveness more accurately. Being able to determine the volume of water passing the
filter with the concentration change up and down gradient would alow for acaculation of
meass of contaminants removed by the filter. Nonetheless, the pilot-scale wood filter test
yielded important ingghtsinto the workings of this technology under field conditions.

Future research will benefit from these findings and may open the door for this new water
trestment technology.
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Disposd of loaded wood filters in sanitary landfills and incineration were identified as
potentia disposa avenues. However, an evauation of gppropriate contaminated wood filter
disposal avenues indicated that proper disposal has to be addressed locally. Loca rulesand
regulations may prohibit the sanitary landfill disposal or incineration esawhere. To address
this problem, detailed leaching studies on contaminated wood filters should be carried out to
evduate the contaminant remobilization potentid. Depending on the outcome of these
dudies, sanitary landfill disposal may be the most appropriate disposa avenue for loaded
wood filters.

The laboratory tests demonstrated that Cedar wood is a very promising dternative for Aspen
wood. Even after more than 50 days of continuous flushing with contaminated water of low,
uniformionic strength, the dissolved PAH remova remained between 66% and 92%,
depending on the compound studied. Also, Aspen wood has been found to have metal (Cu,
Zn) removal capabilities that can be quantified usng a Freundlich isotherm modd. Although
meta removal was observed, its effectiveness is less than that of hydrophobic organic
contaminants. More studies are needed to investigate the effect of pH on wood-metd
interaction and changesin theionic strength of the flushing solution on the contaminant
remova effectiveness (as, for instance, caused by seasonable presence of road sdt inthe
storm water runoff).
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APPENDICES

Appendix A: Up and Down Gradient Graphs
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Appendix B: Background Data
WFT1 - Background Data
) ec DO Temp Precip.
Date e | PR g | oy | O | em)
03/28/03 10:20 851 na 7.78 121 0
03/29/03 12:00 744 na 8.05 139 124
03/30/03 10:15 8.06 na 840 121 404
03/31/03 10:30 758 na 6.79 75 0.7
04/01/03 17:.00 840 na 755 81 0.0
04/02/03 10:00 812 na 6.44 94 10
na= not analyzed
WFT2 - Background Data
) DO Temp Precip.
Date Time pH ec (Ms) (mglL) €0 ()
05/05/03 12:.00 8.65 54.9 na 15.9 0.0
05/06/03 17:.00 7.89 511 na 15.9 20
05/07/03 17:30 782 61.0 na 28 0.0
05/08/03 10:00 7.89 512 334 150 33
05/09/03 11:30 793 515 534 148 03
05/10/03 11:30 737 56.8 751 186 0.0
05/11/03 13:.00 749 615 6.78 21 6.4
05/27/03 11.00 810 55.6 4.06 138 0.0
05/28/03 11:30 7.95 5.3 7.98 144 0.3
na = not analyzed
WFT3 - Background Data
) ec DO Temp Precip.
pate | Tme PR w9 | mgb) | O | ()
07/22/03 13:00 6.29 67.7 381 237 259
07/23/03 14:00 6.23 716 352 239 05
07/24/03 11:30 6.31 68.5 2.36 239 150
07/25/03 11:30 6.17 70.8 414 24.6 0.0
07/26/03 10:30 6.58 70.0 3.08 238 0.0
07/27/03 10:.00 6.68 711 353 24.2 0.0
07/28/03 12:.00 6.49 72.2 470 253 0.0
07/29/02 11:30 6.19 68.8 341 247 43
07/30/03 10:00 6.41 69.5 324 243 0.0
08/01/03 12:00 6.14 67.3 4.32 235 264
08/04/03 11:.00 6.24 721 412 239 1.0
08/10/03 13:.00 6.35 69.5 3.87 24.1 0.0
08/18/03 12:.00 6.10 68.5 367 24.1 0.0
09/02/03 11.00 6.05 67.8 3.78 24.2 1.1
09/09/03 13:.00 6.37 69.5 4.05 24.0 0.0
09/23/03 12:00 6.58 72.3 4.22 24.2 1.7
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WFT4 - Background Data
) ec DO Temp Precip.
Date mme PR Gy | moy) | Cco | m)
11/17/03 15:00 6.56 429 7.30 55 13
11/18/03 8:00 6.44 428 494 47 00
11/19/03 8:00 6.53 523 6.37 6.0 00
11/20/03 12:00 7.63 76.2 5.60 10.0 84
11/21/03 9:00 6.96 685 6.06 84 48
11/22/03 12:00 6.72 76.2 5.62 95 00
11/23/03 10:00 6.83 718 5.50 84 00
11/24/03 10:00 7.60 633 4.88 6.4 00
11/25/03 12:00 6.59 705 4.65 70 48
11/26/03 15:00 7.22 72.8 498 6.8 00
11/28/93 11.00 7.33 na na 6.9 43
11/30/03 15:00 741 na na 6.4 00
12/02/03 13:00 6.87 na na 6.1 0.0
12/11/03 12:00 734 7110 542 5.2 26.7
12/16/03 11:00 6.93 2780 471 43 00
12/19/03 10:00 6.68 231.0 5.91 42 00
12/23/03 13:00 7.18 185.0 5.32 39 00
12/29/03 12:00 7.10 215.0 458 37 00
01/06/04 10:00 6.95 368.0 4.78 32 00

na = not analyzed
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Appendix C: Nitrate, Phosphate, and Heavy Metals

WFT3 - Nitrate, Phosphate, and Heavy Metal Data
Nitrate Phosphate Copper Zinc Iron
Sample Date

