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COLUMN FILTER STUDIES:PHOSPHORUSREMOVAL USING

BIOGENICIRON OXIDES

Abstract

By HaleyRyanne Watsofalconer M.S.
Washington State University
December 209

Chair: Jeremy A. Rentz

Phosphorus is recognized as the limitingriemt for aquatic plant growth. When present
in excess, phosphorugimulates algal growttand the subsequent decay of organic matter
consumes oxygen leading to hypoxia. Hypoxic conditions have detrimental effects on water
guality and have led to increasingly stringent phosphorus limits. Among a wide variety-of iron
rich substrates that haveeen investigated as phosphorus sorbents, biogenic iron dxastes
beenused as a novel substrate for both nutrient and syetadoval(Rentz, Turner et al. 2009)
These biogenic iron oxidgserform similarly, if not better, than other natural and engineered
iron-oxide substrategRentz Turner et al. 2009) The average sorptiontifs) for all samples
was 15.3 +f 6.3 mg P/g solidsranging from 6.2 25.4 mg P/g solids.Phosphorus sorption
kineticswere rapid, removingigy-five percent after just one hour and eighty percent #itee
hours Flow-through filters represent an advanced wastewater treatment (AWT) process that is
currently being investigated as a technolagyplementedio meeteffluent phosphorus limits.
This research utilized biogenic iron oxides as a filter satestin flowthrough filter columns
using an upflow regime. Flow regime and flowrates were adjusted in several preliminary

experiments in order to optimize the filter design. The upflow filters rem8#etl 16%o0f the



phosphate compared 53 + 21%for the downflow filter and the low flow column remov8f +

7% compared ta57 + 11%for the high flow column. When ion oxides were treated with
detergents, the column filters achieved effluent concentrations of less than 0.2 mg/L for over 200
hours (greaterhtan 90% removal). These column filter experiments showed reproducible results

(standard error less than 20% for all columns) and the capability to remove phosphorus.
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1.0 INTRODUCTION
1.1  Phosphorus Pollution

Water pollution by nutrients is laistorical and evegrowing concern in developed and
developing countries alike. In excess, nutrients like nitrogen and phosptemukead to
eutrophicationin water bodies Often, ghosphorus is the limiting ment for aquatic plant
growth, stimulatingalgal growthwhen presenin sufficient concentrations. As algae decays,
dissolved oxygen is consumeeéading to hypoxic conditns. Phosphorugemainsa critical
waterbody pollutant, a classification which has led to more stringent treatment regulations
(Washington Department of Ecology, 2004Frequently, theseffuent regulationsrequire
phosphorus concentrations that aredothanthe current wastewater treatment plant (WWTP)
phosphorus removal capabilgiecreatinga need to identify avel nutrient removal methods.

Phosphorusentersthe environmenthrough a variety of well characterized pathways
(Figurel). Pointsource pollution is a quantifiable souraedtypically enters the environment
throughmunicipal and industrial WWTPsHuman waste, detergents, and indabkprocesses
are the primary phosphorus sources treated at WWTPs (Wind, 2007)}poNrsource (NPS)
pollution is more difficult to quantify and includes agricultural and urban runoff. Agricultural
industries use phosphorus in fertilizer and feedplipentswhich enter surface water through
runoff, erosion, and drainage (Wind, 2007). There is currentlyanphosphorus removal

mechanisnthat treats botpoint-source and nepoint source pollution.
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Figurel: Phosphorusources and their pathways to surface water (adapted from Wind, 2007)

Phosphorus Removal

Currently, phosphorus removal at WWTPs occurs in one of three ways: chemical
precipitation, biological processes, fotration (Morse, Brett et al. 1998; é@ashan and Bashan
2004; Boujelben, Bouzid et al. 2008)Chemcal precipitation involves the addition of metal
salts, like ferric chloride or alum. These salts combine with phosphorus to form insoluble metal
phosphateswhich are subsequentigmoved through filtratiorfMorse, Brett et al. 1998; de
Bashan and Bashan 2004Enhanced biological phosphorus removal (EBPR) utilizes bacterial
phosphorus uptakauring alternating anaerobic and aerobic st{lyesse, Brett et al. 1998; de
Bashan andashan 2004) EBPR stimulates bacteria that accumulate inorganic polyphosphate
as a part of their celldde-Bashan and Bashan 2004kach of these processes has advantages
and disadvantagesChemica precipitation isa process with simple installation and operation
while yielding high phosphorus removalThe disadvantages of chemical precipitation are the

high chemical costs and significant sludge produdiiarse, Brett et al. 1998)EBPR does not



require chemicals but is a more complicated system to insétile EBPR can remove 80% to
greater than 90% of phosphorus, the technology is inconsidflemse, Brett et al. 1998; de
Bashan an@ashan 2004)

Filtration has been identified as a key mechanism for phosphorus removal. Historically,
sorptiorbasedfiltration has been used as a treatment techn{§uestholm 2006) It is now
understood tat substrates can be chosen for their ability to adsorb poBuik@tphosphorus
Morse et al. (1998) identified limited sludge production and unaffected wastewater pH as
potential advantages. Additional research is necessary to identify adsorbents that are capable of
phosphorus removal below current EPBR effluamits.

