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Abstract

Groundwater beneath a former industrial Bitd ukwila, WA contains dissolved metals
and organic material at high levels,veall as elevated pH (102). Contaminated groundwater
discharge to sitadjacent waterways must be controlled to minimize impact to potential
receptors. In a preliminary study, the efficacy of five amendment®¢emiapatite, granular
activated carbonGAC), ThiokSAMMS®, and limestone) was examined for the removal of
copper, lead, vanadium, and arsenic for both unaltered awadijidted (pH = 8) site
groundwater in laboratory batch studies. Dissolved metals and dissolved organic carbon (DOC)
concentrabns in site groundwatevere measureldoth before and after pH adjustment, and after
application of amendmentgH adjustment generally improved amendment performance. The
greatest reductions in dissolved copp#Eg), lead 62%), and vanadium (62%pncentrations
were observed under pitljusted conditions in the presence of apatite. TRANMMS® also
performed well under ptadjusted conditions (Cu986 reduction Pb: 4% reductionV: 24%
reduction), and also removed both copp&/Feduction) anddad (3% reduction) at the
original pH. GAC was somewhat effective at removing lead under all condifi&+8)%o
reduction) and coppeB{% reduction) when the pH was adjustadd also reducddOC
concentrations under all conditiong{27% reduction). Thse results suggest that a strategy
using pH adjustment and some combination of apatite, -BAMMS®, and/or GAC may be
best suited for remediation at this site.

Further studies testing combinationgohe chafin place of apatite)GAC, andThiol-
SAMMS® were performedin addition, thempacts of air sparging and pdljustmenthrough
addition ofhydrochloric acid or ferrous sulfate heptahyd(@&@eSQ:7H,0), a coagulant

commonly used in conventional water treatmegre evaluatedrhe introduction of



FeSQ:7H,0 resulted in the formation of coagulation solids, further decreases aft@tihe
coagulation solids were removed, and the largest significant reductions of dissolved copper (at
most 81%), arsenic (72%), vanadium (80%), BX@IC (88%) of any treatment evaluated.
Spargng with air increased reductisof leadconcentration$or all pH adjustment strategieadh
slightly increased reductianf vanadiumconcentrationsnly when the pH was adjusted with
FeSQ:7H,0. Combinations obone char, GAC, anthiol-SAMMS® generally did not confer a
substantial advantage over single amendment treatnBante.char, though, acted as a buffer to
curb furtherdecreases pH after coagulation solids were remové&te drops in pH after the
coagulation solids were removed, either with or without air sparging may be related to the
oxidation of residual ferrous iron, but it is unclear if this single mechanism can explain the
magnitude of the observed pH declines.

Usingthe ferrous sulfateeatmentstrategypotentially combined with passive barrier or
cap of bone chaflow-through column experimeswill be designed to showow
implementation of the strategy would impact the subsutigdeologyand to determine whether

this strategy can achievapplicable or relevant agpropriate requirements (ARARS).
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1.0Introduction

1.1 Site Background

The former Rhond€oulendacility is locatedn Tukwila, Washington at 9299 East
Marginal Way SouthThe site is bounded on two sides by water: the Ldevamish
Waterway to the west and Slip 6 to the sqilgurel). Industrial useof the site began in the
19306s when | .F. Laucks Co. constructed a pil
manufacturingDuring the latter part of World War I, the eastern portion of the site was used as
an internment camp for Italian prisondrs 1949, Monsanto Chemical Company purchabked
facility and continued the manufacture of glue and bggaducng paints, resinsand wood
preservatives. Monsanto began vanillin production in 1952, which continued until the sale of the
property to Rhon€oulenc, Inc. in 1985. Rhoigoulenc closed thiacility permanentlyn April
1991 and transferred the title of the property todRa, Inc. in January 1998. Rhodia sold the

property in July 1998 to Container Properties L.L.C., the current owner.
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Figure 1. Site map of former Rhof®ulenc facility (Geomatrix, 2008)



Because the facility stored hazardous wastes, it was subjectragitheements of the
Resource Conservation and Recovery Act (RCRA). Monsanto submitted notice of application for
permitting under RCRA in the form of a RCRA Part A Interim Status Permit Application. The
site is under RCRA interim status and site envirortalessues are regulatedder RCRA.

In 1986, Dames and Moore, Inc. (1986) performed a site screening investigation for
RhonePoulenc. After acquiring the property from Monsanto, RHBaelenc wanted a thorough
understanding of any potential soil or growader contamination at the sifEhe investigation
included the installation of eleven groundwater monitoring wells that were sampled for a range
of hazardous constitueniBhe report documented that wastes and waste materials had been
spilled and disposeah site, and concluded that the potential for contamination of groundwater
existed Hazardous constituents, including toluene, were detected in groundwater.

In 1990,the United States Environmental Protection AgeidyA) performed a RCRA
Facility Assessment (RFA) of the entire facilf§RC Environmentailanagement, Inc1990)

The RFA determined that hazardous wastes and/or hazardous constituents had been released to
the soil and groundwater as a result of past a@svdik the facility. Thesactivities included

pipeline and tank leaks of toluene and caustic materials, disposal of autoclave scale and other
waste materials, and use of waste vanillin black liquor solids for weed control.

In 1991, an independent site ass®ent was conducted by Landau Associates for Boeing
Environmental AffairdLandauAssociates, In¢.1991) This assessment evaluated soil and
groundwater quality on the terrestrial portion of the property; sediment and seep quality were
evaluated on the anine portion of the property. Consistent levels of contaminants of concern
were detected at numerous areas onsite. The assessment concluded that at leasiofwbearea

site would require remediation at an estimated lbesteerb.6and12.3 million dolars.



In May, 1993, Rhond?oulenc and EPA entered into an Administrative Order on Consent
using EPAOGs corrective action authority in Se
contaminants at the facilitfthe Order on Consent sets forth the processHtigh an
investigation and cleanup of the facility is to be conducted, and requires-Rbalecand any
subsequent owners of the propedyerform a RCRA Facility Investigation (RFI), Interim
Measures (IM) if necessary, and a Corrective Measures 80M$), as well as the option to
conduct the final corrective measure selected by the BRyer CropScience (the current
corporate successor of RheReulenc), Rhodia, and Contairf@operties are all responsible for
carrying out the actions required the Order on Consent.

The RFI was completed in 1995 (CH2M Hill). It documented the presence of hazardous
constituents in the soils and groundwater. Most of the contamination was shown to be located on
the western portion of the sjt@here the former prossing plant and storage areas were located.
Subsequent studies conducted in support of an interim measure design included Geoprobe and
geotechnical investigations (URS, 2002) and a Geoprobe investigation (AGI Technologies,
2001). The Geoprobe sample reswhowed that shoreline areas along the Duwamish Waterway
and Slip 6 contained elevated pH readings and elevated concentrations of metals, including
copper, arsenic, and mercury.

Based on these previous investigations, the EPA required a hydraulic autetrioh
measure (HCIM) to stop discharges of hazardous constituents into the Duwamish Wakhaevay.
HCIM consiss of two components: a subsurface barrier wall and a groundwater extraction and
treatment systerfFigurel). From January to July 2003, a lowmeability, subsurface barrier
wall was costructedn the western portion of the sii@ discourage contaminant migration into

the Duwamish Waterwagnd Slip 6 The barrier walconsists of grout and is approximately 70



feet deep; it impproximately 50 feet inland from the waterway and the Shpgroundwater
extraction and treatment system veasnpleted in 2004 to establiah inwarddirectedhydraulic
gradient from the waterway'he extracted groundwatertreated using granular aetted
carbon (GAC) and discharged to a publicly owned treatment wbhiesHCIM is monitored
with a network of monitoring wells with a monitoring program designed to evaluate groundwater
levels and chemical constituents in groundwater both within an@tlewthe HCIM area.

In the spring of 2006, Container Properties informed the ER& désire to proceed
with the redevelopment of the sitgeveral additional investigations of historical structures and
buildings, potential waste disposal areas, amdpsuuncovered durintperedevelopment
processvere conducted:

1 Prior to redevelopment, buried facility structures, sumps, and basements were
investigated (Geomatrix, 2006a). Elevated concentrations of metals, semivolatile
organic compounds (SVOCgplychlorinated biphenyl@CBs) and toluene were
detected in the former Scale Pit of the main warehouse, the Copper Sump, and the 1
120 Sump. All liquids andadids were removed from these strues, stabilized, and
disposedroperly

1 During redevelopmd, soil near the former Hazardous Waste Storage Area catch basin

was found to contain total petroleum hydrocarb@mH), SVOCs, and metals
(Geomatrix, 2006b)Theaffected soil was removed, arttie catch basin was pumped
and abandoned in placklso, aformer electrical transformer had leaked and
contaminated the underlying soil with TRiiesel (TPHD). The transformer was
removed and thirtgix tons of TPHD-affected soil was excavated and disposed of

offsite.



1 During regeding of the site, a formanil/water separator was discovered and
investigated (Geomatrix, 2006d)he oil/water separator was drained of all liquids and
solids stearacleaned, and abandoned in place. Materials removed were stabilized and
treated offsite.

1 Areas of the eastern ponti@f the site were investigated for possible soil contamination
(Geomatrix, 2006d). Contaminated soils were excavated and removed.

1 Soil in the northwest corner of the property outside of the barrier wall was characterized
for copper, TPHyasoline (TPHG), and TPHD (Geomatrix, 2007)Half of the copper
affected soil placed in the contained area within the barrier wall. The remainimgasoil
disposedffsite.

As part of the redevelopment activities, the property was split into two Parcels: the East
Parcel ad the West Parcdh the extreme southwestern corner of the East Parcel, soil and
groundwater exceed projespecific cleanup goals with respect to toluene. Corrective actions,
including air sparge, biovent, and soil vapor extraction systems, were @ulog were
operated from Deceloer 2008 to June 2010. The East Parcel is now owned by the Museum of
Flight. The West Parcelias regraded and repaved amdow leased by Container Properties to

International Auto Auctions, Inc.

1.2 Historical Groundwater Datand Trends

Before the installation of the barrier wall, high concentrations of copper were
documented in the shallow groundwater along Slip 6 between the South Well Cluster and the
Southwest Well Cluster (Figure 1ipstallation of the baier wall to control contaminants that
are discharging into the Lower Duwamish Waterway and Slip 6 appears to have cut through the

source of groundwater contamination, leaving some of it outside the barrier wall and without the
6



original hydraulic gradierthat was forcing contaminants into the adjacent water bodies. The
stranded mass of contamination is now subject to other gradients, shoksesfthe tides
which have strong vertical components

Physical parameters, conventional analytes, filtereisiandnonfiltered metals data
werecollectedfrom MW-44 in the shallow zone of the South Well Clustepart of the required
monitoring progranafter the installatiof the subsurface barrier wall. s3ummary of physical
parameter and conventioralalyte datas provided in table Idatespecific data available in
Appendcesl and 2) Applicable or relevant and appropriate requirements (ARARSurface
water (freshwater and marinegreobtained from the Cleanup Levels and Risk Calculator
(CLARC) Database (maintained by the Washington State Department of Ecology at
https://fortress.wa.gov/ecy/clarc/ CLARCHome.aspmdare shown irAppendix>5.

Table 1. Maximum, minimum, median, and average measured historical values for physical
parameters and ceantional analytes groundwater from M\A44,

Parameter Maximum| Minimum | Median| Average
Physcal Parameters
Temperature (°C) 16.71 11.74 14.58 14.79
pH 12.45 9.80 10.97 10.93
Specific Conductance (mS/cn 8.06 0.680 4.84 4.91
Dissolved Oxygen (mg/L) 134 0 1.46 0.24
Redox Potential (mV) 2 -837.88 | -375.32 | -409.15
Turbidity (NTU) 999 0 79.9 13.6
Conventional Analytes
Nitrate (mgN/L) 14 <0.05 0.492 0.403
Nitrite (mg-N/L) 1.0 <0.1 0.361 0.225
Nitrate + Nitrite (mgN/L) 14 <0.1 0.497 0.403
Ammonia (mgN/L) 5.42 2.20 3.61 3.35
Total Phosphorous (rag/L) 21.40 1.84 7.23 6.28
Sulfate (mg/L) 326 53 167 160
Sulfide (mg/L) 29.90 0.21 10.32 9.15
Chloride (mg/L) 92.2 62.8 78.8 76.9
Alkalinity (mg/L as CaCQ) 2980 1000 2256 2490




Table 2. Maximum, minimum, median, and average measured historical values for filtered

metals and nofiltered metaldn groundwater from M\A44.