P (mg/L) (mg/L) (mgll) | (mglL) | (mglL)
WFT3-1Up 07/22/03 0.3 0.29 093 0.09 1.700
WFT3-1 Down 07/22/03 00 0.38 0.60 0.25 0.236
WFT3-2Up 07/23/03 15 0.19 152 0.05 0.644
WFT3-2 Down 07/23/03 0.2 061 053 0.13 0.782
WFT3-2 Up Dup 07/23/03 14 0.18 150 0.06 0.629
WFT3-2 Down Dup 07/23/03 0.2 0.62 0.53 0.15 0.777
WFT3-3Up 07/24/03 04 0.25 0.60 0.02 0522
WFT3-3 Down 07/24/03 10 052 043 0.08 0.228
WFT34Up 07/25/03 11 0.60 0.65 0.07 0.320
WFT3-4 Down 07/25/03 05 0.30 0.35 0.17 0.064
WFT3-5Up 07/26/03 11 0.77 0.66 0.06 0.342
WFT3-5 Down 07/26/03 08 0.26 0.%4 0.25 0.188
WFT3-6 Up 07/27/03 10 045 0.57 0.04 0488
WFT3-6 Down 07/27/03 0.7 0.72 042 0.26 0.170
WFT3-7Up 07/28/03 12 0.96 0.62 0.05 0.39%
WFT3-7 Down 07/28/03 0.7 0.59 043 0.25 0204
WFT3-7 Up Dup 07/28/03 10 091 0.70 0.07 0.390
WFT3-7 Down Dup 07/28/03 0.6 050 042 021 0.201
WFT3-8Up 07/29/02 10 0.70 102 0.05 0.380
WFT3-8 Down 07/29/02 0.6 0.30 0.35 0.26 0.160
WFT39Up 07/30/03 0.2 040 0.74 0.05 0.168
WFT3-9 Down 07/30/03 08 021 0.57 0.34 0122
WFT3-10 Up 08/01/03 05 031 042 0.06 0436
WFT3-10 Down 08/01/03 0.8 0.68 0.97 0.39 0.368

Up = up gradient

Down = down gradient
Dup = duplicate sample
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WFT3 - Nitrate, Phosphate, and Heavy Metal Data Continued
Nitrate Phosphate Copper Zinc Iron

Sample Date

P (mg/L) (mg/L) (mgl) | (mgl) | (mglL)
WFT3-11Up 08/04/03 0.3 040 0.84 011 0684
WFT3-11 Down 08/04/03 06 0.10 045 0.66 0.066
WFT3-11 Up Dup 08/04/03 0.2 048 0.82 0.08 0.679
WFT3-11 Down Dup 08/04/03 0.7 0.16 0.38 0.60 0.078
WFT3-12Up 08/18/03 12 0.75 104 0.08 0.520
WFT3-12 Down 08/18/03 04 0.32 0.39 0.25 0450
WFT3-13Up 09/02/03 03 0.72 123 0.10 0.537
WFT3-13 Down 09/02/03 04 049 0.78 031 0.389
WFT3-14 Up 09/09/03 0.2 0.65 0.78 0.16 0572
WFT3-14 Down 09/09/03 15 031 0.62 106 0.100
WFT3-15Up 09/23/03 03 0.76 0.76 0.12 0510
WFT3-15 Down 09/23/03 02 0.46 0.66 045 0.246
WFT3-15 Up Dup 09/23/03 0.3 0.69 0.82 0.07 0504
WFT3-15 Down Dup 09/23/03 0.3 048 0.60 040 0.255

Up = up gradient

Down = down gradient
Dup = duplicate sample
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WFT4 - Nitrate, Phosphate, and Heavy Metal Data
Nitrate Phosphate Copper Zinc Iron
Sample Date
P (mg/L) (mg/L) (mg/L) (mgll) | (mglL)
WFT4 - Back 11/17/03 0.3 031 0.53 0.08 0.584
WFT4-1Up 11/18/03 10 0.32 0.33 0.09 0.731
WFT4-1 Down 11/18/03 04 101 0.25 042 0673
WFT4-2 Up 11/19/03 0.7 040 129 0.10 102
WFT4-2 Down 11/19/03 00 0.95 100 0.29 0711
WFT4-2 Up Dup 11/19/03 09 0.35 122 0.10 1.00
WFT4-2 Down Dup 11/19/03 0.2 091 0.96 0.33 0.698
WFT4-3Up 11/20/03 0.2 0.57 0.59 0.05 126
WFT4-3 Down 11/20/03 0.3 0.25 0.16 0.71 0584
WFT4-4 Up 11/21/03 06 043 0.68 0.13 0.833
WFT4-4 Down 11/21/03 0.2 0.76 041 0.13 0721
WFT4-5 Up 11/22/03 0.2 048 093 0.03 0.895
WFT4-5 Down 11/22/03 03 0.82 108 0.15 0.797
WFT4-6 Up 11/23/03 0.2 0.85 0.98 0.10 0931
WFT4-6 Down 11/23/03 0.3 0.99 0.70 0.21 0.722
WFT4-7Up 11/24/03 0.0 0.18 111 0.14 0.743
WFT4-7 Down 11/24/03 05 0.23 0.84 031 0.526
WFT4-7 Up Dup 11/24/03 01 011 104 011 0.731
WFT4-7 Down Dup 11/24/03 04 0.25 0.84 0.35 0521
WFT4-8Up 11/25/03 0.8 047 0.69 0.08 0.691
WFT4-8 Down 11/25/03 05 0.30 047 0.68 0.524
WFT4-9Up 11/26/03 04 0.30 0.75 0.12 0.837
WFT4-9 Down 11/26/03 0.0 0.12 0.58 0.38 0455
WFT4-10 Up 11/28/03 0.2 0.97 0.85 0.10 0.992
WFT4-10 Down 11/28/03 0.2 048 0.64 0.56 0.744