1.2 Iron Oxides

Iron oxideshave a high capacity for moval and therefore have been a recent research
focus. Sibstrates that have been evaluatedude iron oxide coated crushed brigoujelben,
Bouzid et al. 2008as well adoth naturally and synthetically coated sg@bujelben, Bouzid et
al. 2008) Recycled substrates such as iron oxide tail{#@gsg, Li et al. 2004and irorloaded
orange wastéBiswas, Inoue et al. 2007are also being tested. Most recently, biogenic iron
oxideswere identified as a substrate with phosphorus removal potgiRietz, Turner et al.
2009)

Biogenic iron oxideshiavebeenused as a novel substrate pdrosphorus removéRentz,
Turner et al. 2009) These biogenic iron oxidegerform similarly, if not better, than other
natural and engineered iraxide substrateg¢Rentz, Turner et al. 2009)Previous research
achievedmaximum sorption normalized to total solids ranging from 10.8 + 0.7 to 39.9 £ 3.2 mg
P/g. It is understood that the biogenic iron oxides have the capability to remove P from solution.
Further biogenic iron oxideesearch is required to determine if they are a viable substrate for

flow-through filter technology.



Iron-oxidizing bacteria significantlaffect ironcycling in the natural environmenthere
they occupy specific niche$he bacteriaare microaerophilic, requiringxtremely low oxygen
concentrations, and they inhabit circumneutral pH environn{sigisbauer, Emerson et al. 2002;
Emerson and Weiss 2004; Weiss, Rentz et al. 2006n-oxidizing bacteria are found at the
oxic/anoxic interface, typically where anoxic sediments meet oxygenateuswat root zones
(Neubauer, Emerson et al. 2002; Rentz, Kraiya et al. 2007; Weiss, Rentz et al. T2@38)
bacteria survive in this niche to compete with chemical oxidation (Emerson and Moyer 1997).
The most common, morphologically distinct, iroridizing bacteria found in microbial iron
mats arelLeptothrix ochraceaand Gallionella ferruginea These bacterigenerate eitheiron-
encrustedsheathsor helical stalks, respectivelfNeubauer, Emersoat al. 2002; Hashimoto,
Yokoyama et al. 2007) Iron-oxidizing bacteria obtainnergy through the oxidation of Fe
which is deposited &&€*" in the form of stalks or sheaths. Iroridizing bacteria use oxygen as
their terminal electron acceptoiThe calculated avaitde energy, at a circumneutral pH, from
the oxidation of FEto Fé*i s | & @®G kJ Thand theHacteriar ttemfore grow

slowly (Neubauer, Emerson et al. 2002)

Iron oxidizing bacteria generate distinctive sheaths that ligkly an importantole in
their ability to adsorb contaminants The diameter of redhapedLepothrix sheaths is
approximately 1um with lengths up to 200 {iMashimoto, Yokoyama et al. 2007)t has been
theorizedthat the sheaths are likely brittle because of their limited length. Another defining
characteristic is # nanoparticles that line the sheath wilereby increasing the surface area.
The chemical composition, as determined by an energy dispersiag¢ Xpectrometer, was
roughly Fe:Si:P = 80:15:5 with even distribution along the shi@#dishimoto, Yokoyama et al.

2007)



1.3 Filter

Flow-through filters represent advanced wastewater treatmenbcess that is currently
being investigated as a technology necessary to meient phosphorus limits. Filter
technology implemented as a tertiary treatment aims to remove point source palhaibased
on pilot scale testingas been shown to laeviable option.Several design parameters influence
filter effectiveness. Riahi et al. (2008)found that posphorus sorption increased with a
decreased media size and an increased surface area. The microscopic size of the biogenic iron
oxide sheaths makes them an ideal filter substrate due to their increased surfaReaies.al.
(2008)alsoevaluatedhe effect of filter media depth daorbidity and phosphorus removal. The
lowest turbidity removal rates corresponded to rapid flow and low filter depth, and the highest
removal corresponded to the deepest column depth with lowest flow ratethese cass,
turbidity removalrates measured between28%, and posphorus removal was between eight
and 58% for the same flow and filter depth conditiR&hi, Mammou et al.) Based on these
resuls, column depth can be increased to improved P rem&edearch completed by Haque et
al. (2008)also positivelycorrelated filter bed depth and arsenic removal. Three bed depths were
tested (15, 30, and 50 cm) at the lowest flow rate (10 mL/min). kBreaugh occurred first in
the column with the smallest bed deptimcreased bed depth increasedlLFE CA6s sor pt i
capacitythereby delayingoreakthrough. This correlation was likely due to increased surface
area in the column. Haque et al. (2008) toded that a higher bed depth would increase
sorption capacity.

Surface area is another major characteristic that affects phosphorus sorption. Studies by
Riahi et al. (2008) used date palm fibers for tertiary wastewater treatment and concluded that
phoghorus sorption was enhanced by smaller media diameter and increased surface area. In a

similar study, sorbents included crystalline slag (CSC) and very coarse crystalline slag (CSVC)



whose surface areas were 0.50 m2/g and 0.37 m2/g, respectively (Hyknde, 2006).
Experimentally, CSC removed 0.3 mg P/g substrate compared to around 0.1 mg P/g substrate
removed by CSVC. These values illustrated the relationship between surface area and pollutant
removali increasing surface area increases sorptential.