Parameter Maximum | Minimum | Median| Average
Filtered Metals
Aluminum (mg/L) 1.50 0.78 1.02 1.02
Cadmium (mg/L) <0.002 <0.002 <0.002 | <0.002
Calcium (mg/L) 24.10 8.44 14.06 12.40
Chromium (mg/L) 0.057 0.026 0.035 0.033
Copper (mg/L) 0.165 0.048 0.108 0.109
Iron (mg/L) 13.9 6.76 9.77 9.80
Magnesium (mg/L) 9.35 0.88 3.94 3.04
Manganese (mg/L) 0.755 0.169 0.390 0.352
Nickel (mg/L) 0.02 <0.01 0.01 0.01
Potassium (mg/L) 12.60 8.30 9.49 9.25
Selenium (mg/L) <0.05 <0.05 <0.05 <0.05
Silicon (mg/L) 668 83.5 471 495
Sodium (mg/L) 1320 634 918 891
Vanadium (mg/L) 0.555 0.259 0.330 0.295
Zinc (mg/L) 0.013 <0.006 0.009 0.008
Arsenic (mg/L) 0.014 0.001 0.005 0.004
Lead (mg/L) 0.015 0.002 0.009 0.009
Mercury (mg/L) <0.0001 <0.0001 | <0.0001| <0.0001
Thallium (mg/L) 0.003 <0.001 0.001 0.001
Non-Filtered Metals

Aluminum (mg/L) 1.88 0.90 1.28 1.20
Cadmium (mg/L) <0.002 <0.002 <0.002 | <0.002
Chromium (mg/L) 0.068 0.023 0.044 0.043
Copper (mg/L) 0.207 0.027 0.137 0.147
Nickel (mg/L) 0.02 0.01 0.02 0.02
Selenium (mg/L) <0.05 <0.05 <0.05 <0.05
Silicon (mg/L) 121 121 121 121
Vanadium (mg/L) 0.587 0.222 0.405 0.406
Zinc (mg/L) 0.025 0.006 0.013 0.011
Arsenic (mg/L) 0.029 <0.001 0.010 0.008
Lead (mg/L) 0.02 0.00 0.01 0.01
Mercury (mg/L) <0.002 <0.0001 | 0.0002 | <0.0001
Thallium (mg/L) <0.002 <0.001 <0.001 | <0.001

Plots showing the trends in aluminum, arsenic, coppad, vanadium, and zinc

concentations from MW44 are given in i§ure2. The gray stripe represents the period of time

8



when the subsurface barrier wall was being construétbere filtered metal results were not
available, filtered metal concentrationsne estimated using the median ratio of dissolved to
total metals observed before filtered metal data became unavailahles reported at the
detection level are not represented in the plots, but can be fodmpbendices and 4.

Aluminum concentratios increasedubstantiallybeginning in June 2004, but fell back topre
June 2004 levels in June 20@0r brief periods posiune 2007, dissolved aluminum
concentrations are estimated to have fallen below the acute ARA&E&nic concentrations
generally semed to increase after the installation of the barrier wall, though treenesislerable
variability. Never has arsenic exceeded the most strirgeanhic or marinddRARs. Copper
concentrations increased substantially after the completion of the haatiegandhave always

been greater thascute or chroni@RARs. Like copper, lead concentrations have substantially
increased after the installation of the barrier wall. Lead concentrations have always been greater
than the most conservative chronic ARARd have occasionally been greater than the most
conservative acute ARAR/anadium concentrations have steadily risen since the installation of
the barrier. No ARAR$or vanadiumareavailable. Zinc concentrations fluctuated considerably
after the complébn of the barrier wall, but have more recently been below detection limits.
Never have zinc concentrations been greater than the most conservative ARANRS3
indicatesthat pH quickly rose after the installation of the subsurface barrieanwalhas

remained neaor abovel0.5sinceJune 2004.
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Figure3. pH over time at M\W44 (shallow zone of the South Well Cluster).

1.3 Purpose and Scope

Since the instaltzon of the barrier wall, arsenic, copper, lead, and vanadium
concentrations have increased in the upper zone of the South Well Cluster and the pH has
steadily grown more caustithe ultimate goalks to developand implemena groundwater
remediation plamo control and/or remediate dissolved metals and pH in the area outside the
barrier wall near the South and Southwest Well Clustérsobjectiveof this studyis to identify
and evaluate potentiaietal remediatiomnd pH controttrategieshat will ultimately protect

surface and porewater quality.
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2.0 Developmentof Treatment Strategy

The selection of an appropriate groundwater remediation technique for dissolved metals
depends on the site characteristics, types and concentrations of metals to be removed, and the
end use of the contaminated water (Mulligan et al., 2001). For groundmataisremediation
techniques includeontainment and isolation, extraction and treatment, chemical treatment,
biochemical treatment, phytoremediatiandpermeable reactive barriers (PRBE)e most
widely used method to remediate groundwatesugh,is theextraction and treatment approach
(Morrison et al., 2002)This method requires pumping water above ground surface and treating
it ex situ Often, many pore volumes of water must be extracted over long periods of time to meet
site-specific cleanupevels, leading to high treatment costs. Few sites have been remediated to
regulated levels using the extraction and treatment approach, leading to uncertainty regarding the
costeffectiveness of such systems (Mackay and Ch&@§9).An extraction and tegment
system outside of the barrier wall may be appropriate, but could risk drawing large volumes of
water from Slip 6 or the Duwamish Waterwde costly nature of an extraction and treatment
system provides the impetus farsituremediation methods$n situimmobilization of metals

canbe accomplished by precipitation andéoioorption(Morrison et al, 2002).

2.1 Review of Relevant Metal Chemistries

Groundwater in the area outside the barrier wall near the South and Southwest Well
Clusters has higlevels of dissolved meta(§igure2), high pH (Figure3), high levels of
dissolved organic carboas suggested by the color of the wékegure4), and high alkalinity
(Appendix2). Although the focus of this treatment strategy isqoidtrolandthe remediation of
dissolvedcopper lead vanadium, and arsenithese parameteasedependot he gr oundwat e

other properties. To develop a successful treatment strategy, it is first important to understand the
13



unigue metal chemistries with regardoimth current and altered conditions. This helps identify
potential dissolved metal removal mechanisms and shows how changing the groundwater
conditions(e.g., loweringoH or increasingeh) may result in dissolved metal species that are
more or lesemenable to a particular removal mechanism. This section sumstagzelevant
environmental chemistries obpper lead arseni¢ andvanadiumfrom literature However, the
water chemistry at the former Rhone Poulenc site is not common, and thushgeathe

modeling also was completed to assess the relevant metal chemistries under both current and

altered conditions.

Figure4. MW-44 Site Water

Geochemical modeling was completezing PHREEQC Version Parkhurst and
Appelo, 1999 to show the changes metal speciation gsH andor oxidationreduction
potentialvanes. Site-specific groundwater concentrations of metals and other inorganic species
(Appendices #4) were used as PHREEQC input; #ggendix6 for an example input file
(which includes thelatabase usedyVherefiltered metal results were not availabfétered

metal concentrations were estimated using the median ratio of dissolved to total metals observed
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beforefiltered metal data became uralable; these estimates were then used icalailation

of averagdiltered metalvaluesfor PHREEQC input. Median values were used in the cases of
the physical parameteos redox potentia{converted to pe for PHREEQC inpai)d dissolved
oxygen in an effort to avoid measurements subject to potential sensor error (rgbee malix

1).

Organic matter was not accounted for in the geochemical modalihgughdissolved
organic matter (DOM) plays a significant role in the biogeochemical cycling of trace metals in
aguatic environments (Aiken et,@011).In soil water, the dissolved organic carbon (DOC)
ranges from 0.1 to 3 mM; in groundwater, from 0.01 toM; rand in rivers draining swamps as
high as 5 mM (Appelo and Postma, 20@3PM is a broad classification of dissolved organic
molecules of varied origin. It consists of a mixture of complex compounds of different molecular
weights (Stumm and Morgan, 199%ken et al, 2011).Under environmental conditions, metal
DOM binding is driven by functional group chemistry and structural constraints. The large
chemical variety of neighboring functional groups provide for a range of affinities for metal ions.
Also, electrostatic interactions can result in conformational changes among the various
functional groups (Stumm and Morgan, 198@pelo and Postma&0095. In natural waters,

DOM often controls metal speciation (Tipping, 2002), alters the surface chargeicdépart

(Tiller and OO0OMelia, 1993), interferes with m
sorbing to mineral surfacéSlowey, 2010; Lau and Hddim, 2008), alters the kinetics of

environmental reactions, and changes the bioavailability of sn@taih Leeuwen and Buffle,
2009).1gnoring this important parameter may limit the relevance of the results of geochemical

modeling, but the modeling was completed nonetheless.
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2.1.1 Copper

Copper may occur in solution in either ‘Gar CUf* oxidation states (Hem, 1985). The
redox conditions in oxygenated water and the tendency of the cuprous ion to disproportionate
(2Cu" A Cu’ + CU") favor the cupric formCupric ions form complexes with many different
ligands including sulfidessulfatesand carbonates (Bradl et al., 200/8) solutions above
neutral pHCu(OH) may be the dominant form. CuG@aq) appears likely to be the major form
in oxygenated water containing dissolved inorganic carbon species (Hem, QO@@er
hydroxycarbonatesra slightly soluble, but adsorption or coprecipitation with ferric
oxyhydroxides can bring about even lower solubility.

Geochemical modeling withlW-44 representativparameters show that the
predominant gpperoxidation state is +linder site conditionsver the given pH range, witbu’
and CuC] being the dominant species (Figd)eUnder more oxidizing conditions, the
predominant copper oxidation state is +2 over the given pH range (Bijg@aCQ(OH),?,
Cu(CQ),? and CuCQare the dominant specid$nder oxidized conditions, lowering the pH to
near 8 results in CuGeing the dominant copper spediEgjure 6) However, saturation
indices indcate little potential for thprecipitationof copper carbonates/hydroxides refjass of

Eh or pH (Appendiceg and8), though some ircigopper complexes are oversaturated
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Figure5. Copper speciation as a function of pH at E4AG9 mV
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Figure6. Copper speciation as a function of pH at Eh = 200 mV
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Distribution ofcopperin soils is mostly influenced by the presence of soil organic matter
and Mn and Fe oxides (Bradl et al., 2005). The most important copper sinks are Fe and Mn
oxides, soil organic matter, sulfides, and carbonates while clay miaed|shosphate are of
lesser importance. Manganese oxides and soil organic matter are most likely to bind copper in a
nonexchangeable form. It has been shown that copper is extgrsinglexed by humic

materials(Bradl et al., 2005)

2.1.2 Lead

Lead occurs in two oxidation states: +2 and +4 (Bradl et al., 2005), but is most commonly
found in the +2 stat&he principal dissolved forms of inorganic lead aré"Pydroxide
complexes, and carbonate and sulfate ion geiesn, 1985)The dominant inganic species in
seawater are lead carbonatdsch account for 46B0% of dissolved lead specidgliowed by
chloro-species at 1:25% (Ferguson, 1990Qf lesser importance are the lead hydresqytcies
and perhaps some free’PHn fresh water, the doinant species are the lead carbonates at
around 90%In either case, as pH rises, the hydoxy species begin to dominate.