Up = up gradient
Down = down gradient
Dup = duplicate sample
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WFT4 - Nitrate, Phosphate, and Heavy Metal Data Continued
Nitrate Phosphate Copper Zinc Iron
Sample Date
P (mg/L) (mg/L) (mg/L) (mgll) | (mglL)
WFT4-11Up 11/30/03 0.0 0.79 0.79 0.16 0.709
WFT4-11 Down 11/30/03 0.0 031 0.68 0.19 0442
WFT4-11 Up Dup 11/30/03 00 0.72 0.79 011 0.703
WFT4-11 Down Dup 11/30/03 00 0.35 0.63 021 0432
WFT4-12 Up 12/02/03 0.7 102 0.69 0.15 0.37
WFT4-12 Down 12/02/03 06 047 0.61 021 0.16
WFT4-13Up 12/11/03 05 0.75 0.37 013 042
WFT4-13 Down 12/11/03 16 0.72 041 023 0.38
WFT4-14 Up 12/16/03 0.3 0.86 102 021 034
WFT4-14 Down 12/16/03 08 0.32 0.55 043 0.18
WFT4-15Up 12/19/03 03 0.82 118 0.15 0.323
WFT4-15 Down 12/19/03 02 042 0.66 0.22 0.232
WFT4-15 Up Dup 12/19/03 04 0.73 11 0.15 0.333
WFT4-15 Down Dup 12/19/03 0.2 041 0.62 0.26 0.224
WFT4-16 Up 12/23/03 0.2 0.63 0.70 0.17 0.33
WFT4-16 Down 12/23/03 06 0.21 051 1.08 0.06
WFT4-17 Up 12/29/03 0.2 0.74 137 0.15 044
WFT4-17 Down 12/29/03 06 0.17 101 0.70 0.33
WFT4-18 Up 01/06/04 0.2 0.93 127 0.16 0.67
WFT4-18 Down 01/06/04 0.2 0.21 0.86 0.33 0.49

Up = up gradient
Down = down gradient
Dup = duplicate sample
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Appendix D: Dissolved PAH Data
WEFT1 - Dissolved PAH Concentrations
Benzo(a) Total
Naphthal A hthyl A hth Fl Ph th Anth Fli ith Chi
Sawle | paie | M | Mo | e VR | RS | | R | W | R | wr |
WFT1-1 Up 3/28/03 231 1.74 1.95 4.17 1.37 3.19 2.30 5.36 nd 0.78 23.18
WFT1-1 Down 3/28/03 1.17 3.29 0.00 1.19 1.62 3.23 1.88 7.44 nd 0.00 19.82
WFT1-2 Up 3/30/03 | 2.33 0.99 118 2.09 2.60 3.18 4.23 566 | 065 | 143 | 24.36
WFT1-2 Down 3/30/03 2.24 1.36 0.61 2.28 nd 1.77 1.82 4.82 3.17 2.61 20.69
WFT1-2 Up Dup 3/30/03 241 0.86 1.16 2.22 nd 3.05 411 5.93 0.77 nd 20.51
Dup 2o 3/30/03 | 2.10 1.28 0.52 2.28 nd 1.76 1.65 491 | 3.3 nd | 17.63
WFT1-3 Up 3/31/03 131 1.12 1.14 3.91 0.92 2.24 1.77 1.54 2.19 0.85 16.98
WFT1-3 Down 3/31/03 3.54 1.25 2.19 3.27 nd nd 0.71 0.00 nd 0.50 11.45
WFT1-4 Up 4/1/03 2.01 1.53 0.06 5.49 nd 4.01 1.70 6.80 nd nd 21.61
WFT1-4 Down 4/1/03 2.35 2.00 0.59 4.87 2.03 5.24 0.73 nd nd nd 17.82
WFT1-5 Up 4/2/03 1.52 1.33 nd 2.61 nd 1.80 2.21 2.34 3.56 5.52 20.88
WFT1-5 Down 4/2/03 2.32 nd nd 1.73 nd 1.38 2.13 2.04 3.16 5.45 18.22
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WEFT2 - Dissolved PAH Concentrations
Benzo(a) Total
Naphthalene Acenaphthylene Acenaphthene Fluorene Phenanthrene Anthracene Fluoranthene Pyrene Chrysene
Sample bate (ug) (ugh) (ugh) (gl (ugl) (ugh) (ugh) wny | wany | e | (S

WFT2-1 Up 5/5/03 nd 1.61 0.82 2.00 7.72 7.69 1.75 2.86 2.06 0.00 | 26.50
WFT2-1 Down 5/5/03 nd 1.05 0.33 7.04 2.37 2.45 0.99 1.86 1.25 0.00 | 17.35
WFT2-2 Up 5/6/03 nd 1.72 0.87 2.09 4.89 4.79 3.05 2.65 1.86 4.44 | 26.35
WFT2-2 Down 5/6/03 nd 0.60 0.16 4.30 6.07 3.98 3.13 1.72 0.71 3.09 | 23.78
WFT2-3 Up 5/7/03 nd 0.68 3.44 2.06 6.90 5.78 0.88 1.58 2.18 2.18 | 25.69
WFT2-3 Down 5/7/03 nd 0.55 1.94 3.77 2.56 2.28 1.29 1.84 2.44 455 | 21.23
WFT2-3 Up Dup 5/7/03 nd 0.75 3.19 2.00 6.54 5.68 0.98 1.41 2.04 2.65 | 25.24
WFT2-3 Down Dup | 5/7/03 nd 0.50 1.90 3.55 2.38 2.35 1.25 1.99 2.40 410 | 20.42
WFT2-4 Up 5/8/03 nd 0.00 0.09 9.40 3.74 0.74 0.98 3.16 0.88 6.08 | 25.07
WFT2-4 Down 5/8/03 nd 0.00 0.02 5.04 2.31 1.93 0.85 1.44 1.30 2.34 | 15.23
WFT2-5 Up 5/9/03 nd 0.91 2.30 6.31 3.21 5.86 1.78 2.86 2.07 5.66 | 30.95
WFT2-5 Down 5/9/03 nd 0.81 1.20 0.49 1.70 1.32 0.76 1.41 1.31 475 | 13.74
WFT2-6 Up 5/10/03 nd 0.00 0.22 0.81 3.14 3.10 1.00 1.14 1.53 3.08 | 14.02
WFT2-6 Down 5/10/03 nd 0.00 0.63 2.26 5.49 4.19 0.00 1.99 1.03 3.82 | 19.42
WFT2-7 Up 5/11/03 nd 1.20 1.83 0.52 4.89 5.28 0.59 0.12 2.11 0.93 | 17.48
WFT2-7 Down 5/11/03 nd 0.35 0.81 3.11 1.93 1.22 0.78 1.16 1.57 1.90 | 12.84
WFT2-7 Up Dup 5/11/03 nd 1.29 1.99 0.53 4.96 5.59 0.68 0.32 2.18 0.78 | 18.32
WFT2-7 Down Dup | 5/11/03 nd 0.45 0.75 3.33 1.85 1.48 0.77 0.98 1.47 164 | 12.72
WFT2-9 Up 5/19/03 nd 1.35 1.98 0.81 4.61 6.85 2.17 0.74 2.17 0.00 | 20.69
WFT2-9 Down 5/19/03 nd 0.74 2.07 1.25 0.00 2.97 3.92 2.02 1.48 1.82 | 16.27
WFT2-10 Up 5/28/03 nd 1.31 1.52 2.09 1.52 3.85 0.00 0.91 1.68 2.62 | 15.48
WFT2-10 Down 5/28/03 nd 0.97 0.73 0.76 0.00 2.59 0.00 0.82 2.67 211 | 10.65
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WFT3 - Dissolved PAH Concentration
Benzo(a) Total
Naphthalene Acenaphthylene Acenaphthene Fluorene Phenanthrene Anthracene Fluoranthene Pyrene Chrysene