Flowrate affect on filter efficiency variesepending upotthe pollutant being removed.
Riahi et al. (P08) studied the effect of flote on removal efficiency for several environmental
parameters including turbidity, chemical oxygen demand{{C&hd phosphorus. Turbidity and
COD showed no change in efficiency with flow rate. Phosphorus sorption, however, was
inhibited at increased flow ratesThe phosphorus results wdikely due to decreased contact
time with filter media at higher flow tes. Ayoub et al. (2001), however, found different results.
Their research examined phosphorus removal at five different flow rates (10, 20, 40, 60 and 80
mL/min) and found no correlation between removal efficiency and flow ratee disparate
findings could have beerdue to differentinfluent characteristicsAyoub et al. (2001) used
distilled water with orthophosphate and Riahi et al. (2008) used treated domestic wastewater.

1.4  Experimental Objective

Our laboratory previously showed that biogenic iraides have a significant capacity to
adsorb phosphorudhreedifferent field sites have been evaluated and shownotatain iron
oxidizing bacteriaFor this study, we expanded the experiments to apply the adsocagpacity
to a filter system.The objectives of this study were: (ig confirm significant phosphorus
removal using biogenic iron oxides as an adsorb@)tto evaluate parameters that influence

filter effectivenessand(3) to investigatebiogenic iron oxides as a filter media subt.



2.0 EXPERIMENTAL METHODS
2.1  Samplingand Sample Preparation

Ten biogenic iron oxides samples were taken at threations, Moose Creek Reservoir
near Bovill,Idaho (@, 2, 3, and ¥ Spring Lakenear PomerayWashington X, 2, and 3 and
Myron Lake near Yakima Washington 1, 2, and 3 (Figure 3). These sites were previously
identified within our lab as locations containing the iron oxide mats required forasearch
(Rentz,Turner et al. 2009) Samples were collectéa 1 L glass jars from March 2009 to August
2009 using 50 mL sterile plastic pipett@sgure 2). Between two and four liters were taken
from each site and jars were filled to the top, minimizing atmospheric oxygen exptrs\siti
parameters were analyzed including temperature, fattous iron concentrationHach
FerroVe), and dissolved oxygen concentration (YSIE5 meter).Samples were transported to

the lab in a cooler and refrigerated at 4°C prior to analysis.

Figure2: Site conditions at Spring ka (WA) are shown as well as sampling conditions



Figure3: Sampling site conditions at Moose Creek Reservoir (ID)

Biogenic iron oxides were chemically, physically, and morphologically charactdared
comparison Samples from each site were mixed in the lab to be used for batch equilibrium
experiments, filteexperimentsand kinetics experiments-ollowing a 24 hour 0.25 M oxalic
acid digest, total iron was determined using the Hach FerroVer method (n=3).sdlmts and
organic content were determined using the gravimetric method (n=4). Samples were
morphologically characterized using Laeica DMLB light microscope with SPOT softvear
(Diagnostic Instruments Inc.). Aqueous phosphorus was analyzed usingctn®lidénod 8048
and pH was recorded for the settled sample.

Prior to use in batch equilibrium, filter experiments, or kinetics, samples were washed
using a 0.1M sodium chloride solution to remove background phosphorus. The sample was
allowed to settle foat least four hours before the supernatant was removed and replaced with a
0.1M NaCl solution. The saline wash replaced between 40% and 60% of the total sample

volume. The samples were chemically and physically characterized again after the NaCl wash.



2.2 Batch Equilibrium

Standard methods were used for the batch equilibrium experiifiRensz, Turner et al.

2009) Batch reactors were setup using 50 mL capped tubes, phosphate stock solution, deionized
water and washed sample @)= Equal amounts of washed sample werequldn 50 mL sterile

plastic tubes. The sample volume was adjusted based on total iron concentration to achieve
approximately 10 mg of iron per reactor (no greater than 15 rgial reactor phosphorus
concentrations ranged from 0.326 mg P/L to 19.6Rfigand were prepared from a 326 mg P/L

stock solution. The stock solution was prepared uspdfK), and deionized water. The tubes

were rotated at 20 rpm for a 24 hour period, a time previously determined to be adequate to reach
equilibrium (Rentz, Turner et al. 2009)After rotation, the reactors were centrifuged at 4100

rpm for 10 minutes and the supernatant phosphate concentration was measured using the Hach
Method 8048.

An additional kinetics experiment was conducted to determine appropriate residence time
for thefilter experiments.A biogenic iron oxide sample (1,575 mg Fe/L) that had been washed
with 0.1M NacCl solution was evenly distributed to sterile plastic tubes (n=3). A 326 mg P/L
phosphate stock solution was added to yield an initial concentration 2fn&g5P/L, and DI
water was added to yield a 50 mL final volume. Tubes were rotated at 20 r.p.m. at room
temperature for 30 hours. Tubes were removed adigtermined intervals 16 times 8O hours
and centrifuged at 4100 np for 10 minutes. Analysis wacompleted using the Hach 8048
method.