Geochemical modelingf site wateindicates that the lead hydroxide and carbonate
species dominate over the pH range28egardles®f the Eh(Figures7 and8). As a result of
lowering the pH to near 8, PbG@®ecomes the dominant lead specibeugh saturation indices
indicate that cerussif®bCQy(s)) is unlikely to precipitate under oxygenated or reduced

conditions (Appendices and8).
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Figure8. Lead speciation as a function of pH at Eh =200 mV
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The chemistry of lead isolils is affected by three main factors: specific adsorption to
various solid phases, precipitation of sparingly soluble or highly stable compounds (e.g. lead
carbonates, hydroxides, and phosphates), and the formation of relatively stable complexes or
chelates that result from interaction with organic matter (Braall,€2005). The presence of iron
and manganese oxides may exert a predominant role on Pb adsorption in soils, though lead has
been shown to exhibit strong affinities for clays, peats and usual soils as well. Carbonate content
in soils can plays an importarole in controlling Pb behavior; in systems where carbonate is
low, Pb solubility is controlled by Pb hydroxides and phosphates. Lead phosphates are a very
stable environmental form of Pb with low solubilities. Soil organic matter may immobilize lead
via specific adsorption reactions, while mobilization of lead can also be facilitated by its
complexation with organic ligands. As much as 100% of soluble lead may be contained in

organic complexes (Ferguson, 1990).

2.1.3 Arsenic

Mobility of arsenic is primaly influenced by the species of As present, groundwater pH,
presence of manganese or iron and clay minerals, redox potential, and competiBgaidinst
al., 2005) In solution, the stable forms of arsenic aré*Aarsenate) and A5(arsenite)
oxyanians (Hem, 1985yvith arsenate being important in oxygenated waters and arsenite being
important in oxygen depleted watpoxidation states of 0 an@ occur under strongly reducing
conditions, and are rare in the natwalerenvironment ferguson, 1990Arsenite is the me
mobilethan arsenate in sediments and groundw@&iexdl et al, 2005).An Eh-pH diagram
(Figure9) indicates that the divalent, monoprotic arsenate species HAstuld predominate

from pH 7 to 11(Hem, 1977) Reducing conditiongould favor either the uncharged HAg@Q)
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or the AsQ speciesArsenic solubilityis likely controlled by the formation of M(ASOy)- (S),

FeAsQ (s), and CAsO, (s)(Bradl et al., 2005)

1.0 \
o8ty aso,

aq.
(o] H,As0;

02} HAsO2"

Figure9. Arsenic ERpH diagramwith fixed total activities ofirsenic = 10, sulfate= 10%, and
bicarbonate= 10° M at 25 °C and 1 atrfHem, 1977)

Under reduced conditions, the +5 oxidation state dominates roughly above pH 11, but the
more reduced and mobile arsenic species dominate at low@riguite 10). However, under
more oxidized conditions, the +5 oxidation state dominates throughoappieablepH range
(Figurell). Saturation indices for all phases that contain arsenic are undersatunadedll
conditions (Appendices and8), suggesting tharsent is not likely to precipitate as a solely

arsenic compound.
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Figurell. Arsenic speciation as a function of pH at Eh = 200 mV
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The mobility of arsenic is generally greater in coarse soils than in soils having higher
contentof fines such as clay minergBradl et al., 2005)Under low Eh conditions, the
reductive dissolution of iron or manganese oxides and oxyhydroxides wowldoentine
leaching of arsenic (Bowell, 1994; Smedley and Kinniburgh, 20@igh pH (>8.5) may lead to
the desorption of adsorbed arsenic (particularly arsenate specigseateborption oh range of
other anion forming elements (including vanadium) (8lexeand Kinniburgh, 2002).arge
concentrations of phosphatgiigh, 2008, bicarbonate§tachowicz et al., 200,7and organic
matter (Sharma and Sohn, 208&well, 1994;Bauer and Blodau, 20p6an enhance the
desorption of arsenic becausecompetition for adsorption sites. Organic matter can also form

agueous complexes of As (Sharma and Sohn, 2009; Liu et al., 2011).

2.1.4 Vanadium

Three oxidation states can be stable in aqueous systéms/* and \?* (Hem, 1985)
In oxic systemsthedominant forms are the®anionic complexes with oxygen and hydroxide.
Becauseof anadi umés tendency to form anionic speci
environmentsThe more reduced forms have solubilities lower thahr6l/L in the V(OH)"
and V(OH)" domains Figure 12). In the presence of other metal cations (such as ferrous iron),

the solubility of vanadium can be low over a wider range of conditions (Hem, 1977).
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Figure12. Vanadium EkpH diagram with fixed totalactivities ofvanadium = 10, sulfate=
10, andbicarbonate= 10° M at 25 °C and 1 atrfHem, 1977)

Under reduced conditions, the +5 oxidation state dominates above pH 9.5, wiiii¥O
being the dominant species (Figu®.1Below pH 9.5, theeduced, positively charged species
V(OH)," is predominantThis suggests thakecreasinghe pH may result in vanadium species
more amenable to sorptioddowever, under more oxidized conditions, the +5 oxidation state

dominates throughout ttegplicablepH range (Figure 4).
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Figurel4. Vanadium speciation as a function of pH at Eh = 200 mV
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2.2 Methods ofControlling pH

Extremely alkaline groundwater is observed only rarelyatureand, thus, has not been
extensively studie@Roadcap et al., 2005Human activities, though, can produce very alkaline
waters. The weathering of steel slag, for example, can give risght@Hileachates (Mayes et
al., 2008 Roadcap et al., 20pFRemediation options at these alkaliskagleachate sites
typically involve aeratiomndbr acid dosingRoadcap et al. (2005) investigated four remediation
techniques talecreas¢he pH of a wadr/'sediment systeroontaminated by steel slag leachate:
HCI addition, CQsparging, air sparging, and dolomite additida.separate treatments, both
HCI addition and C@sparging rapidlyecrease the pHto nearneutral, thouglauthors report
the final toxicities of samples from these experiments were three to four times greater than that
of the air sparging sample. This was likely due to the release of metals as calcite sediment
dissolved Air sparging decreaskethe pH of the water to 8.1 afteughly 36 hours of sparging.
CO, cannot accumulate in agparged water beyond equilibrium with the atmosphere, so the pH
did not dropsufficiently to dissolve calciteDolomite addition resulted in the pH slowly falling
to 9.1 after nearly seven day$e authors attribute the pH decretséhe dissolution of silica
(SiOy) grains within the crushed aggregate that are more soluble at high pH than neutral pH.

ConestogaRovers and Associates (2008) completed a pilot study for Occidental
ChemicalCorporation with the goal of assessing the feasibility and effectiveness of field scale
implementation of ferrous sulfate (Feg@jection for pH source contrdkon acidifies water
through the formation of iron hydroxides

1 F&" +2H,0 = Fe(OH) + 2H"

1 Fée* +3H,0 = Fe(OH) + 3H"
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Groundwater pH ranged from 8.5 to. TthepH impaced groundwateextended atar as 160
feet below ground surfacBline and eighteen percent by weidgatrous sulfate heptahydrate
(FeSQ:7H,0) solutions were made with water, and thgected at different locations on site
Both solutions were effective in lowering the initial groundwater pHl(4Papproximately 4 pH
units near the injection point, though the 18% solution treated three tienesltime that the 9%
solution treatedThe spatial distribution of FeS®aried significantlypotentiallydue to the
heterogeneous nature of the aquifer and preferdltvalpaths created by injection pressures.
Furthermore, alkalinity released from thal as a result of FeS@pplication caused the pH to

rebound, limiting the effectiveness of the Fe®®atment.

2.3 Coagulation

Coagulation is the process by which metal salts (e.g. ferrous saliatg are addedo
solutionin order to destabilizeotloidal material(Stephenson and Duff, 199@mall particles
then aggregate into larger particiesa process teradflocculation In aqueous solution, the
metalion hydrates and is hydrolyzed to form monomeric and polymeetalhydroxide species
(Dentel and Gossett, 1988). The metal hydroxide polymers which result have a larger surface
area, an amorphous structure, and a positive charge (Randtke, Ti#88)polymersre
hydrophobic, causing them to adsorb to organic particfaces and become insoluble (Dentel
and Gossett, 1988). Iron has a strong tendency to form insoluble complexes with a number of
ligands, especially with polar molecules and oxygen containing functional groups (Stumm and
Morgan, 1996)These polar functicad groups create a local negative charge which leads to
interaction with the iron cations. Charge neutralization results in colloid destabilization;
precipitation of the metal cations and organic anions occurs (Stephenson and Duff, 1996).

Particulate organ and inorganic compounds form large, amorphous particles due to adsorption
27



and bridging enmeshment (Jekel, 19&&%solved organic compounds are removed primarily by
sorption on theron hydroxide surface

Hydrolyzing metal salts of iron and aluminume avidely used as coagulants in
conventionalvater and wastewater treatment facilities to reduce the concentrations of
particulates and dissolved organic compounds (Stephenson and DuffDE}86ps and
Wesner, 2006 Iron- and aluminurrbased coagulants have also been effective in the removal of
chemical oxygen demand and color frdituted black liquor (Garg et al., 201®urthermore,
coagulants have been used to significantly reduce dissolved metal conceninatiensresence
ofDOM( Baskan and Pala, 2009; Marti;HeneebedyeKe mpt or
al., 2011) Pore plugging and the associated reduction in hydraulic conductivity that may arise
with the addition of coagulants to the subsurfacdiket/ to be a concern with regards to field

implementation (Martin and Kempton, 2000; Sperry et al., 1996).

2.4 SorbentsAmendments
In this study, fivereadily availablelow-costamendments/sorbents were selected for

evaluation: apatite/bone char, dsain, granular activated carbon (GAC), TH8&iMMS ®, and

limestone.

2.4.1Hydroxyaatite/Bone Char

Hydroxyapatite (C{OH)(PQ,)3) and materials containing hydroxyapatite (e.g. bone
char) have been widely used to immobilize mefalg. lead, zinc, cadmium, coppand
arsenatg(Ma et al., 1994Mavropoulos et al., 2002,ee et al., 2005Ko0 et al., 2001Cheung, et
al., 2001; Chen et al., 2008; Sneddon et28l05 and radionuclidese(g. uranium)Ruller et al.;

2002) Immobilization may occur due to dissolution and formation of insoluble metal phosphates
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andbr sorption (Mavropoulos et al., 2002; Lee et al.; 2005; Chen et al., 1997), though
geochemical modeling indicates that hydroxyapatite is unlikedyssolvefrom pH 8 to12,
regardless of EPAppendices and8). This indicates that any metal removal would likely be

due to sorptionBone char has also been found to be a useful sorbent for humic substances and

metathumic complexes (Katsumagd al, 2004).

2.4.2 Chitosan

Chitosan is a biopolymer with a molecular structure similar to cellulose; it is widely
found in the exoskeleton of fish and crustacd&adel and Kurniawan, 2003)he adsorption
behavior of chitosan is attributed to itghihydroplfiicity (due to a larg number of hydroxyl
groups) large number of primary amino groups with high activity, and thelflexstructure of
the polymer chainChitosan has been shown to be effective at removing copper, cadmium,
mercury, nickel, and leadlfa et al., 1988; Huargg al., 1996 Ngah et al., 2002; Wan et al.,
2004).Soluble complexing agents like EDTA can decrease the sorptimetals orchitosan

(Jha et al., 1988).

2.4.3 Granular Activated Carbon

GAC is a granular adsorbent generally used in water treatmeitidadit the United
States primarily to remove tas#nd odofcausing compounds, pesticides, and other organic
contaminants (Brady, 2003jowever, GAC has been shown to remove cadmium, copper, lead,
and zinc (Chen et al. 1996; Chen and Wang, 2000; Gatbeidal., 2000) with higher removals
generally occurring at higher pH (Chen et al., 2003; Seco et al., I9#presence of humic

acid and other organic metal chelators (e.qg. citric acid, EDTA) may either increase or decrease
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removal efficiencies depemd) on the type of metal and chelator, pH, ionic strength, and

chelator concentration {@n and Wu, 2004; Chen and Wang, 2000; Chu and Hashim, 2000).