Sample Date (gl (g (ugh) (ug (g o) (g (ug/ (ugh Yo |
WFT3-1 Up 7122/03 0.77 0.69 0.60 0.71 0.46 2.54 1.53 0.82 0.77 1.54 10.43
WFT3-1 Down 7/22/03 0.75 0.75 0.87 0.71 0.75 1.11 1.09 0.70 0.76 1.44 8.91
WFT3-2 Up 7/23/03 0.75 0.75 1.30 0.46 0.55 1.71 0.62 1.00 1.30 1.55 10.00
WFT3-2 Down 7/23/03 0.99 1.07 0.44 0.90 3.09 0.80 nd 0.00 0.00 0.00 7.28
WFT3-3 Up 7/24/03 nd nd 0.75 5.17 0.88 2.55 nd 0.93 1.39 2.32 14.00
WFT3-3 Down 7/24/03 nd 0.80 0.37 3.90 0.60 0.92 0.93 1.98 0.64 1.93 12.06
WFT3-4 Up 7/25/03 0.75 nd nd 0.50 3.47 1.04 nd 5.07 6.27 1.26 18.36
WFT3-4 Down 7/25/03 0.61 nd nd 0.76 1.19 0.80 0.60 0.63 1.76 2.03 8.38
WFT3-4 Up Dup 7/25/03 0.75 nd 0.69 0.77 3.31 1.24 0.85 4.58 6.01 1.0 19.2
WFT3-4 Down Dup | 7/25/03 0.55 nd 0.54 0.88 1.10 0.85 0.51 0.85 1.89 1.58 8.75
WFT3-5 Up 7/26/03 0.63 0.81 0.12 1.12 5.51 1.59 1.26 1.12 1.71 1.79 15.66
WFT3-5 Down 7/26/03 0.61 0.88 0.03 0.79 1.99 1.11 0.69 1.05 0.69 2.21 10.06
WFT3-6 Up 7/27/03 nd 0.87 0.39 3.80 0.94 2.01 nd 1.24 1.47 1.73 12.47
WFT3-6 Down 7/27/03 nd nd 0.25 3.31 0.52 1.10 nd 0.82 1.01 1.42 8.43
WFT3-7 Up 7/28/03 1.32 0.89 nd 0.64 0.72 1.74 2.12 0.84 1.35 1.98 11.60
WFT3-7 Down 7/28/03 0.71 0.60 nd 1.23 0.60 1.67 0.83 0.95 0.90 1.55 9.04
WFT3-8 Up 7/29/03 nd nd nd 4.27 1.09 1.58 nd nd 0.85 0.90 8.70
WFT3-8 Down 7/29/03 nd nd nd 1.00 0.80 1.28 nd nd 1.08 0.93 5.08
WFT3-9 Up 7/30/03 nd nd nd 4.23 0.47 1.94 0.84 nd 1.23 1.85 10.56
WFT3-9 Down 7/30/03 nd nd nd 0.50 nd 1.08 nd nd 1.19 1.48 4.24
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WFT3 - Dissolved PAH Concentration Continued
Benzo(a) Total
Naphthalene Acenaphthylene Acenaphthene Fluorene Phenanthrene Anthracene Fluoranthene Pyrene Chrysene
Sample Date (ug/ (ug/l) (ug/l (ug/) (ughy (ugfl) (ugfl) (ugft) (ugr) p(fg/r;)e Z/;:_/'E

WFT3-10 Up 8/1/03 0.10 nd nd 2.46 0.36 1.22 1.06 1.42 0.86 1.39 8.88
WFT3-10 Down 8/1/03 0.99 0.63 0.18 0.85 1.78 0.28 1.99 0.74 0.60 0.52 8.57
WFT3-10 Up Dup 8/1/03 0.41 0.54 1.02 2.10 1.12 1.65 1.02 1.89 0.75 1.87 12.37
WFT3-10 Down Dup 8/1/03 1.58 0.52 0.25 0.32 1.75 0.58 1.35 0.98 0.65 0.81 8.79
WFT3-11 Up 8/4/03 nd nd nd 2.46 0.85 1.68 1.29 0.66 1.77 1.78 10.49
WFT3-11 Down 8/4/03 nd nd nd 3.09 nd 124 0.75 nd 1.24 1.58 7.91
WFT3-12 Up 8/10/03 1.11 0.77 1.00 2.14 1.54 1.44 0.96 1.20 0.86 nd 11.01
WFT3-12 Down 8/10/03 0.79 0.42 1.13 1.02 1.24 1.89 0.57 0.70 0.12 nd 7.89
WFT3-13 Up 8/18/03 0.84 1.59 1.35 0.38 1.03 1.00 0.52 1.41 0.70 0.72 9.55
WFT3-13 Down 8/18/03 0.70 0.44 1.35 0.50 0.64 nd 0.21 0.81 0.95 0.64 6.24
WFT3-14 Up 9/2/03 0.50 0.49 0.52 1.14 0.65 0.68 0.86 1.43 0.80 0.63 7.68
WFT3-14 Down 9/2/03 0.41 0.25 0.62 0.87 0.76 0.39 1.29 0.98 1.06 0.68 7.32
WFT3-15 Up 9/9/03 0.36 nd nd 0.83 3.35 2.62 0.76 0.70 0.82 3.32 12.77
WFT3-15 Down 9/9/03 0.36 nd nd 0.43 1.30 1.39 0.47 0.42 1.02 2.64 8.04
WFT3-15 Up Dup 9/9/03 0.49 nd nd 1.12 3.14 2.64 0.89 0.98 1.22 3.58 14.06
WFT3-15 Down Dup 9/9/03 0.39 nd nd 0.58 1.22 1.59 0.45 0.36 1.08 291 8.59
WFT3-16 Up 9/23/03 0.52 0.36 0.15 0.80 2.93 4.66 nd 1.76 0.84 3.77 15.78
WFT3-16 Down 9/23/03 nd nd nd 0.54 2.54 3.83 nd 0.99 0.62 2.03 10.56
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WFT4 - Dissolved PAH Concentrations
Benzo(a) Total
Naphthalene Acenaphthylene Acenaphthene Fluorene Phenanthrene Anthracene Fluoranthene Pyrene Chrysene