Nontlinear curve fitting (IgorPro, Wavemetrics, Portland, OR U.S.A.) was used to fit the
batch equilibrium data and to produ8B% confidence interval statisticsPearson Rvalues
(Microsoft Excel) were used to @siate the appropriateness of each fitting equatioangmuir

and Freundlich fitting equations were used to analyze this Hategmuir (Eq. 1), Freundlich



( Eg. wasthe sotbedhosphorusoncentration (mg P/g), @asthe aqueous equilibrium
concentr at i guwasthe gnaximimadarbediconcentration (mg P/g),was the
Langmuir equilibrium constant, {Kvasthe Freundlich sorption capacity,wasthe Freundlich

sorption intensity constant. Both equations wel@ted and the associated coefficients were

calculated.
(1) 0 = (akb*C)/(1+b*C)
(2) adxsCr(1un)

2.3  Filter Setup

After several trial experimentadjusting flow regime, flowrate, and mixing, apflow
pumped system was determined to be optimatdorovingaqueous phosphatéd 1 to 4 mg/L
phosphate solution was mixed in a large reservoir, placed on shelving two and a half feet above
the filter. The initial filter setup hadubing from the reservothat was split by three onbkalf
inch connected tees to accommodate four reactor columnssam@®nly control and three
experimental columns. Flow control was achieved using stopcocks at the outlehalOneh
tubing was used to connect the reservothtoreactor column. The reactor outlet was reduced to
onequarter inch tubing which was connected to the stopcéactors were composed of one
inch insidediameter clear vinyltubing, in eight inch lengths.Fittings on each end of the
columns reducethe one inch diameter vinyl tubing to ehalf inch. One 80 mesh screen was
added to the base of each column to support the sand and iron okatds.column was filled
with 40g of clean sand tsupportthe iron oxides and then filled with 860 mL of ron oxide
sample(Figure5). The reservoir was used to fill four eher beakers with phosphate solution,
one for each filter colum(Figure4). A suction line in each of the beakers was attached to 1.4
mm Tygon tubing that ran through peristaltic pump cassettes. Fittings attached the 1.4mm

tubing to standard onguarter inchvinyl tubing that fed the reactor columns. Using the average

10



historical sorption capacity for each site (mg.d~e) as well as the flow rate and concentration
of PQy solution being fed to the column system, a concentration of iron required in thevaer

determined using EquatioBss.

3) (P04 in reservoir, %) * (f low rate, %) * (days to exhaustion) =

total PO4 through system,mg P04

total PO4 through system,mg P04

4 Ferequired in filter, mg Fe = mg PO%
(sorption capacity of sample, mg Fe )
Fe required in filter,mg Fe
(5) volume of sample,mL = ! ! mg Feg
(postwash Fe 'T)

Prior to runningthe pump and setting up the columns, the phosphate solution was run through
the pump up to the base of the sand. This ensured that the column would not drain any of the
iron oxides and filtration could begin immediately. The flowrate was set on thé&afigrigump

to 0.5 mL/min (0.720 L/day).

Figure4: The 1 L jars that fed each of the filter columns and the peristaltic pump used for the
final experiments

11



Figure5: An example of the filter columns whdilled with sand and biogenic iron oxides (3
experimental, 1 sand control)

Effluent from each filter was collected in a 1 L beaker to calculate flowrate. At each
sampling event, the volume of effluent water was measured in a graduated cylinder and recorded
on an Excel spreadsheet. A minimum of 6 mL sveollected in addition, tbe analyzedor
phosphate. The volume that was collected for sampling was added to the total volume of the
effluent to ensure accurate flowrate calculations. The phosphate concentration was determined
using Hach Method 8048 and recorded. Each morirg)reading was taken from each of the
feed jars (called fistandardo), but throughout
standard.Once per day the 1 L influent jars were refilled from the main reservoir.

After the peristaltic pump wasupchased, seven filter experiments were completed.
Rather than completing one experiment with three replicates, each column varied in some way.

The changes that were made to each column included iron concentration, the addition of

12



surfactants, and mixing Based on the previous weekos

optimized for the highest removal, with the fewest changes to the natural sample.

Changes were made to each filter column for every new experimental Selopse
Creek 1 consisted of downflow gravitfed columns andvaried by flow regime and iron
concentration.The first filter contained 100 mL of sample (14.5 mg Fe), the second had 150 mL
of sample (21.9 mg Fe), and the last filter was an upflow regimel@@mL of sanple. Moose
Creek?2 varied flowrates utilizing an upflow regime for all columns each with 100 mL of sample
(138 mg Fe) with a.2 + 0.24mg/L averagestandard solution in the reservoir. Stopcocks were
adjusted to change the flowrates.

Myron Lake1l sampe was used as the initiapflow filter experimentusingthe pump.

For this initial experiment, the filters were 4gt the same (n=3). Each column had 40g of sand
and 75 mL of sample (70 mg Fe).

Following the initial pumped experimengeveral alterdons to the raw sample were
attempted in order to improve removal efficiency Kbyron Lake 2 The sample was separated
into three jars with 300 mL each. The first, jaontaining raw sample onlwas hanemixed for
tenminutes, the second jar wagjorously mixed with a drill and paint mixer {2500 RPM), not
at full Sspeed, for seven minut e s-free @msdmert h e
detergentadded (0.033% of the total volume). These samples were settled overnight and 200
mL of supernatat was removed to increase the iron concentration. 79friteated sample
from each jar was added to the associated column (103 mgrRe)average standard solution
concentration was 2.220.09mg/L.

Alterations in detergent quantity were made for kMheose Creek 3ample. One filter

had no alterations to the naenhsumeadetergeridaa ltoe , t

13
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330 mL of sample (0.015% of v olcansumgr,deteagand t he
added to 330 mL of sample (0.030% of volume). Each sample wastiged for two minutes

and settled overnight. After settling, 200 mL of supernatant was removed to increase the iron
concentration. Each column had 75 mL of sample (284 mg Fe) and #8agcb Due to the

high iron concentration, and the high removal efficiency, this filter was run for 15 days. The
average phosphate concentration in the feed jars was 2.44 mg/L.