2.4.4 ThiolSAMMS®

SAMMS E ( st aAssembled Monoldye3seoh flesoporous Supports) is a
family of engineered adsorbents.éde adsorbents contdimctionalizedorganic monolayers
within mesoporous silica (Feng et al., 19Bigure 15). One end group of the functionalized
monolayers is covalently bonded to the silica surface and the other end grdogpusad to bind
heavy metals or other molecul@$e terminal functional group confers specific adsorption
behavior for heavy metal ions. This family of adsorbents has been effective at removing
mercury, lead, copper, cesium, cadmium, cobalt, chromiwkehizinc, and manganese (Feng
et al., 1997; Yantasee et al., 2003; Chouyyok et al., 201@tlah, 2001; Mattigod et al., 1999
Thiol-SAMMS® is highly selective for mercury, silver, gold, platinum, palladium, lead, copper,
cadmium, arsenite, antimongnd iodine $teward Advanced Materials, Inc., 201R is also
capable of operating over a wide pH range (rougklBand is not susceptible to most

organics meaning the presence of organics does not affect sorption capacity

H SH H H H
Figure B. Schematiof closelypacked functionalized nmolayers with a thiol end groypeng
et al., 1997)

2.4.5 Limestone

Limestone is a low cost reactive media that has been used extensively in the cleanup of
acidminedrainageimpacted groundwateBgiley et al., 1999)The addition of limestone to an
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agueous media can provide alkalinity, assist in acid neutralization, and immobilize metals
through precipitation and/or adsorption (Komnitsas et al., 2Q@dpratory studies have shown
that cadmium, zinc, manganese, cadmiaapper, cobalt, and zinc can be effectively removed
from metalscontaminated water by limestone addition (Komnitsas et al., 2004; Aziz et al.,
2001).Saturation indices for calcite, aragonite, and dolomite indmatesaturatiomnderall
conditions modled, suggestinthat limestone igot likely to dissolve (Appendicésand8) and

any metal removal would likely be due to sorption.

2.5 Potential Treatment Strategi€Summary

Based on the available literature and geochemical modeling, several treatment strategies
are availableo address the goals obntrollingpH and remediating metal contaminatidine
addition of hydrochloric aci¢an decreaspH of the site groundwater. &ging with air may
decrease the pH and/or increase the oxidatduction potential and potentially lead to the
precipitation of iron species (which, in turn, may remove raethtoncern by coprecipitation or
sorption) or conversion of arsenic to itsdanobile, oxidized forms. The addition efrous
sulfate heptahydratmaydecreas the pH of the site groundwatéswer the solubilities of the
metals of concern, and/or induce coagulatkinally, a wide variety of materials have been
shown to be effetive metal sorbentd his study aims to test each of these techniques on site
water from MW44 to determine which technique or combination of technigaesnost

effectivelyachieven situ pH controland metal remediation.
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3.0 Materials and Methods

A compartmental approach consisting of pH adjustments, air sparging, and sorldent batc
tests was used to evalu@ifferent combinations of treatments for itheffectiveness in lowering
pH and decreasing metal concentrations in site waigures14-20 ill ustratein situtreatment
combinationsimulatedn this experimentigure 20, for exampleshows a simulation whethe
pH of site water was first adjusted with ferrous sulfegptahydratethen sparged with air, then
treated with a sorbent or sorbent mixtirertical dashed lineseparate the compartments and
indicate that pHgndoxidationreduction potentiaih the second round of batch tgsiss
measured and sampl®r organic carboand metals analysisasetaken.The Not Adjusted set
(Figures B and T7) represents a situation where no measure was taken to adjust the pH. The HCI
set(Figures B and D) represents a situation where the pH was adjusted with HCI. The;#/SO
set(Figure20) represents a situation where air was sparged in the same region where
FeSQ:7H,0 was applied; the solids that formed were present in solution when air sparging
occurred. The FeSEB sd (Figures21 and 2) represents a situation where air vgparged in a
region separate from the region where Fg3@0 was applied; the adjusted water was
decanted, and then sparged with &@ive FeSQA and FeS@B treatments are intended to
simulate a range of conditions that could arise in situ during Fe&&ment and air sparging
Samplesand pH measurements weemlken after every step to evaluate the effect of each step on

the pH and metals concentrations.
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Figurel8. Site groundwater adjusted to pH 8 with HCI

Figure B. Site groundwater adjusted to pH 8 with HCI and sparged with air
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Figure20. Site groundwater adjusted to pH 8 with FeS®,0 and sparged with air in the same
compartmentSolids were not removed prior to air sparging.
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Figure2l. Site groundwater adjusted to pH 8 with FeS®,0. Solids were removed prior to
sorbent application.
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Figure22. Site groundwater adjusted to pH 8 with FeS®,0 and sparged with air in separat
compartmentsSolids were removed prior to air sparging.

Site water was obtained from M4 inDecembeR010 by submersible pump. Water
was transferred either to 27-4fL zerohead space, borosilicate EPA vials egdlon plastic
carboys and shipped in a coolfater was then kept in a cold room (4°C) until it was needed
for experimentationThetotal alkalinity of the site watewas initially characterizelly
potentiometric titratioto pH 4using 0.1N HCI; the total alkalinity was calculated as 2,760 mg/L
as CaCaQ(titration curve shown in Appendix 9Which is similar to alkalinity values obtained

previously (Appendix 2)

3.1Initial Sorbent Screening and Effect of pH

An initial set of batch tests were completed to determine the ceffests of pH
adjustment and to narrow the list of potential sorb@etsresented by Figurd$ and B). These
batch ests were performad a nitrogen atmosphere in an anoxic glove Witk the water that
arrived in the borosilicate bottleBhe adjustment tmearpH 8was achieved with Rl HCI

(titration curve provided inigure 23 showing initial pH of 11.5f with dissolved samples being
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taken before and after pH adjustmgaii was measured using Ascumet Accuflow Double
Junction pH Combination Electrode andAgtumet AB15 pH/mVIC meterDissolved samples
were prepared using A0L Luer lock syringes (Thermo Fisher, Inc.) andr@, 0.45um PTFE
Luer lock syringe filters (Thermo Fisher, Ind)ve sorbents were initially tested:
hydroxyapatitgpowdered; Acros Organichitosarchips(8 x 30 mesh; produced from shrimp,
lobster or crab shells; Federal Labs Chemical Corporat@AyL (12 x 40 mesh Filtrasorb 200;
reagglomerated coal base virgin activated carbon generally used for potable water and
wastewater treatment; Calgon Carbon Corpond, Thiol-SAMMS ® (average particle size of
560620 microns; Steward Advanced Materials, Inaryd limestonécrushed to roughly a
guarterinch; obtained from quarry near Pittsburg, KS operateMmwest Minerals, Inc.)
Sorbents were loaded into-6lL. HDPE Nalgene wide mouth bottles (Thermo Fisher, Inc.) at a
5 g/L loading rate (e.g., 250 mg sorbent per 50 mL site watkxder was introducenhto the
bottlesand allowed ta@ontactthe sorbentfor threedayson a shaker table rotating at 120 rpm
pH measurements from each bottlere taken after the three day confa@tiod. One dissolved
sample was taken from each bot#achsample was split for separate DOC and métails Pb,

As, V) analyses.
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Figure23. pH Adjustment of site water with 2 N H€Ir Initial Amendment Screening

3.2 Evaluation of pH Adjustment Strategies, Air Sparging, and Sorbent Mixtures

Water from the plastic carboys was ugad.adjustmento nearpH 8was performedh a
nitrogen atmosphere in an anoxic glove hoth either 2 N HCI (Figur@4), 5.0% by weight
FeSQ:7H,0 solution ( Figure5), or a 19.5% by weight FeQ@H,O solution(Figure26).
FeSQ:7H,0 solutions were prepared by mixing solid FeS8,0 (Acros Organics) withilli -

Q water.Adjusted site waterwas allowed to sit for three days after pH adjustment to allow any
particles that may have formed to set@aidationreduction potentialvas measured using an
Accumet Platinum Combination Electrode (containing 4 M KCI saturated with AgClI) and an
AccumetAB15 pH/mVFPC meterbefore and after pH adjustmeiite Platinum Combination
Electrodeprobe was standardizedusing B | 6 s s ol ut i o 2580 APHAehatl a r d
2005, the components of which were obtained from Acros Organatal and dissolved

samples were taken before and after pH adjustrA@nivas sparged through diffuserstside of

the anoxic glove bofor 3 days; total and dissolved samples were taken after air sparging.
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Figure24. pH adjustment of site water with 2 N HCI
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Figure25. pH adjustment of site water with 5.0% by weight Fg3B,0 solution
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Figure26. pH adjustment of site water with 19.5% by weight FeB&0 solution

Batch tests includedra>-amendmentontrol feferred to as the control from here
forward) and foursorbent mixtures: bone char (20 x 60 mesh; produced from aged bones and
contains other carbon surface area and hydroxyapatite lattice surface area; Charcoal House
LLC); GAC; bone char (BC)/GAGind BC/GAC/SAMMS Sorbents were loaded into-6aL
HDPE Nalgenavide mouth bottles at a 5 g/L loading ratethe BC/GAC mixturehalf of the
sorbent mass was BC ahdlf was GAC. In the BC/GAC/SAMMS mixture, each sorbent
represented onthird of the total sorbent maskhree bottles (replicates) for each sorbent
mixture were prepare®Vater was introduced into the bottles and allowecbittact thesorbents
for seven daysn a shaker table rotating at 120 rgohl andoxidationreduction potential
measurements were taken for each baffler the seven dagontacttime. Total and dissolved
samples were takdrmom each bottleEach sample was split feeparat@rganic carbon and

metals (Cu, Pb, As, V, and Fe) analyses.
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3.3Sample Preparaticemd Analysis

Samples fototal and dissolvethetals analysis wemdigested using thBigiPREP MS
(SCP Science) with concentrated nitric acid and hydrochloric acid for 60 minutes at 95 °C
(similar toStandard Metho8030F; APHA et al, 2009. Blanks were included in each digestion
(1 for initial amendment screening, & fmore comprehensive experiment) for quality
assurance/quality contrplurposesEach blank consisted of MHIQ water, to which the acids
were then appliedigested samples were then vacuum filtered througmdidiametey 0.45
pm pore size Millipore mixed cellulose aster membranes (plain surface, white; Thermo Fisher,
Inc.).

Copper, lead, arsenic, and vanadium analysis were performed using graphite tube atomic
absorptiorand iron analysis was performed using flame atomic absorption Wiginian
AA240FS Fast Sequential Atomic Absorption Spectrom@eganic carbon analysis was
performed using &eledyne Tekmar TOC Tordmalyzer Milli -Q water was routinely analyzed

for metals and organic carbon as an additional means of quality assurancedgu#idl

3.4 Evaluation of Treatment Methods

Total percent reductions are used to evaluate the effectiveness of each treatment
combination, where thew groundwater sample is used for the baseline in the total percent
reduction calculationd=or examplgethe percent reduction for the case where the pH was
adjusted and exposed to amendments would depend on the concentration after contacting an
amendment and the concentration before any treatment was applied (site water frdeh titsy/
was not adjusted).t&dard deviations are not shown for the first batch study because only one
sample was taken for eattkatment (only one replicate§tandard deviations are shown for the

second batch studies; multiple replicates were analyaeidition, the mass of dissolved metal
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and organic carbon removed peam of amendment was determiné&dthe first batch study,
the unadjusted and padjusted waters were used as the baseline for this computation; in the

second batch study, the contsaimples were used as the baseline
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4.0 Resultsand Discussion

4.1 Initial Amendment Screening and Effect of pH

Only slight pH changes were observed in both pH andphbadjusted site groundwater
during the three day exposure per{@dble 3) In unadjsted water,ite magnitude of the
decreasevas greatest for chitosan@#5 pH units, followed by decrease of 0.3fH units for
SAMMS. The pH of thgoH-adjusted site water decreasdidhtly in the presence of chitosan,
limestone, and SAMMS by 0.54, 0.16, and 0.03 pH units, respectively. Cohtadtadjusted
waterwith GAC and SAMMS resulted inglightincrease in pH by 0.58 and 0.10 pH units,
respectivelyWith the exception of chitosan @potentially GAC after the pH was adjusted with
HCI, none of the amendments appeared to have much effect of the pH of the water. Even so, the
effects of those amendments were generally considered to be minimadédoa largest
deviation in pHwas lesghan 0.6 pH units.