Sample Date (ugll) (ug/l) (ug/l) (ugll) (ug/l) (ug/l) (ug/l) (ug/l) (ug/l) %rge;;e Z;::)S
Background 11/17/03 1.33 0.48 0.01 0.58 7.51 5.78 3.84 2.65 1.72 3.69 27.59
WFT4-1Up 11/18/03 1.77 0.50 2.9 1.67 nd 6.08 4.88 15.71 0.76 3.15 37.42
WFT4-1Down 11/18/03 2.54 0.67 1.11 0.79 nd 4.49 0.81 2.77 0.97 1.00 15.15
WFT4-2 Up 11/19/03 2.42 0.44 1.2 2.54 14.15 6.21 0.80 1.55 0.90 1.64 31.85
WFT4-2 Down 11/19/03 2.75 0.85 0.76 1.84 4 6.70 1.08 1.13 0.53 1.06 20.70
WFT4-3 Up 11/20/03 4.73 0.75 0.24 3.02 9.37 4.53 0.95 0.83 2.86 2.15 29.43
WFT4-3 Down 11/20/03 2.43 0.63 0.76 151 4.65 4.71 1.22 0.59 2.64 151 20.65
WFT4-3 Up Dup 11/20/03 4.21 1.10 0.55 3.69 8.46 4.59 0.91 1.06 2.49 2.87 29.93
WFT4-3 Down Dup | 11/20/03 2.29 0.86 0.76 1.79 4.15 4.25 1.11 0.65 2.38 1.67 19.91
WFT4-4 Up 11/21/03 3.96 0.12 1.02 1.85 15.05 0.67 2.00 1.97 6.01 0.90 33.55
WFT4-4 Down 11/21/03 2.95 0.70 0.29 0.95 12.57 0.99 0.99 3.96 1.24 1.05 25.69
WFT4-5 Up 11/22/03 0.80 0.53 3.72 8.51 4.18 6.31 0.72 1.78 454 nd 31.09
WFT4-5 Down 11/22/03 1.74 0.71 1.51 1.57 0.12 0.83 1.30 1.79 1.54 0.51 11.62
WFT4-6 Up 11/23/03 2.96 0.50 0.17 0.3 7.97 2.46 0.60 0.52 1.19 1.49 18.16
WFT4-6 Down 11/23/03 2.08 0.37 0.13 0.77 5.79 1.27 0.50 0.50 0.86 2.96 15.23
WFT4-7 Up 11/24/03 4.53 0.82 0.36 1.6 4.47 0.89 3.16 1.11 22.44 2.80 42.18
WFT4-7 Down 11/24/03 3.68 0.01 0.33 0.64 2.01 0.32 0.75 0.93 1.28 1.07 11.02
WFT4-8 Up 11/25/03 2.76 0.50 1.12 1.31 3.05 3.84 0.77 0.80 1.56 4.70 20.41
WFT4-8 Down 11/25/03 2.13 0.28 0.58 0.67 1.76 6.51 0.46 0.79 0.95 3.56 17.69
WFT4-8 Up Dup 11/25/03 2.25 0.50 1.42 1.29 2.87 4.10 1.08 0.80 1.48 4.25 20.04
WFT4-8 Down Dup | 11/25/03 1.87 0.36 0.69 0.87 1.42 5.87 0.54 0.69 0.75 3.21 16.27
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WFT4 - Dissolved PAH Concentrations Continued
Benzo(a) Total
Naphthalene Acenaphthylene Acenaphthene Fluorene Phenanthrene Anthracene Fluoranthene Pyrene Chrysene