Lab-grade detergent was tested for the Myron Lake 3 samplee rav sample was
divided between three jars with 300 mL each. The first column had no alterations to the natural
sampl e, the second column had 100 eL of Trito
column had 1 0 @0 detergern {0.038% efewnhe). The average standard
phosphate solution was 2.81.01mg/L.

Moose Creek4 tested the hypothesis that mixing the sample would improve filter
efficiency. Two columns had 100 eL of Tweenf¢
washed sample One of the detergetiteated samples was stirred in the column every time a
sample was taken {8 times per day). Due to the high iron concentration, only 50 mL of sample
was added to each column (86 mg of Fe). The average concentration of the gthndphdite
solution was 3.92 0.06mg/L.

The purpose of the Spring Lak®experiment was to continue testing the Tween80
detergent as well as to test tdsorption capacity of theeetergent. Two columns contained iron
oxides, one with no alterationstoeé nat ur al sample and one with
of sample (0.04% of volume). There were two sanly columns, one was just sand and one

was treated with 100 €L of Tween80 in 40 g of

14



detergent wasemoving any of the phosphate. Each iron oxide column had 60 mL of sample (72
mg Fe)and the averagehosphatstandard solution was 4.@00.02 mg/L

The $ring Lake 3sample was treated with Tween80 for four hours before the filter was
setup. Onecomn had no alteration to the natural sa
mL of sample (0.04% of volume), and one had 5
of volume). For this final experiment, we wanted to test the impact that a large volume of
detergent would have on the sample. Each column received 65 mL of sample (56 mg Fe) and a

3.03+ 0.04mg/L phosphatsolution was fed to the columns.

Standard
Solution
Feed
Reservoir

Biogenic Iron
Oxides
Sand
support

Effluent
Collection
Reservoir

Figure6: A schematic of the filter setup. Flow direction is indicated by the blue arrows.
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3.0 RESULTS
3.1  Site Characteristics

Sampling location site characteristics were favorable for biogenic iron oxidizing blacteria
growth(Tablel). Circumneutral pH andqueoudron were availabldor the growth of biogenic
iron oxides. The field biofilm pH ranged from 6.6 to 8 for all sites, reinforcing the necessity for
circumneutal conditions. Average aqueous irga measure of the overlying site watgas 4.44
+ 0.65 mg/L at Moose Creek during the early spring and 20.14 + 11.11 mg/L in the summer.
This change over time is expected because as the sample ages there is mi@kegoaatt, and
therefore more iron production. Throughout the summer the iron is built up and causes a
significant increase in aqueous iroAqueous iron for Myron Lake 2 and 3 were 4.0 and 1.1
mg/L, respectively and the Spring Lake sampbageragewas 12.72 + 7.44 mg/L. The
temperature ranged from 2 to 17.5°C, indicating the wide range of temperature conditions
available for biogenic iron oxide growth
Tablel: Summary of physical and chemical site and sample charactewsticsne standard
deviation reported. Dissolved oxygen, pH and temperature were measured within the biofilm
onsite. Aqueous iron (E§ was a mease of the overlying site watend total iron was the total

iron concentration in the biofilm sample. Vatithat were not reported resulted from
unavailable or broken sampling equipment.

Sample| pH [Temp (°C)|PO,*(mg/L)|DO (mg/L)| Fe** |Tot. Fe (mg/L)|Dry Wt. (g/L)
M21 | 7.6 4.0 1.61 - 4.90+ 0.5 137.1 +13.4| 1.45+0.1
M22 | 8.0 2.0 0.45 - 3.98+ 2.0 746.7 +43.2| 2.55+0.2
M4 | 71| 122 0.16 0.66 |28.0+3.41426.3+52. 3.67+0.1
M25 - 14.9 0.38 1.50 [12.28 +3.61957.1 + 49.d 8.26+ 0.2

YK10 | - - 0.17 - - 490.0 + 31.6] 1.23+0.1
K11 | - - 0.64 - 4.01+0.9 242.1+13.4] 0.83+0.0
yk12 | - - 0.43 - 1.10 + 0.0 519.2 + 41.4| 1.21+ 0.0
stz2s | 79| 175 0.85 0.62 |20.88 + 4.91577.9 + 105.5 5.10 + 0.1
sL2s | - 17.8 0.27 0.50 [10.85 + 2.61085.0 + 40.] 4.51 +0.2
sL30 | 6.6 | 16.3 3.17 0.80 |6.33+0.1 953.8+63.1] 2.37+0.0
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DO readings confirmethe microaerobic requirements thfeseiron oxidizing bacteria.
Microaerobic conditions are defined by Brock Biology of Mmmrganisms as less than
atmospheric concentrationshich is around 20%. Other literature defines microaerophilic as
7% of air saturation, which is around 0.6 mg/L (Tseng e1296). Due to the timing of the
purchase and the locations for sampling, only a few samples have DO readings. DO for Moose
Creek 3 was 0.663 = 0.29 mg/L, Moose Creek 4 was 1.5 mg/L, Spring Lake 1 was 0.615 + 0.05
mg/L, Spring Lake 2 was 0.497 + 0.13, and Sptiage 3 wa®.797 + 033 mg/L.