Table3. pH of site water after three days contact time with amendments. In pH adjusted site
water, 2N HCI was used to adjust the pH to 8.01 before contact with the amendments.

pH

Not Adjusted
Amendment Adjusted| with HCI
None 11.52 8.01
Chitosan 11.07 7.47
Apatite 11.33 8.11
GAC 11.37 8.59
SAMMS 11.22 7.98
Limestone 11.38 7.85

Table 4 shows the average concentratmfrdissolved metals the digestion blank and
in Milli -Q water.Copper arsenic, and vanadiuaoncentrations boththe digestion blanknd

Milli -Q watersamples were lowompared tdhe experimental sample concentratiorise
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average lead concentrationhfilli -Q water was small compared to values measured in this

study.
Table 4. Aerage concentration afietds in digestion blanks andilli -Q water
Digestion Milli -Q Water
Metal Blank (ug/L) (ug/L)
Copper 0.23 -0.22
Lead 6.80 0.01
Arsenic -1.57 1.41
Vanadium 7.50 8.40

Dissolved copper, lead, arsenic, vanadium, and organic carbon concentrations before and
after pH adjustmerdandcontact with amendnmés/sorbents are shown ifgkres27- 31 The
most stringent chronic and acute ARARs are indicated iRithees for coppe lead, and
arsenic (Appendi®), though only for reference. It is uncertain whether an amendment loading
rate of 5 g/L is realistic in a full scale scenario. Therefore, amendments are not being evaluated
on their ability to achieve the indicated ARAR Ipather the performance of each amendment is
compared to the performance of the oth8tandard deviations are not shown because only one
sample was taken ferachtreatment (only one replicate)

Copper concentrations MW-44 groundwater used in thesudywere comparable to
thoserecently reported for site groundwat@ppendices3 and4). Simply decreasinghe pH did
little for the reduction of copper concentratiamsnpared to the unadjusted groundwater from
well MW-44 (4 % reduction,) but did impree the performance of apatiteAC, and SAMMS
(Figure 27). Apatitereducedlissolved copper concentratiom®re than all other amendments in
pH-adjusted samplg30% reduction), but dichotreduce concentrations in unadjusted samples
Likewise, GAC showeda copper reductior8(%) when the pH was adjusted, but did not show a
decreaseompared to the raw groundwater samplen the pH was not adjusted. SAMMS, on
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the other hand, performed comparatively well when the pH was adju€d¢duction), but

also wlen the pH was not adjustedb@s reduction). @Gitosanandlimestonedid not reduce
copper concentrations in both pH adjusted and unadjusted samples. Copper concentrations
increased following addition of apatite, chitosan, and limestone in pH adjusted sdikplg

due to impurities in amendments. None of the amendments va®aithieve ARARS in either

pH-adjusted or unadjusted samples.

.1

MW-44 Apatite  Chitosan SAMMS Limestone
mmm pH Not Adjusted; pH=1 1.52

mm pH Adjusted; pH=8.01
Marine/Chronic-National Toxics Rule, 40 CFR. 131
————— Marine/Acute-National Toxics Bule, 40 CFR 131
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Figure27. Dissolved copper concentrations resulting from pH adjustment and/or contact with
amendments

Lead concentratioria MW-44 goundwater used in this studgre roughly 2 3 times
greater thathose recently reported for site groundwdfgrpendices3 and4), though historical
data areonly available through September 2008. The resiiitsesecond htchstudy showed
similar leadconcentrationsThe lead concentration measured in the digestion I{leaie 4)

was between 11 and 41% of lead concentrations measured in samples during this batch study.
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Lead contamination may have occurred during the tlagephase of sample preparation. For
this reason, lead concentrations may be lower than reported, but no adjustment was made to the
results presented.

Decreasinghe pHalonedid notreducdead concentrationsiuch compared to the
unadjusted groundwater from MM (7% reduction) but did improve the performae of
apatite, GAC, and SAMMS (§ure 28). Apatite showed the most substantial reduction in
dissolved lead concentrations when the pH was adju8284l (ediction); apatite also showed a
14% decrease when the pH was not adjusB®lC was somewhat effective for reducing lead
concentrations, providing 6% decrease when the pH wast adjusted and al%b reducion
when the pH was adjusted. SAMMS perfornf@idy well regardless of pH adjustmerz%
reduction when pH was adjusted &8186 reduction when pH was not adjustéd.with copper,
chitosan and limestoneerethe leaseffective at reducing dissolved lead concentrations for
either pH conditionNone of the amendments waseld achieve ARARs in either patljusted

or unadjusted samples.
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Figure28. Dissolved lead concentrations resulting from pH adjustment and/or contact with
amendments

Arsenic concentrations MW-44 goundwater used in this studgre much greater than
those recently reported for site groundwdfgrpendices3 and4), thoughhistoricaldata are
only available through September 2008. The results cfgbend batch studyso showed much
largerarsenic concentrationBecreasing the pH accounted a 2&%uctionin dissolved arsenic
compared to unadjusted water from well MA¥ (Figure 29). In unadjusted samplgshitosan
produced d5% reduction and SAMMS producedl@% reductionAfter pH adjustnent total
reductions in arsenic concentrations were 43% for apatite, 30% for chitosan, 29% for SAMMS,
and 39% for limeston&AC did not reduedissolved arsenic concentrations under either pH
condition.None of the amendments wasetd achieve ARARsi either pHadjusted or

unadjusted samples.
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MW-44  Apatite  Chitosan GAC SAMMS Limestone
mmmm pH Not Adjusted; pH=11.52
mmm pH Adjusted; pH=8.01
----- Marine/Chronic-Ch. 173-201A WAC
————— Marine/Acute-Ch. 173-201A WAC

Figure29. Dissolved arsenic concentrations resulting from pH adjustment and/or contact with
amendments

Vanadium concentrations MW-44 goundwater used in this stuggre comparable to
those recently reported for site groundwdfgrpendices3 and4). Simply decreasinghe pH did
not result in the reductioof vanadium concentrations, but did improve the performance of each
amendmentRigure 30). Apatitereducedlissolved vanadium concationsmore than all
amendments ipH-adjustedsampleg62% reduction)Chitosan, GAC, and limestone produced
reductions in vanadium concentrations of 39%, 12%, and 18%, respecim&MS reduced
the vanadium concentration by 24#d 7% in pHadjustedand unadjusted samples,

respectively.
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Figure30. Dissolved vanadium concentrations resulting from pH adjustment and/or contact with
amendments

Though DOC removal is not a primary objective, its removal may be related to the
removal of metalsatsumata et al., 200€hen and Wu, 2004Thedecreasef pH itselfdid
not do much to reduce dissolved organic carbon concentré@@neseduction) but appears to
have improved dissolved organic carbon removal in the presence of édfgtire 31). In pH-
adjusted sampleshe dissolved organic carbon concentration was reducdd Wyin the
presence of apatit€ontact with GAC resulted in a reduction aP2 and 2% in unadjusted and
pH-adjusted samplesespectivelyContact with chitosan increasee ttissolved organic carbon
concentration b®6% and24% in the unadjusted and phtljusted samplesespectivelyNeither

SAMMS nor limestonewbstantidly affected dissolved concentrations of organic carbon.
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Figure31. Dissolved organic carbon conceniwat resulting from pH adjustment and/or contact
with amendments

In unadjusted sampl€$able5), SAMMS removed the largest masses of copper, lead,
arsenic, and vanadium from site water per gram of amendment than any of the other
amendments. GA@movedhe most dissolved organic carbon per gram of amendment.
Limestone appeared to contribute copper, lead, arsenic, and vanadium intsllasteounts to
the site water. Kansas Geological Survey Bulletin 119, Part 3 (Runnels and Schlelcher, 1965)
indicatesthat traces of copper, lead, and vanadium can be found in limestone from Crawford
County, Kansagwhere the limestone was obtaifedass balances using data in the bulletin
indicate thameasuredontributions oftopper, lead, and vanadiudnem the colleted limestone
wereat least possiblén analysis on MiHQ water that had contacted the limestone could
determine if trace metal leaching actually occurred, but was not performed during thigrstudy.

pH-adjusted samplg3 able6), apatite removed the largest masses of copper, lead, arsenic
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vanadium, and dissolved organic carb®8AMMS removed the second largest masses of copper
and lead, and the third largest mass of copper per mass of amendment.

Table5. Mass of indicated dissedéd metal removed per mass of amendment applied; pH of site
water was not adjusted

Cu Pb As V DOC
Amendment (ug/g) | (1g/9) | (L9/g) | (Mg/9) | (mg-C/g)
Apatite -4.0 1.9 -0.2 0.1 2.8
Chitosan -3.8 1.2 4.4 0.6 -36.0
GAC 1.0 1.9 0.2 -0.6 7.1
SAMMS 11.9 3.2 4.5 9.4 0.9
Limestone -3.5 -3.1 -2.5 -24.7 1.4

Table6. Mass of indicated dissolved metal removed per mass of amendment applied; pH of site
water was adjusted to 8.01 with 2N HCI

Cu Pb | As V DOC
Amendment (ug/g) | (1g/9) | (Lg/g) | (Mg/9) | (mg-C/g)
Apatite 13.5 4.7 4.1 56.8 9.2
Chitosan -3.0 1.2 0.7 37.6 -10.9
GAC 54 2.1 -0.6 10.5 6.8
SAMMS 12.6 3.2 0.3 20.7 -0.3
Limestone 0.1 1.2 2.9 154 -1.2

In summarynone of the amendmergsbstantiallyaffected the pH of site water either
with or without prior pHadjustment. e largesteductions in copper, lead, vanadium, and
dissolved organic carbaroncentrations were observed under pH adjusted conditions in the
presence of apatite. Lead was the only metal removed by apatite when pH was not.adjusted
SAMMS performeccomparativelywell in pH-adjusted sampldsr copperlead, and vanadium
but also performed with comparative sucdessnadjusted sampldésr copper and leadGAC
was somewhat effectiier reducing lead concentration regardless of pHlitan and
removing copper whethe pH was adjuste@hitosarwas only effective at removing vanadium
when the pH wasdjusted. Limestone was not particularly effective at removing dissolved
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copper, lead, arsenic, and vanadium. Reductions in dissolg&ticoncentrations may be
related to the removal of dissolvetganic carbon when water contacted apéesumata et
al., 2004)and GAC(Chen and Wu, 2004butthis appears unlikely for SAMMS because

SAMMS did not appreciably reduce DOC concentrations.

4.2 Evaluation of pH Adjustment Strategies, Air Sparging, and Sorbent Mixtures

From the previous batch study, jgidjustmengenerallyimproved amendment
performance. Apatite was the most successful at reducing dissolved metals concentrations under
pH adjusted conditions. SAMMS also performed decently, and GAC was somewhat effective.
One goal of this batch study was to evaluate mixtuirdsese amendments. Bone char replaced
apatite in these experiments, because granular bulk bone char is lessvexaed easier to
obtain.Also, SAMMS was not tested as a primary mixture component, because, as a highly
engineered sorbent,ntay costsulstantiallymorethan bone char or GA@dditionally,
combinations of pHontroltechniques were evaluated.