Sample Date (ugll) (ug/l) (ug/l) (ugll) (ugll) (ugll) (ugll) (ug/l) (ug/l) %gﬂ)e (Pu’;::)s
WFT4-9 Up 11/26/03 1.02 0.57 0.07 1.55 1.22 6.62 1.22 2.01 2.36 2.24 18.88
WFT4-9 Down 11/26/03 1.84 0.37 0.24 0.47 1.12 1.58 0.93 1.70 3.09 1.99 13.33
WFT4-10 Up 11/28/93 0.77 0.46 0.56 1.26 0.99 5.36 0.99 1.63 1.08 1.82 14.92
WFT4-10 Down 11/28/93 0.68 0.65 0.38 1.78 1.79 3.00 0.57 0.84 1.15 nd 10.84
WFT4-11 Up 11/30/03 1.37 0.90 0.01 0.71 1.29 1.59 1.23 1.63 1.09 1.25 11.07
WFT4-11 Down 11/30/03 1.36 0.57 0.01 0.49 0.84 3.75 1.02 1.24 nd nd 9.28
WFT4-12 Up 12/2/03 0.95 0.51 1.3 0.65 0.99 2.13 1.53 1.24 1.04 0.94 11.28
WFT4-12 Down 12/2/03 0.80 0.41 1.02 0.36 0.71 0.95 1.23 1.08 nd 0.68 7.24
WFT4-13 Up 12/11/03 1.36 nd 0.25 0.3 1.29 1.37 0.91 0.82 1.47 nd 7.77
WFT4-13 Down 12/11/03 1.87 1.14 1.37 0.62 0.84 1.26 0.17 0.23 0.34 nd 7.84
WFT4-14 Up 12/16/03 0.98 6.61 2.17 0.29 0.46 1.49 nd nd nd nd 12.00
WFT4-14 Down 12/16/03 0.91 0.67 1.96 0.33 0.83 2.14 nd nd nd nd 6.84
WFT4-14 Up Dup 12/16/03 1.48 5.42 2.07 0.58 0.98 154 1.45 nd 2.54 nd 16.06
WFT4-14 Down Dup | 12/16/03 0.99 0.98 1.52 0.45 0.83 1.24 0.98 nd 1.87 nd 8.86
WFT4-15 Up 12/19/03 1.03 0.80 2.18 0.74 1.46 2.37 nd nd nd nd 8.58
WFT4-15 Down 12/19/03 0.70 1.10 2.27 0.39 1.21 1.69 nd nd nd nd 7.36
WFT4-16 Up 12/23/03 nd nd 0.76 7.14 3.57 5.03 7.80 1.97 5.44 2.34 34.05
WFT4-16 Down 12/23/03 nd nd 0.36 5.01 2.36 5.05 3.10 3.61 3.09 5.00 27.58
WFT4-17 Up 12/29/03 1.33 0.29 5.79 0.44 1.14 3.45 2.78 nd nd nd 15.22
WFT4-17 Down 12/29/03 0.76 0.35 5.48 0.48 2.59 4.17 1.82 nd nd nd 15.65
WFT4-18 Up 1/6/04 3.39 1.10 0.26 15 5.83 0.88 nd nd nd nd 12.96
WFT4-18 Down 1/6/04 1.13 0.44 0.33 0.39 3.54 1.38 nd nd nd nd 7.21
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Appendix E: Sorbed PAH Data

WFT2 - Sorbed PAHs Spatial Distribution
Benzo(a) Total
Naphthalene Acenaphthylene Acenaphthene Fluorene Phenanthrene Anthracene Fluoranthene Pyrene Chrysene
Sample (ugh) (ugll) (ug/l) (ugfly (ugfl) (ugf) (ugft) (ugfl) (ug/) %E/T)e ?@‘73
WFT2- Center
Bottom 1.03 0.95 1.48 2.10 3.03 4.88 6.27 571 13.03 10.27 48.75
WFT2- Center Top 5.27 0.43 0.08 0.84 5.57 3.80 0.67 0.94 1.38 0.85 19.83
WFT2- Right 1.86 0.52 3.07 1.65 4.06 4.37 2.72 0.42 0.72 0.80 20.20
WFT2- Left 0.44 0.66 0.60 0.61 4.49 4.61 0.90 1.27 1.74 0.95 16.27
WFT3 - Sorbed PAHs Spatial Distribution
Benzo(a) Total
Naphthalene Acenaphthylene Acenaphthene Fluorene Phenanthrene Anthracene Fluoranthene Pyrene Chrysene
Sample (ugh (ugh (ugh (ugh (ugh (ug/) (ugh) wh | won | RSl e
WFT2 - Center
Bottom 1.42 1.96 2.08 3.27 7.83 6.92 3.73 3.94 5.86 4.72 41.73
WFT2 - Center Top 1.43 0.55 0.10 2.10 3.04 0.51 0.57 4.92 0.91 1.60 15.73
WFT2 - Mid Right 1.52 2.32 0.59 2.12 3.85 1.45 2.70 5.00 0.96 1.18 21.70
WFT2 - Mid Left 3.15 1.97 0.08 0.83 2.61 0.77 2.12 1.70 1.58 3.19 17.99
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Appendix F: Long-term Sorption

WFT4 - Long-term PAH Sorption

Sanpe | Dme | M | ey | e | S | TR | MU | P | O | | | o
WFT4-Day 2 11/19/03 0.42 117 0.99 5.93 3.90 1.61 1.24 121 0.36 0.72 17.55
WFT4- Day 4 11/21/03 0.48 0.66 0.56 114 8.15 3.02 1.92 1.02 2.26 1.29 20.51
WFT4-Day 7 11/24/03 0.66 0.69 1.07 2.38 9.39 2.87 119 1.30 1.30 1.04 21.89
WFT4-Day 13 | 11/30/03 0.69 0.69 0.51 0.99 1.37 1.98 1.68 3.33 1.97 1537 | 28.57
WFT4-Day 15 | 12/02/03 1.05 1.24 0.74 1.62 8.86 3.19 6.11 6.63 5.09 5.13 39.67
WFT4-Day 24 | 12/11/03 0.73 112 0.79 1.43 20.10 2.35 1.79 0.83 2.23 2.33 33.69
WFT4-Day 29 | 12/16/03 0.39 0.51 3.19 0.80 8.47 1.90 0.68 2.29 0.55 0.64 19.41
WFT4-Day 42 | 12/23/03 0.95 1.03 1.39 1.28 8.86 1.98 1.88 1.16 2.16 1.07 21.77
WFT4-Day 49 | 12/29/03 0.00 0.81 0.77 0.91 13.43 2.85 1.38 0.95 2.44 1.06 24.61
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Appendix G: Leaching Experiment

Laboratory leaching tests were performed to determineif any of the andyzed
contaminants originated from the wood fibers themsaves. Two tests were conducted with 10
grams of wood placed into 1 liter of water. The first investigated the microbia decay of the
wood materid and how it islinked to nitrification. The wood for the nitrate leaching tests
was placed in stormwater collected from the Providence detention pond. Deionized (DI)
water was not used during the nitrate leaching test because of the lack of microbia activity in
DI water. Nitrate background levels were measured before the wood was placed into the
sormwater. Nitrification occurred during the later portion of this experiment.