Differences found between sampling sites were reflectedtah iron, drydensity, and
organic contentMoose Creek samplespecifically illustrated changes that occurradth the
seasonsThe first sample was taken March™.2009 and the total iron concentration was low,
137.1+ 13.4mg/L. The dry density and organic content for this samplewet5 + 0.06 g/L and
0.443 + 0.01g/L, respectivelyThe next sample was taken March’23009 and visually, thsite
had changedramatically.lt was darker in color ansdettled on the bottom of the wetlankhe
total iron concentration was 746.7 = 431®)/L, the dry densy was 2.55 + 0.1@)/L and the
organic content was 0.7480.08g/L. Two samples were taken in the summer (MoGseek 3
and 4), June 1% 2009 and July 2 2009.Moose Creek 3 haan average total iron of 1426.3 +
52.5mg/L, dry density was 3.6 0.13g/L, and organic content was 0.90 + 0@/L. Moose
Creek 4 hadn average total iron of 1957.1 + 49.8 mg/ty density was 8.26 + 0.2¢/L, and
organic content was 1.86 + 8.0ng/L. These results indicaleghat the sample at Moose Creek
Reservoir became more concentrated with iron over time as well as having an incrgased dr
density and organic content.

Samples from Myron Lake and Spring Lake had more consistent total iron, drytglensi

and organic content valueBhe average total iron, dry density and organic corfterall three
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Myron Lake samples were 499.%# 36.5 mg/L, 3.33 + 1.92y/L, and 0.30 = 0.16g9/L,
respectively. The average total iron, dry density and organic cdoteall threeSpring Lake
samplesvere1205.6 =+ 329.Ing/L, 3.99 + 1.45 ¢g/L, and 1.05 + 0.96L, respectively.

Normalizing the iron content and organic content to total safideated that a similar
ratio of iron and organics are present at each samplingrsite¢his range of values is necessary
for the biogenic iron oxide growth. By analyzing the data this way, we are able to compare each
site and understand the growth regments of these bacteria. The iron and organic
concentration ranged from 137.1 to 1957.1 mg/L and 0.183 to 1.858 g/L, respectively. Over one
order of magnitude existed between all of the sampling sites. The iron/solids ratio ranged from
0.095 to 0.43Yercent iron in the samples. The organic/solids ratio ranged from 0.199 to 0.312
percent organics in the samples. These results indicate that arcd@éoldr the total solids are
iron and around 230% of the total solids are organics.

All of the biogenic iron oxide samples showed a significant capacity for phosphorus
adsorption. The sorption isotherms followed expected visual tremase sorption to biogenic
iron oxides tailed off at high concentrations. This suggests that the sampe® satuated
with respect to phosphorus. Thangmuir isothernspecifically models saturation, amgghve
Pearson Rvalues between 0.146 and 0.995 and the Freundlich isotherm gave Pavabre®
between 0.221 and 0.897. The Langmuir equaironided the bedit, visuallyindicating that a
maximum phosphorussorption was achieved. The fitting coefficiersisd maximum sorption
((ma) valuesare providedn Table2.

PearsorR? and {ima values varied drastically for each sit€he Moose Creek sites had
the highest Rvalues, ranging from 0.940 to 0.995, but achieved the loliygstwhich ranged

from 7.7+ 0.01to 16.9+ 0.4mg P/g solids. The opposite results wenend for the Myron Lake
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samples. The®Rv al ues

19.8+ 0.7to 25.4+ 2.3 mg P/g solids which asmuch higher than the Moose Creek samples.
An inverse correlation can be seen between organic conterit,@nd The organics can block
sorption sites on the iron oxides inhibiting sorption capacity. This relationship likely controls the

low {ima Values seen at Moose Creek and Spring Lake. Fepresentative batch equilibrium

ranged

experiments are illustrated Figure7.

from O.

146

t Ghay Wasféo® 9 ,

Table2: Isotherm coefficients for the Langmuir and&ndlich equation®©5% confidence
interval reported

Langmuir Freundlich
O o solids| D Pearson R Kt solids n Pearson R
M21 [14.7+1.21.9+0.6 0.940 M21 6.6+1.0 0.34+0.1 0.842
M22 [16.9+0.§4.2+0.8 0.979 M22 89+1.1! 0.30+0.1 0.878
M24 [125+0.23.3+0.4 0.989 M24 | 79+0.6 0.26 +0.05 0.874
M25 | 7.7+£0.1 24+£0.2 0.995 M25 | 46+04 0.25+0.05 0.897
YK10 |25.4+4.70.8+0.3 0.735 YK10 |10.1+1.5 0.41+0.1 0.623
YK11 [21.7+5.04.9+46 0.146 YK11 |16.1+24 0.17 £0.1 0.221
YK12 [19.8+1.41.5+05 0.889 YK12 |10.9+1.3 0.26+0.1 0.758
SL28 | 6.2+£0.41.3+£0.4 0.930 SL28 | 3.4+05 0.24+0.1 0.748
SL30 (12.7+1.31.2+0.5 0.908 SL30 | 6.4+£1.0, 0.29+0.1 0.771
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Figure7: Representative batch equilibrium plots from each sampling sfteal&es are reported
for the Langmuir isotherm, which provided the best fit for all of the samples. Batch equilibrium
plots for every experiment are provided in Appendix B.
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Biogenic iron oxides proved to be efficient phosphorus adsorbents and perfoatied
compared to other irench materials(Figure8). Phosphorus sorption is presented normalized to
total solids and all replicates are shown. Iron substrates used for comparisarowerede
coated sand, engineered materialsck andmetatloaded orange wagteand recycled materials
(tailings and two juniper fibers)The sorption range is quite significant, from less than 0.50 mg
P/g solids for the sand materials to greater than 25 mg P/g solids for some of the biogenic iron

oxides.