Table7 shows theaveragepH of site water after seven days of contact time with the
amendments for all treatment combinations evaluated in thisieyq#. The MW44 entry
describes the pH of water before entering the batch tests and after any pH or air treatments. For
example, the pH of M\M4 water after being dosed with HCI and sparged with air but before
being transferred to bottles with amendmemas 9.47Like in the previous experiment, the pH
in unadjusted site watgenerally decreased when amendments were apgimagh none of the
decreases are considered substaotialpared to the contrdbparging site ater with air
resulted in a pHlecreasef 0.93 pH units. Contact with amendnteagain had little effect on
pH. Site water was adjusted with HCI to pH 8.01. Theipéfeased in the control to 8.36, and

generallyrebounded after contact with the amendments, with the largest increag®BgipH
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units for bone charSparging HCGladjusted water with air increased thté t09.47; contact with
amendments slightly increased fite of the waterWhen site water was adjusted to pH 8.08

with a5% by weight FeS©7H,0 solution(Figure 25)and then sparged witir (Figure 32) the
resulting pH was 8.98; the pH of the consbihtly decreased to 8.7. pH increased after contact
with bone char and tHBC/GAC combination, while the other amendments caused slight
decreases in pkbite water vas also adisted with a 19.5% by weight 5&,:7H,0 solutionto

pH 8.01. Coagulation solids were allowed to sefligure 33), and the water was decanted

(Figure 34).The pH of decanted water decreased to 5.52 in the control. Contact with amendment
combindions containing boachar resulted in pH increases, while GAC alone resulted in a

further pH decrease. Finally, decanted water that was sparged wgaire 35)had a pH of

3.30The control pH did not change much (decreased 0.1 pH units), bmngrement

composition had a significant impact on the final pH. Contact with bone char alone raised the pH
to 7.10, contact with the BC/GAE@mbination raised the pH to 6.28, and contact with the
BC/GAC/SAMMS combination raised the pH to 5.Z&ntact withGAC alone caused the pH to
decreas¢o 2.25.

Table7. Average pH of site water after indicated treatments were applied

pH
Treatment Not

Not Adjusted HCl | FeSQ-A FeSQ-

Adjusted | + Air HCI | + Air + Air FeSQ-B | B + Air
MW-44 10.81 9.88 8.01| 9.47 8.98 8.01 3.30
Control 10.64 9.86 8.36| 9.64 8.70 5.52 3.20
Bone Char 10.59 9.94 8.67 | 9.67 9.00 6.25 7.10
GAC 10.60 9.99 8.42| 9.67 8.68 5.38 2.25
BC/GAC 10.59 10.01 | 8.56| 9.68 8.86 5.87 6.28
BC/GAC/SAMMS 10.57 9.99 8.27 | 9.62 8.34 5.87 5.28
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Figure32. Sitewater adjusted with FeSOH,O and sparged with air without first removing the
coagulation solidsrépresenting-eSQ-A + Air, Figure20).

Figure33. Site water adjusted with Fe®@H,0O. The coagulation solids were allowed to settle
before water was decanted.
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Figure34. Waterthat had been adjusted with FeSM,0 decanted, removing the coagulation
solids, before being applied to amendments or being sparged witbpaggenting FeSEB,
Figure21).

y SN

Figure35. Decanted wateafter having been adjusted with FeS,0 (representing FeSEB
+ Air, Figure 22).
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Table 8 shows the average oxidatieduction potentialORP)in mV of site water after
seven days of contact time with the amendments for all treatment combinatiorsdezl/aiithis
experimentThe ORP in the case where site water was not adjusted generally decreased when
amendments were appliesiparging site water with air resulted m@RP increasef 154 mV
units.ORP in the control decreased to 149 mV, and contact with amendments resulted in a
further ORP decreasAdjusting the site water with HCI resulted in the ORP increasi2§@o
mV. TheORP in the control, however, decreased to 39 mV, and contact with aeetsdmad
little effect of the ORPSparging HGladjusted water with anesulted in an ORP of 124 mV,
which was lower than that of water adjusted with HCI glaoatact with amendmenisd little
effect on the ORP of the watévhen site water was adjudte pH 8.08 with a 5% by weight
FeSQ:7H,0 solutionand then sparged with athe resulting ORWas188mV. The ORPof the
control decreased tth7mV, and contact with the amendments had little effect on the GRP
water adjusted with a 19.5% by wktd~eFeSQ:7H,0 solutionhad an ORP o#447 mV. The
ORPof decanted watancreasedo 67 mVin the control. Contact with amendment
combinations containing bone char resulte@RP decreasewhile GAC alone resulted in a
furtherORP increaserinally, decanted water that was sparged with air m@RPof 254 mV.
The ORP of the control slightly increaséda. with pH, he amendment composition had a
significant impact on the fin&@RP for this treatmenContact with bone char alonecreased
the ORPto 94 mV andcontact with the BC/GAGAMMA combinationdecreased the ORB
111 mV.Contact with GAC increased the ORP to 444 mV and contacttieth

BC/GAC/SAMMS combination raised t@RPto 304 mV.
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Table 8. Average oxidatiereduction potential of site Wer after indicated treatments were

applied
OxidationReduction Potential (mV)
Not
Treatment Not Adjusted HCl | FeSQ-A FeSQ-B

Adjusted| + Air HCI | + Air + Air FeSQ-B + Air
MW-44 32 186 200 | 124 188 -447 254
Control -35 149 39 | 135 157 67 266
Bone Char -29 108 25 | 122 149 -51 94
GAC -28 105 22 | 138 152 75 444
BC/GAC -16 108 20 | 156 142 11 304
BC/GAC/SAMMS -30 83 26 | 121 141 -3 111

Table 9 shows the average concentration of dissolved metals in the digestion blank and in

Milli -Q water. Detected values of copper, lead, arsenic, and organic carbon in either the

digestion blank (not applicable for organic carbon because those samples were not digested) or in

Milli -Q water are generally small compared to values aredsthroughout # experiment.

Table 9.Average concentration of metals and organic carbon in digestion blank&laR@Q

water

. Digestion Milli -Q
Constituent Blank Water
Copper pg/L) 2.80 -0.23
Lead (g/L) 2.90 0.52
Arsenic (ug/L) 0.71 0.57
Vanadium [1g/L) 18.00 1.96
Iron (mg/L) 0.13 0.08
Dissolved Organic B 596

Carbon (megC/L)

Dissolved copper, lead, arsenic, vanadium, iron, and organic carbon concentrations
before and after pH adjustmeatr spargingand contact with aendments/sorbents are shown

in Figures 36- 41. Plotted values are the average of three replicates, except for organic carbon
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where only one replicate was analyz&dtal percent reductions are based on the unadjusted
water from well M\W44.,

Copper concentrations MW-44 goundwater usad this studywere comparable to
those recently reported for site groundwdfgrpendices 3 and 4yVhen no pH adjustment or air
sparging was performg@dnd in contrast to the first batch studggntact with amendments
resulted in significant decreasedlissolvedcopper concentrati@{Figure 36) Average grcent
reductions ranged from 34B%based on unadjusted water from well MA¥, though no
significant difference is discernible between the amendmSimtgly sparging with air showed
no reduction, andeduced total removalpcentage for amendments to 231%, thoudn these
total reductionsvere not significantly different from those obtained without air sparging.
Adjusting site water with HCI did not affect dissolved copper concentrations, but ggnerall
improved amendment performance (comparable to the first batch study). Total reductions for
amendment combinations of bone char, GAC, and BC/GAC rangedftet@%, though none
were significantly different. The combination of BC/GAC/SAMMS resulted irta teduction
of 62% and an average dissolved copper removal of 16.43 pg per gram of amendment mixture
(Table 10) which is the highest of any treatment combinat@parging HGladjusted water with
air did not appear to reduce copper concentrationghbuwontrol shows a total reduction of
18%, potentially indicating that reactions were not completed at the time of water transfer to
amendment bottleJ.otal reductions after contact with andements ranged between 36 an@d7
though there was not a sigodnt difference between the amendment combinatloribe
FeSQ-A + Air case, total percent reduction before amendment application was 66%. Contact
with amendments increased the total reductions to between 70 andfiéethe 19.86 by

weight FeSQ 7H,0 solution was applied anddlcoagulation solidaereallowed tosettle, the
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total reduction ircopper concentratiomas81%. None of the amendment combinations further
increased copper remova&parging the FeS¥YH,O-adjusted watetrtlie FeSQ-B + Air ca%)
resulted ina total percent reduction of 80%dditionally, contact with amendments also did

little to increase the overall percent reductions of coppeBgE3).
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Table 10 Average nass of dissolved copper removed per mass of amendment applied for
treatments evaluated

Mass of Copper removed per gram of amendment (ug/qg)
Not
Not Adjusted HCl+ FeSQ- FeSQ- FeSQ-B
Treatment Adjusted + Air HCI Air A + Air B + Air
Bone Char 7.06 7.93 11.04 7.22 3.13 -0.50 0.22
GAC 6.76 6.35 10.32 4.52 3.48 -1.34 -0.92
BC/GAC 7.33 7.62 12.97 5.04 4.84 -0.80 0.43
BC/GAC/SAMMS 9.11 6.68 16.43 7.32 4.80 0.06 0.51

Similar to the first batch studyead conentrationdan MW-44 goundwater used in this
studywere roughly 2 3 times greater thahose recently reported for site groundwater
(Appendices 3 and 4yYWhen no pH adjustment or air sparging was performed, contact with
amendments resulted in slight decreases in dissolved lead concentfitions 37) Average
total percent reductiorranged from 919%based on unadjusted water from well MAA,
though no significant difference between the amendments is apparent. Simply sparging with air
showed a reduction of 41%, though contact with amendments did not appear to significantly
increase ra@uction percentages. Adjusting site water with id€treased the lead concentration
by 25%, though the control only showed a 4% reduction. Contact with amendments resulted in
removal percentages ofl2%.Sparging HGladjusted water with aneduced the kd
concentration by 56% otal reductionslightly increaseafter contact with amendmentanged
betweercl and69%, though there was not a significant difference between the amendment
combinations. In the FeSE\ + Air case, total percent reduction bef@amendment application
was42%; contact with amendments increadel little effect on dissolved lead concentrations.
After the19.9% by weight FeSQ7H,O solution was applied and the coagulation solids were

allowed to settle, the total reductionl@adconcentratiorwas only 26, though the control
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showed a reduction of 2Q%lone of the amendment combinations further increkeset
removalover that measured in the contr8parging the FeSO’'H,0O-adjusted water (the FeO
B + Air case) resulted in a tdtpercent reduction &8%. Again, contact with amendments did
little to increase the overall percent reductionkeati(21-29%). None of the amendment
combinations appeared to be effective at reducing lead concentrations regardless of pH

adjustment oriasparging (Table 11).
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Table 11 Average nass of dissolved lead removed per mass of amendment applied for
treatments evaluated

Mass of Lead removed per gram of amendment (ug/g)
Not
Not Adjusted + HCl+ FeSQ- FeSQ- FeSQ-B
Treatment Adjusted Air HCI Air A + Air B + Air
Bone Char -0.52 0.36 0.22 -0.16 -0.06 0.30 -0.11
GAC 0.19 -1.02 0.68 0.14 0.17 0.40 -0.36
BC/GAC -0.34 -1.65 0.35 -0.18 0.57 0.08 -0.16
BC/GAC/SAMMS| 0.55 0.13 0.78 0.65 0.54 0.30 0.54