TableG1: Wood Leaching data
Nitrate Nitrate Phosphate Iron Copper Zinc
Date (mg/L) (mglL) (mglL) (mglL) (mglL) (mglL)
stormwater DI water DI water DI water DI water DI water
Background 0.0 0.0 0.0 0.0 0.0 0.0
3/11/2004 0.3 01 0.06 0.001 004 0.01
3/12/2004 0.0 0.0 050 0.026 0.07 0.02
3/13/2004 0.0 0.0 0.89 nd 0.06 nd
3/14/2004 01 0.0 1.19 0.004 0.02 0.01
3/15/2004 0.0 0.0 154 0.004 0.01 nd
3/16/2004 0.0 01 185 0.003 nd nd
3/17/2004 0.0 0.1 192 nd nd 0.02
3/18/2004 01 0.0 1.78 0.002 0.02 nd
3/19/2004 0.3 0.0 184 nd 0.05 nd
3/20/2004 0.3 0.0 171 nd 0.01 nd
3/21/2004 02 01 175 nd nd nd
3/22/2004 0.3 0.0 182 nd nd nd
3/23/2004 0.6 0.2 18 0.003 0.03 nd
3/24/2004 05 0.0 na nd nd nd
3/25/2004 05 0.0 na nd nd 0.02
3/26/2004 0.8 0.0 na nd nd nd
3/27/2004 09 0.0 na nd nd nd
3/28/2004 0.8 01 na nd nd nd
3/29/2004 1.0 0.0 na nd nd nd
3/30/2004 0.8 0.0 na nd nd nd

na= not analyzed
nd = not detected

The second leaching test determined if the wood leached nitrate, phosphate, iron,
copper, and zinc. During thistest al wood samples were placed in DI water to ensure a zero
basdine. Sodium azide was added to the DI water to prevent microbid activity. Therewas
no leaching of nitrate, iron, copper, or zinc from the wood during this 20 day experiment
(Table G1). Phosphate was leached and reached equilibrium around day 8 and sampling
continued with no change in concentration for five more days.
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In addition to the two wood leaching experiments, ametal leaching experiment was
conducted on the metd frame to determine if iron, copper, or zinc leached from the filter
frame. Theresults of this experiment concluded that neither iron nor copper were leached
from thefilter frame. However, zinc concentrations increased significantly during the first
few days of this experiment (Table G2). These high concentrations indicated a significant
amount of zinc coating was present on the metd filter frame. This zinc coating prevented
andlysis of the wood filter’ s effectiveness in removing zinc from the roadway runoff.

TableG2: Metal Leaching Data
Iron Copper Zinc
Date (mg/L) (mg/L) (mg/L)
DI water DI water DI water
Background 0.0 0.0 0.0
4/19/2004 nd 0.02 0.01
4/20/2004 0.008 nd 0.66
4/21/2004 nd 0.01 0.63
4/22/2004 0.026 0.08 0.72
4/23/2004 0.019 013 1.08
4/24/2004 0.011 0.08 0.92
4/25/2004 0.013 0.05 111
4/26/2004 0.007 0.08 133
4/27/2004 0.029 nd 142
4/28/2004 0.010 0.02 148
4/29/2004 0.014 nd 141
4/30/2004 0.008 nd 132
5/1/2004 nd 0.01 112
5/2/2004 nd nd 132
5/3/2004 0.006 nd 0.98
5/4/2004 nd 0.03 112
5/5/2004 nd nd 120

65



Boving and Neary, 2005 Final Report

Appendix H: Analytical Techniques

Congtituent or Property M ethod
pH (Fidd) Orion 250A with H+ 9107 dectrode
: - . Orion 130A with a conductivity cell 013610
Electric Conductivity (Field) dectrode
Dissolved Oxygen and
Temperature (Field) Y S| Incorporated 55 DO meter
- 3 7+
?(\':SE))’ (PO, (Fe). (2n™), Hanna lon Selective meters
EPA method 610, A Shimadzu GC-17A FID
- (Gas Chromatography—Hame lonized
10 Dissolved PAH Detector) with aJ& W Sciertific DB-D glass
compounds

capillary column (30 m, 0.32 mmid, 0.25 um
film thickness)

EPA method 3540, A Shimadzu GC-17A FID
(Gas Chromatography—Hame lonized

10 Sorbed PAH compounds Detector) with a J&W Sdaentific DB-D glass
capillary column (30 m, 0.32 mmiid, 0.25 um
film thickness)
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Appendix I Quality Assessment/Control (QA/QC)

Quality assessment and control (QA/QC) was performed to determine the accuracy of
the sample preparation and andyticd insruments. The preparation of the water samples for
PAH andlysis hasinherent error during the didtillation process and sllicagd filtering. Also,
dight error occurred during operation and measurement using the GC-FID. The error from
the sample preparation and instruments was determined by making known PAH
concentrations from an Ultra Scientific PAH standard. Quality control analys's of these
known PAH standards was performed multiple times (>3) to caculate the average error
associated with sample preparation and ingtrument andysis.  Table |1 indicates the average
error from the GC-FID for al 10 PAH compounds analyzed. The detection limit of the GC-
FID ranged from 0.1 pg/L to 5 pg/L, increasing with breskthrough time and PAH molecular
weight. The GC-FID measurement had an average error of +1.87%. The heavier weight
molecular PAHSs, especiadly benzo(a)pyrene, had higher error. The heavier weight PAHs are
more difficult for the GC-FID to detect because of higher temperature and pressure during
the latter stages of anayss.