Juniper Fibers .

Juniper Fibers .
iron Oxide Taitings [N
Metal Loaded Orange VWaste _

Crushed Brick
Sand
MNatural Coated Sand

Synthietic Coated Sand

Spring Lake 3

Spring Lake 2

Moose Creek 4

Moose Creek 3
Moose Creek 2

Moose Creek 1

0 5 10 15 20 25 30
Sorbed P (mg Pfg solids)

Figure 8: Maxi mum phosphat.gsng®/@g dolids)gas seetalarangriohu i r
substrates.Sand substrate was from Boujelben et al. (2008)eidBubba, Arias et al. 2003
Engineered materials (brick and orange waste, respectively) were acquired from Bastin et al.
(1999) and Boujelben et al. (2008). Puren oxides, goethite and akaganeite, were from
Chitraker et al. (2006). Recycled materials were tailings from Zeng et al. (2004) and juniper fiber
from Han et al. (2005).
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Phosphorus sorption kinetiggere rapid, removingigy-five percent after just oneour
and eighty percent after three ho{sgure 9). 24 hours, however, were required to reach
equilibrium. For batch equilibrium studies, 24 hours is a practical timeframe, but for any
engineered application, including filtration, 24 hoisgranreasonable. Eighty percent removal in
three hours was significant because the contact time for each of the columns was between one
and three hours. Three hours is a practical time period for the design of engineered applications.
The Simple Elovib model provided the best fit for the kinetics data with 4rofR0.988, but
other kinetic modelprovided acceptable fi{§ able3).

Table3: Coefficients for common kinetic models; 95% confidence intervals are reported.

Kinetic Model Coefficients R®

Power Function a 1.52& 0.071 0.965
S/Se = b*t? b 0.15%* 0.008

Simple Elovich a 1.013 0.038 0.988
Sr/Se = a + b*In(t) b 0.46% 0.008

Parabolic Function a -0.006+ 0.0004 0.926
Si/Se = a*t + b b 0.34% 0.015

2" order kinetics a 0.019 0.003 0.838
Sr/Se = t/((L/(a*))+t/b) b 3.95@ 0.090

1% order kinetics a -2.750+ 0.089 0.960
St/Se = a*expEb*t) b 0.00& 0.0005
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Figure9: Phosphorus sorption kinetics for biogenic iron oxides (Spring Lake 1) over 30 hours
(n=3 at each time point)

3.2 Preliminary Filter Results

These biogenic iron oxide characterizations were used to develop a column filter for
phosphorus removallnitially, a simple downflow gravity system was constructed and evaluated
for phosphorus removal using biogenic iron oxides as a fitdastrate After running this
experimentfor oneweek (Moose Creek 1), it was observed that the system remained dynamic
and no steady state was achieved during the monitored period. The iron oxides settled on top of
the sand decreasing porosity therelagreasing flow through the filt¢Figure11). Due b the
clogging in the filter, the stopcocks were opened at every sampling event to increase the
flowrate, therefoe decreasing the flowrate accuracy. The lack of control over the flowrate

required changes to the experiment.
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Results from preliminary filter experimerdstermined the need for an upflow regime. A
1 mg/L standard solution fed three experimental cokithat differed by flow regime and iron
concentration. The downflow filter (14.5 mg Fe) had an average effluent concentration of 0.49 +
0.23 mg/L, with concentrations ranging from 0.11 to 0.90 mg/L. The average percent removal
was 53 + 21%. Thetherdownflow filter (21.9 mg Fe) had an average effluent concentration of
0.71 + 0.25 mg/L, with concentrations ranging from 0.08 to 0.94 mg/L. The average percent
removal was 31 + 22%. The upflow filter (14.5 mg Fe) had an average effluent concentration of
0.16 £ 0.18 mg/L, with concentrations ranging from 0.0 to 0.58 mg/L. The average percent
removal was 84 + 16%. The upflow regime performed dramatically better than the two
downflow filters (Figure 10). This improvement wadikely due to increased contact time
between the suspendidn oxidesand the phosphate solution

In an attempt to keep iron oxides suspended and stabilize the flowrate (Moose Creek 2),
the filter system was redesigned to allow for upflow conditions. The upflow system texhibi
some settling, but the irooxides remained largely suspended when compared to the downflow
system. Screens were placed at the top of the reactor columns to keep txédiesrwithin the
filter. It was determined, however, that the screens led to clogging at the outflow of the filters,
so they were removed. Maintaining a constant flowbaEame an issue over tirfféigure 11),
and the stopcocks stilere adjusted at every sampling event. Iron oxides would clog the
screens containing them within the filter causing head losses and reducing flow.