Arsenic concentrations MW-44 goundwater used in this studgre again much greater
thanthose recently reported for site groundw#fgspendices 3 and 4). When no pH adjustment
or air sparging was performed, contact with amendnuidteot result in significant reductions
of dissolved arseni@Figure 3B). Simply sparging with air showeal19%reductionbased on
unadjusted water from well MW4, though the control showed &1% reduction. Amedments
again dd little to furtherreduce arsenic concentratoAdjusting site water with HCI did not
affect dissolvedrsenicconcentrationsthough the control showed a 12% reductibotal
reductons for amendment combinationgrenot significantlyhigherthan the reduction
measured in the conttdbparging HGladjusted water with aireduced the arsenic concentration
by 60% but the control shows a total reductiorbd¥o. Total reductions after contact witlone
char and GAC werB3and58%, though there was not a significant difference betweetwithe
The BC/GACand BC/GAC/SAMMS combinations showed reductions of 70 and 77%,
respectivelyln the FeSQ@A + Air case, total percent reduction before amendment application
was70%. Contact withthe BC/GAC and BC/GAC/SAMMS combinatiomsreased the total
reductions t@1 and87%. After the 19.5% by weight Fe$@H,O solution was applied and the

coagulation solids were allowed to settle, the total reductiansenicconcentration wa38%,
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but the control showed a 72% reducti@ontact with bone char, BC/GAC, and

BC/GAC/ISAMMS combinationsesulted in total percent reductions of 99, 85, and 79 %,
respectively. The mixture with the largest percent of bone char resulted in the greatest arsenic
removal (Table 12)Sparging the FeSYH,0O-adjusted water (the FeS® + Air casé resulted

in a total percent reduction 8%, thoughthe control showed a 70% reducti@ontact with

bone char alone resulted in a 95% reducticsrgeni¢c and the other amendment combinations

resulted in reductions ranging from-90%.
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Table 12 Average nass of dissolved arsenic removed per mass of amendment applied for
treatments evaluated

Mass of Arsenic removed per gram of amendment (ug/g)
Not
Not Adjusted + HCl+ FeSQ- FeSQ- FeSQ-B

Treatment Adjusted Air HCI Air A+ Air B + Air
Bone Char -1.70 -0.17 -1.44 -0.09 0.05 4.19 3.92
GAC -1.26 -0.54 -2.30 0.54 0.96 0.05 3.06
BC/GAC 0.21 0.37 -1.93 2.53 1.88 2.01 3.24
BC/GAC/SAMMS | 1.12 0.65 -3.02 3.59 2.70 1.10 3.20

The average vanadium concentratioii -Q water (Table 9) was small compared to
values measured in this study. However,aheragevanadium concentration in the digestion
blanksis between 3 and 73% of vanadium concentrations measured in samples during this batch
study, though only samples with low measured vanadium concentrations (e.g. any samples the
underwent ferrous sulfate treatment) were likely to have been impacted sabgtaranadium
contamination may have occurred during the digestion phase of sample preparation. For this
reason, vanadium concentrations may be lower than reported, but no adjustment has been made
to the results presented.

Vanadium concentrations MW-44 goundwater used in this studgre comparable to
those recently reported for site groundwdfgrpendices 3 and 4). When no pH adjustment or air
sparging was performed, contact with amendments did not result in significant reductions of
dissolvedvanadum (Figure 3®). Simply sparging with air showed&6 reductiorbased on
unadjusted water from well MW4, though the control showed 8% reduction. Amendments
did little to further reducganadiumconcentratioa Adjusting site water with HQlesulted ira
15% reduction, but theontrol showeaho reduction. Total reductions for amendment
combinationganged from 913%, though no amendment combination performed significantly

better than the otherSparging HGladjusted water with air reduced t@nadiumconcentration
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by 13%, but the control shows a total reductiorB@#a Percent reductions after contact with
amendments ranged from-28%, though again, no combination performed significantly better
than the otherdn the FeS@-A + Air case, total percemeductionin vanadium concentration
before amendment application wa%o. Contact with th&AC and BC/GACcombinations
increased the total reductions3®and94%. After the 19.5% by weight FeQ®@H,O solution
was applied and the coagulation solids were allowed to settle, the total redustoaum
concentration wag 7%, but the control showeah&0% reduction. Contact witamendments did
not result in any further reduction in vanadium concentati®parging the FeS'H,0O-
adjusted water (the FeQ® + Air case) resulted in a total percent reductio@3%, though the
control showed@87% reductionAgain, amendment application did not reduce vanadium
concentrations furtheNone of the amendmendombinations produced vanadium removals

comparable to those observed in the first batch study (Table 13).
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Table 13 Average nass of dissolved vanadium removed per mass of amendment applied for
treatments evaluated

Mass of Vanadium removed pgram of amendment (ug/qg)
Not
Not Adjusted + HCl+ FeSQ- FeSQ- FeSQ-B
Treatment Adjusted Air HCI Air A + Air B + Air
Bone Char -4.15 -1.62 16.30 -7.69 -2.76 -0.73 3.11
GAC -6.14 -1.39 20.63 -7.46 4.16 0.54 3.25
BC/GAC -14.22 0.02 16.24 -13.61 2.37 0.20 2.28
BC/GAC/SAMMS | -11.07 4.51 20.77 0.16 -6.55 -0.60 4.11

Iron concentrationgn MW-44 goundwater used in this stuagreroughly onequarterto
onehalf the values (before ferrous sulfate was addeeBsured previously (Appendices 3 and
4), that data waenly available through September 2008hen no pH adjustment or air sparging
was performed, contact with amendments resliit percent reductions ranging froml4%
(Figure 40. Simply sparging with air showed&6 reduction, though the control showed4&al
reduction. Amendments did little to further redwligsolved irorconcentrations. Adjusting site
water with HCI resulted in 21% reduction, but the control showedly a 6% reductionTotal
reductions for amendment combinations ranged ft6h9%, thowgh no amendment
combination performed significantly better than the others. Sparging#jGéted water with air
reduced théron concentration by @%, but the control shows a total reductiorl6%. Percent
reductions after contact with amendments rarfged 4-13%, though again, no combination
performed significantly better than the others. In the ReS® Air case the dissolved iron
concentration increased by 276%, though the control only shows an 111% inC@atset with
the GAC BC/GAC, and BC/GACSAMMS combinationgesulted in iron reductions of 19, 20,
and 24%, respectivelyfter the 19.5% by weight FeSOH,0 solution was applied and the

coagulation solids ere allowed to settle, the iron concentration increased by 1,332%he
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control showed 449% increaseContact bone char, GAC, BC/GAC, and BC/GAC/SAMMS
resulted in concentration69% (a reduction), 252% (an increase), 14%, and 136%, respectively.
As with arsenic, iron removal was greatest for the combinations with the hpghresntage of

bone char (Table 14%parging the FeS¥H,0O-adjusted water (the FeS® + Air case)

resulted in &15% increase in iron concentration (compared to the original yéhaejgh the

control showe®27% increaseAmendment applicatioresultel in percent reductions ranging

from 83:95%, with the greater removals occurring for the bone char and BC/GAC combinations
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Table 14 Average nass of dissolved iron removed per mass of amendment applied for
treatments evaluated

Mass of Irooremoved per gram of amendment (mg/qg)
Not
Not Adjusted + HCl+ FeSQ- FeSQ- FeSQ-B
Treatment Adjusted Air HCI Air A + Air B + Air
Bone Char 0.04 0.00 0.08 -0.02 0.76 3.80 2.33
GAC 0.08 0.01 0.07 -0.03 0.95 1.43 2.30
BC/GAC 0.05 0.03 0.09 -0.05 0.96 3.16 2.33
BC/GAC/SAMMS | 0.05 0.02 0.08 0.02 0.98 2.28 2.28

When no pH adjustment or air sparging was performed, contactheithone char, GAC,
and BC/GAC combinations resulted in 19, 21, and 26% reductions, respe(figeise 4).
Simply sparging with aidid not reduce DOC concentratiqrmit the combinations of bone char,
GAC, and BC/GAC produced total percent reductions of 6, 14, and 11%, respe&ujebting
site water with HCI resulted ino reduction Total reductions for amendment combinations
ranged fron24-34%, with the GAC containing combinations performing the b8garging HC
adjusted water with aalso did not reduce the dissolved organic carbon concentrBgocent
reductions after contawith amendments ranged frat3-21%,againwith the GAC containing
combinations performing the bebt.the FeSQA + Air case, total percent reductionDOC
concentration before amendment application &i#; the water still had significant color
(Figure 32) Contact with themendments increased DOC removal to between 58 and 63%.
After the 19.5% by weight FeSH,O solution was applied and the coagulation solids were
allowed to settle, the total reductionmd®C concentration wa82%, but the controllowed &
88% reduction. Contact witthe bone char and BC/GAC combinati@suled infurther
reductiors to 90 and 93%, respectiveBparging the FeS{¥H,O-adjusted water (the FeS®

+ Air case) resulted in a total percent reductioB®fiContact with bone char and GAC resulted
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in further reductions of DOC concentration to 89 and 92% respectiBehe char and GAC
(and the BC/GAC combination) remaVerganic carbon more efficiently than the combination

that includes SAMMS, especially whé&rrous sulfate was not applied (Table 15).
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Table 15Average nass of dissolved organic carbon removed per mass of amendment applied
for treatments evaluated

Mass of DOC removed per gram of amendment-Qrig
Not
Not Adjusted + HCl+ FeSQ- FeSQ- FeSQ-B
Treatment Adjusted Air HCI Air A + Air B + Air
Bone Char 13.03 11.52 1451 1391 11.03 1.11 2.00
GAC 14.38 16.15 15.10 1590 13.60 0.06 3.56
BC/GAC 17.34 14.72 17.92 18.39 1489 261 1.63
BC/GAC/SAMMS | 6.87 -3.41 12.18 14.03 13.77 -0.95 0.33

In summarythe amendments seemed to slightly affect pH for each case, excluding the
FeSQ-B casesWhen the coagulation solids were removed (FeBthe pH fell below 8.
Sparging with air (FeSEB + Air) furtherdecreasethe pH. In both cases, bone clagpeared to
have a buffering affect, with the highest pH values occurring in the bottles with the largest
percentages of bone chahe addition of HCI and sparging of air increased the oxidation
reduction potential while the addition of ferrous sulfatgally decreased the ORBenerally,
contact with amendments seemed to decrease the ORP, again excluding thB EaS&3.

After the coagulation solids were removed and amendments appliedsB&Ste ORP greatly
increasedor all amendment combinations. After being sparged with air, contact with GAC
increased the ORP and contact witine chadecreased the ORP (with combinations containing
the two settling to some intermediate value).