Tablel1l: Percent error of GC-FID data
Expected
PAH Sndard Acd Avg
compounds Conc. Cigng?]r;“_) errgor +
(mg/L) ' ~
Naphthaene 1.002 0.987 1.50
Acenagphthylene 1.002 1.012 1.00
Acenaphthene 1.002 0.983 1.90
Fluorene 1.002 1.007 0.50
Phenanthrene 1.002 1.011 0.90
Anthracene 1.002 0.993 0.90
Fluoranthene 0.100 0.102 2.00
Pyrene 0.100 0.098 2.00
Chrysene 0.100 0.097 3.00
Benzo(a)
pyrene 0.100 0.105 5.00
Totd avg. %
eror | 1.87

QA/QC was performed on the slicagd and sample didtillation preparation steps to
determine the range of error in these techniques. PAH standards were made, passed through
the slicagd, and then run on the GC-FID. Adding the silicagel preparation step increased
the percent error. The average percent error during the filtering process was £3.79%,
approximately double the error from only the GC-FID (Table 12). The heavy molecular
weight PAHs have a conggtently higher percent error than the light molecular weight PAHS.
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Tablel2: Percent error of silica gel preparation step data
Expected
Standard Actud Conc.
PAH . Avg. %
Conc. after after sllicagd
compounds dlicagel (mglL) error +
(mglL)
Naphthalene 1.002 0.969 3.29
Acenaphthylene 1.002 1.031 2.89
Acenaphthene 1.002 0.979 2.30
Fuorene 1.002 1.023 2.10
Phenanthrene 1.002 0.984 1.80
Anthracene 1.002 0.977 2.50
Huoranthene 0.100 0.104 4.00
Pyrene 0.100 0.095 5.00
Chrysene 0.100 0.106 6.00
Benzo(a) pyrene 0.100 0.108 8.00
Totd avg. %
error 3.79

The didtillation process is designed to dlow the PAHs in the environment to be
concentrated and messured within the detection limit of the GC-FID. Thisdidtillation error
has the largest percent error because it incorporates the GC-FID, slicagd, and didillaion
erors. PAH standard concentrations for this quality control assessment were adjusted to fall
within the GC-FID detection limit after the didtillation step. The average error for dl 10
PAH compounds for this step is £6.28% (Table 13). All of the PAH samples underwent the
digtillation and slicagel processes. The combined error could be as high as +12.56%. This
error margin, however, only dightly affected the concentrations calculated in the detention
pond and wood fibers during the pilot-scale test. For example, WFT4 had an average up
gradient and down gradient PAH concentration of 21.8 pg/L and 13.9 pug/L, respectively.
Incorporating the £6.28% error into up gradient and down gradient concentrations, the range
would be between 23.2 ug/L to 20.4 pg/L for the up gradient and 14.9 pg/L to 13.1 pg/L for
the down gradient. Recalculating the wood filter effectiveness with the percent error PAH
concentrations, the filter effectiveness ranged from 27.7% to 43.8%. Incorporating the
percent error from the preparation and analyss shifts the PAH remova effectiveness by
roughly 8% from the actud caculated effectiveness of 35.6%. This shift in effectiveness il
indicates that the filters removed PAHSs from the detention pond system.

The Hanna lon Sdlective meters were used to analyze nitrate, phosphate, and heavy
metals. Externa standard solutions from Fisher Scientific Inc. were used for Zn, Cu, and Fe,
while sodium nitrate and sodium phosphate |aboratory standards were used for the nitrate and
phosphate quality control assessment. According to the manufacturer, Hanna lon Sdlective
meters have resolution limits of 0.1mg/L for nitrate, 0.01 mg/L for copper, zinc, and
phosphate, and 1.0 ug/L for iron. The average percent error for al the compounds measured
with the Hannalon Sdective meters are listed in Table 14. The externd and |aboratory
standards were andyzed 5 times to generate this average error.
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Table13: Percent error of digtillation and silica gel preparation steps data
Expected
Didtilled Conc. Actud
PAH compounds stancard (mg/L) Didillation Conc. ér\:gr(?
(g 300 mL to 3.39 (mglL) -
mL
Naphthalene 10.0 0.885 0.923 4.12
Acenaphthylene 10.0 0.885 0.838 5.61
Acenaphthene 10.0 0.885 0.919 3.70
Fluorene 10.0 0.885 0.948 6.65
Phenanthrene 10.0 0.885 0.849 4.24
Anthracene 10.0 0.885 0.841 5.23
Fuoranthene 1.00 0.089 0.095 6.84
Pyrene 1.00 0.089 0.082 7.93
Chrysene 1.00 0.089 0.097 8.76
Benzo(a) pyrene 1.00 0.089 0.098 9.69
Totd avg. %o error | 6.28

Tablel4: Percent error of Hanna lon Salective meter data

Etxpected Actud Avg.
andard o4
conc. C'c\)ﬂni?rzgldL) erroor *
(mg/L) ' _
Nitrate (NO3") 3.00 3.14 4.67
Phosphate (PO,%) 1.00 0.94 6.00
Copper (Cu) 1.00 0.96 4.00
Iron (Fe) 0.10 0.11 8.00
Zinc (Zre) 1.00 0.93 7.00
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Appendix J: 2-Fluorobiphenyl

2-Huorobiphenyl was added to the water samplesto act as an externd standard. This
chemica was used was to indicate the quantity of PAHSs that were logt through the PAH
preservation and didtillation processes. Though not found in nature in sgnificant
concentrations 2- Fluorobiphenyl, has smilar properties asthe PAHs andlyzed. Also, 2-
fluorobiphenyl breakthrough time (25.333 minutes) on the GC-FID is between ngphthaene
and acenaphthylene. Other possible tracers, such as 1-fluorongphthdene, conflicted with the
PAH andysis because the tracer had a smilar breskthrough time as one of the PAHs being
andyzed. During the research 2-fluorobiphenyl was not performing as anticipated. The
concentrations were consistently lower than expected. 100 pg/L (33.3 ug) were added to 300
mL of methylene chloride and ditilled down to approximately 3 mL, a concentration
increase of 100 times. With this concentration factor, the expected 2-fluorobiphenyl vaue
should have been 3.3 mg/L; however, less than 1 mg/L was measured.

To investigate the apparent mass | oss, three 2-fluorobiphenyl solutions were mixed at
concentrations of 100 pg/L, 1 mg/L, and 2 mg/L and passed through the sllicagd. The GC-
FID analysis of the 100 pg/L solution indicated no 2-fluorobiphenyl was present after
passing through the dlicagd. Likewise, thel mg/L and 2 mg/L 2-fluorobiphenyl solutions
lost 80% and 68%, respectively, during the slicagel sage. Mog, if not al, of the 2-
fluorobiphenyl was removed during the slicage step. Therefore, 2-fluorobiphenyl could not
be usad as an externd standard.
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