Utilizing all upflow filters and vaying the flowrates confirmed the hypothesis that-low
flow conditions would improve removal efficienciesThe second filter setup had upflow
columns, each with 100 mL of sample (138 mg Fe) and a 2 mg/L standard solution in the

reservoir. The intent was have a different flowrate in each column, by varying the position of
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the stopcock. Due to the changing flows and clogging, however, achieving this consistently was
unattainable. Over all three filters, the effluent concentrations ranged from 0.GBL.tod/L,

with an average concentration of 0.69 £ 0.35 mg/L. The average percent removal for all three
filters was 68 £ 17%. Analyzed independent from one another, thidawfilter performed the

best (85 £ 7% removal, compared to 64 + 18% and 57 * fbt%he medium and high flow
filters, respectively). This improved removal at low flowrates (average 0.66 + 0.56 L/d for the
low-flow filter) is likely due to increased contact tim&he filter results for the upflow filters

with varying flow rates (Moas Creek 2) are represented graphicallyFigure 10. The
relationship between flowrate and effluent concentration is represerfegure12. For Moose

Creek 2, the best removal rates were achieved below 1 L/d. Becausg afftbwrate less than

1 L/dwas used for the pumped experiments.
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Figure 10: Preliminary filter results including flow regime changes (downflow vs upflow) and
flowrate changes (low, medium, and high flow). The improved efficiency using an upflow filter
is shown in the first plot. Decreased effluent concentrations werel fonder the low flow
conditions for the second plot.
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Figure 11. Highly variable flowrates observedithin filters containing sample fronMloose
Creek 1 and Moose Creek 2The control column contained no biogenic iron oxides and

therefore was able to achieve a relatively stable flowralbe peaks observedh flowrate
occurred when the stopcock at the outlet was opened to increase flow.
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Figurel2: Flowrateversus effluent concentrations are graphed to determine the most appropriate
flowrate for the pumped filter system. The second experiment (upflow filter) achieved removal
lower than 0.75mg/L P{¥or flowrates less than 1 L/d.
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3.3 Final Filter Results

The final filter setup incorporated results from the two preliminary filter experiments and
was initially tested with three column replicates. All three columns for each experiment had an
upflow regime. Each column contained the samenaelof sand and sample. Most importantly,
flow was controlled using a peristaltic pump. The flow rate was set at 0.5 mL/min (0.720 L/d
0.190 gpdl, a value that was determined based on flowrate versus effluent concerdettion
(Figurel?2).

Reproducible results were obtained using the upflow fdtefigurationwith a peristaltic
pump. The effluent concentrations for all three columns ranged from 0.44 to 2.23with/a
standard solution of 2.55 mg/L. The average percent removal for all three columns was 45% +
18%. The entire data set is representeBligure 13. Additiondly, with the exception of one
outlier, the standard error was always less than 20%e first pumped experiment, however,

exhibited peferential flowghat inhibitedsignificant phosphorus removal.
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Figure 13 Effluent phosphate concentrations for all three filter replicates showing the
reproducibility of the pumped system.

This sample was not well separated and therefore led to preferential flows through the
iron oxides. Pathways were visually evident thiodige iron oxides and it is likely that this
reduced removal rates he preferential flows inhibited contact with the iron oxidés.the end
of the week, a dye test was completed. Blue food coloring was added to the feed water for the
filter columns. This water was run through the columns for two hours in order to see the flow

pathways in each column. Preferential flow was evident in each oblinens Figurel14).
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Figure 14: Preferential flows observed during an upflow pucomtrolled filter experiment
indicated by blue dye flowing through the iron oxides. Pathways similar to this were evident in
each of the threeeplicates for the first pumped filter experiment.
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Due to the physical nature of the sample and the preferential flows, sample disruption
was necessary. The raw sample®gre gelatinous in nature and microscopically, the
interconnection of the sheaths da@ seern(Figure 15). These linkages prevent the flow from
going through the sample and decrease removal. In order to improve contact time andl remova
efficiency the samples were disrupted with incrementally increased levels of disturbance. The
first sample was hanchixed, similar to previous samples, the second was violently mixed with a

drill and paint mixer, and the last was chemlicdisrupted ug a consumer detergent.

Figurel5: A 400X microscopic image of the biogenic iron oxides highlighting the
interconnections between sheaths. These interconnections led to preferential flows and reduced
removal efficiencies.

Filtration efficiency improvements were observed when samples were disrupted
suggesting samples were inhibited by preferential flomigron Lake 2 tested the theory that the

addition of a surfactant would decrease the surface tension and remove pedféi@ns.
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Column 1 (handnixed), Column 2 (drilmixed) and Column 3 (detergent) removed 55% =*
17%, 42% + 17%, and 78% = 7% of the phosphagspectively Figure 16). The detergent
treated column achieved greater than 70% removal for the majority of the three day experiment
period. The handmixed sample results are similar to those seen from the previous week and are
as expected. The drthixed sample performedhé¢ worst, likely due to the extreme physical
disturbanceof the sample. Finally, the detergent amended sample performed significantly better
that the others This isbecause the detergent works to break up the surface tension without
altering the iron oxles. A secondlye test completed for this experiment confirmed that

detergent addition in small volumes to the iron oxides eliminated preferémiial (Figurel7).
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Figure 16. The detergent amended (0.033% of total volume) iron oxides (Myron Lake 2)
performed significantly better than either of thell-mixed samples.
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Figurel7: Photographdlustrating the preferential flows in the hanidxed and drill mixed iron
oxides. The detergent amended filter did not have the flow pathways thathie two
indicated.
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