The single treatment that resulted in ldugest reductios in copper, arsenic, vanadium
and organic carbowas theaddition ofsolutionsFeSQ:7H,0O. The removal of the coagulation
solids seemed to result in greater removals of copper, arsenic, irpim gadicularDOC
(FeSQ-A + Air versusFeSQ-B + Air). Sparging FeS@adjusted water after removal of solids

(FeSQ-B versus FeSEB + Air) resulted in the formation of rusblored solids (Figure 35) and
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generally seemed to increase the removals of copper, arsenic, and vaisgditgmg withair
when the pH was either not adjusted or adjusted with HSItiwe most effectivieeatmentsor
removing dissolved leadhe addition of ferrous sulfate dignificantly lesgo affect dissolved
lead concentrations

The performance of amendments vagghly dependent on the other treatments applied
and the particular metal being remoyad one amendment combination performed significantly
better than the others for the removal of all metals under all condiidrasnendment
combinations were somewteffective at removing dissolved copper for the Not Adjusted, Not
Adjusted + Air, HCI, and HCI + Air cases, witheBC/GAC/SAMMS combination having a
slight advantage in the HCI ca$éone of the combinations seeneftectivefor removing
copperafterferrous sulfate applicatiofror lead, the BC/GAC/SAMMS combination appears to
perform better than the other amendments for the HCI + Air case. Otherwise, the combinations
performed nearly equallythe BC/GAC and BC/GAC/SAMMS combinations performed well
for arsenic in the HCI + Air and FeS@ + Air simulations.Combinations containing bone char
performed best for arsenic removal for the FeB@nd FeS®B + Air cases, with the
combinations containing the larger percentages of bone char performing ett&AC and
BC/GAC combinations appear to perform better than other combinations for vanadium removal
for the FeS@A + Air case. Otherwise, no combination performed significantly better than the
othersfor dissolved vanadium removadlon removal was unnmeorable except for the FeS®@
+ Air, FeSQ-B, and FeS®B + Air cases, which resembled remopalterns for arsenic. The
bone char, GAC, and BC/GAC combinations were most effective at removing dissolved organic

carbon; SAMMS appeared to reduce the effectess of bone char and GAC.
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4 .3 FurtherDiscussion

The objective of this study was to identify and evaluate potential metal remediation
and pHcontrolstrategiesThe experimentdescribed here present an initial step toward this
objective but these were not necessarily adequate to pinpoint mechanisms of removal, identify
constituent®or reactions that dominate the geochemistry of the water, etc. That said, the results
may hint at somenformation about the behavior of site water constits¢hat mg be useful
going forward

The first set of batch studishowed thapH adjustment generally improved metal
removal forapatite and GAC; metal removal for BIMS was generally improved, although this
material alsgperformed decently when the pttas not adjusted. This difference in behavior is
likely related to the chemical structures of the amendsreemdthe role of dissolved organic
matter in the behavior of trace metals in an aquatic environiesblved organic matter has
previously beenswn to affect the speciation, mobilityioavailability, and reaction rates of
copper, lead, arsenic, and other metals, largely through complexation or other interactions
involving polar functional groupd hedecreasef pH inwater containing metdDOM
complexes may result ihe liberation of metals from the complex due to increased competition
for DOM binding sites from hydrogen ionBata from drip waters in a hyperalkaline cave
(Hartland et al.; 2011) support this ideansistent with enhanced corapation by DOMthe
ratio of trace elementg.(g.,copper) to organic carbon was shown to increase with drip water pH
(from 8 to 12). Metal binding strength may increase with increasing pH for the following
reasons: i)tsonger binding sites become avallglincluding phenolic and polgarboxylic
acids,ii) the deprotonation of acid functional groups on humic substances results in a higher
overall negative charge on humic molecules, iaghthultidentatebinding may become

78



increasingly important (Stern ak, 2007) Also, thedecreas®f pH may result in a shift in metal
speciation to more positively charged species that are more amenable to gergtibigure
13). The liberation of metals from metBIOM complexes and/or the shift toward more
positivelycharged metal species may explain the improvement in performance oldsethed
amendments/sorbents when the pH was decreased

The removals of copper and lead by SAMMS without the pH adjustment coupled
with the fact that SAMMS did not substantiallytee dissolved organic carbon concentrations
suggests that copper and lead have a greater affinity for the terminal thiol groups in the Thiol
SAMMS structure (Figure 15) than some of the functional groups contained in the structure of
the DOMor other sorbnts The fact that apatite performed better than SAMMS under pH
adjusted conditionfor copper and leanhay indicate thatopper and leagpecieghat dominate
at lower pHhave higher affinities for the phosphate and hydroxyl groups of the apatite than for
the thiol groups of the SAMMS. However, the powdered apatite hagchlarger surface area
than the granular SAMMSo it is difficult to make a definitive statement rejag the relative
affinities of copper and lead for a particular sorbent given the results of these expeifiiments
poor performances of chitosand limestonenay bea result of low affinities of the metals of
concern for the hydroxyl and amino groupsbitosan and the carbonaeups of the
limestone but is also likely an effect of surface arAmnendmenperformance as reportésl
likely subject to a bias based on surface ;dtetéherdatamanipulations should normalize metal
removal to amendmesturface area to give a true indication of the relative affinities of the
metals for each amendment

The second batch study showed that the addition of ferrous sulfate was the single

most effective treatment to reduce copper, arsenic, and vanadium catiocesirThese results
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were expected based on literature (Section 2.1) showing that iron played a large role in the
chemistry and mobility of each of these metals. Lead, on the other hand, was only significantly
removed under very specific conditions (pHusted with HCl and sparged with air). These
results were unexpected; according to the cited literature, iron exerts a predominant role in the
adsorption of lead in soils (Bradl et al., 2005). However, lead was not greatly removed in the
presence of exceg®n. Also, lead behaved similarly to copper in the first batch study, but not in
the second. The reasons for these discrepancies are unknown and these results should be
confirmed. Excluding lead, metal reduction with ferrous sulfate application coinwittethe
formation of coagulation solids, indicating that the coagulation solids also contained significant
amounts of copper, arsenic, and vanadium. There are multiple ways by which the metals could
be removed with these solids, including precipitatibmetal hydroxides or sulfides (e.g.) in the
presence of increased iron and sulfate concentrations, coprecipitation with iron solids, or
adsorption to iron solids or sorbed dissolved organic compounds, was not determined by these
experiments and is likely combination of processes. Characterization of the solids is likely
important in determining the mechanisms of removal for each metal of concern.
Thenotionthat hydrogen ions compete imetalbinding siteswithin the DOM
structurealso means that DOMauld confa some alkalinity (buffering capacity) the water
though this generally depends on the DOM compos(tgarnier et al., 2004 his is supported
by the difference observed in pH measurements from cases where coagulation solids were
removed.The coagulation solids contained much of the color (Figure 33) of the untreated site
water Figure 4), and it was shown tresubstantial amouwof the organic carbon was removed
(Figure 41)with the removal of these soliddowever, pH decreased drasiliy in control

samples after the organiosh solids were removed (Fe$® and FeS@B + Air), whereas the
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pH rebounled in almost all other caseghere theorganic matter was not removekhis

indicates thathe organic mattemay havehad a buffering #ect, but does not explain thmitial
source of thelrop in pH (production of acidity)lhe droin pH after thecoagulation solids

were removedgither with or without air spargingver the seven daicontacd period,may be
related to the oxidation of residual ferrous iron to ferric {fferric iron produces more acidity
than ferrous iron as shown in Section 2)t it is unclear if thisinglemechanism can explain
the magnitude of the observed pH declinesn axidation may have occurred slowly or not at all
in the FeS@-A + Air case potentiallydue to the interference of DOM.

The use of ferrous sulfate may presemwheoperational challenges. Firglhe pH fell
significantly after the organiesch solids were removedt.is uncertain, though, how much of a
pH excursion would occur on site because soil alkalinity was not taken into account in this study
Second, the formation of solids could causeembogging(Sperry et al., 1996)n a situation
where a ferrous sulfate solution is injected, solids could form in the pore spaces near dine well
on the well screen itselvhich couldreduce the overall effectivenesithe injection procedure.
Clogging in cetain areas may alter groundwater flow pafkigering the flow path igenerally a
somewhat dangerous proposition, since this changes the groundwater hydrology from a state that
is known to one that is unknown. Thigyrequireadditional studiesotdetermine how the
groundwater hydrology was affected by pore clogging and waaritplicate the positioning of
an amendment barrier or cépit is deemed necessaryjowever, contaminated groundwater is
already discharging into the waterway; altering tlow path to the waterway may do little
additional harn{though this would need to be assess€ht)gging the pore spaces may liroit
reducethe discharge atontaminated sitevater into 3p 6 and the Duwamish Waterwggt the

very leastferrous sulfate application results in the immobilization of some contaminant mass,
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reducing the amount of contaminant that could enter the biologically activeAd&rnative

to theinjectiontechnique ferrous sulfate mighte applied as a solid pteas part of eeactive

iron barrier, though the potential for this method of application must be ass@$sedesign o&
systemsuitable for applying ferrous sulfate without adversely affecting contaminant transport

would be critical for &#eSQ-basedreatment strategy.
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5.0 Conclusions and Recommendations

Groundwater beneath a former industrial site contains dissolved metals and organic
material at high levels, as well as elevated pHX2)) Contaminated groundwater discharge to
site-adjacent waterwes must be controlled to minimize impact to potential receptors.

In a preliminary study, the efficacy of five amendments ¢dait) apatite, GAC, Thial
SAMMS®, and limestone) was examined for the removal of copper, lead, vanadium, and arsenic
for both un#tered and pkadjusted (pH = 8) site groundwater in laboratory batch studies.
Dissolved metals and dissolved organic carbon (DOC) concentrations were measured in site
groundwater both before and after pH adjustment, and after application of amengidents.
adjustment generally improved amendment performance. The greatest reductions in dissolved
copper {0%), lead 62%), and vanadium (62%) concentrations were observed under pH
adjusted conditions in the presence of apatite. TRAWVIMS® removed both copper %6
reduction) and lead {86 reduction) at the original pahdalso performed well under pH
adjusted conditions (Cu986 reductionPb: 4% reductionV: 24% reduction)GAC was
somewhat effective at removing lead under all conditi@bs30% reduction) andopper 81%
redwction) when the pH was adjusted, and also redi¢@@ concentrations under all conditions
(24-27% reduction). These results suggest that a strategy using pH adjustment and some
combination of apatite, ThidSAMMS®, and/or GAC may be beatited for remediation at this
site.

Further studies testing combinationgohe char (in place of apatite), GAC, artdol-
SAMMS® were performedin addition, thempacs of air spargingandpH adjustmenthrough
addition ofhydrochloric acid or ferrousulfate heptahydraigeSQ:7H,0), a coagulant
commonly used in conventional water treatmegre evaluatedrhe introduction of
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FeSQ:7H,0 resulted in the formation of coagulatioolids, further decreases in pH aftee
coagulation solids were removed, and the largest significant reductions of dissolved copper (at
most 81%), arseni@ %), vanadium&0%), and DOC §8%) of any treatment evaluated.
Sparging with aiincreased reductioof leadconcentration$or all pH adjustment strategiesd
increased reductioof vanadiumconcentrationenly when the pH was adjusted with
FeSQ:7H,0. Combinations of bone char, GAC, afdiol-SAMMS® generally did not confer a
substantial advantage over single amendment treatments.cRamemoved arsenic
significantly better than other amendments/combinations when pH was adjusted with
FeSQ:7H,0; bone char alsacied as a buffer to curb further decreasgsH after coagulation
solids were removed.he drops in pH after thebagulation solids were removed, either with or
without air sparging may be related to the oxidation of residual ferrous iron, but it is unclear if
this single mechanism can explain the magnitude of the observed pH declines.

Usingthe ferrous sulfatereamentstrategy potentially combined with passive barrier or
cap of bone chaflow-through column experimesshouldbe designed to sholow
implementation of the strategy would impact the subsurface hydrology aletiermine whether
this strategy camcheve ARARSs for copper, lead, arsenic, and vanadililre goals of these
future studies should be as follows:

1 Confirm the pH declines after the coagulation solids are remavedetermine the
mechanisra for metal removal and pH change

9 Discern how large a role soil alkalinity will play in piéntrolwith FeSQ:7H,0

1 Determine how FeS£¥H.O injection rates and groundwateydrologymight be

affected by the formation of coagulation solids
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Evaluate different methods of FeSTH,0 application (injection versus passive flow
throughbarrier or cap)

Assess the lonterm effect of thigreatment sttegyfor in situreduction ofcopper, lead,

arsenic, and vanadiunoncentrations to levels below ARARs
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Appendix1. Historical Physical Parameters for well M¥4

[°C, degrees Celsius; mS/cm, millisiemens per centimeter; mg/L, milligrams per liter;
mV, millivolts; NTU, nephleometric turbidity units; --, not determined]

Specific Dissolved Redox
Temperature Conductance  Oxygen Potential Turbidity
Date °C) pH (mS/cm) (mg/L) (mV) (NTU)
9/28/2002 - - - -- - -
12/8/2002 - - - - - -
9/19/2003 15.06 10.20 3.70 1.68 -437 18.20
12/16/2003 13.89 10.35 3.59 0.27 -472 108
3/18/2004 13.95 9.80 4.05 1.70 -445 11
6/17/2004 15.30 11.27 4.10 1.75 -270 58
9/16/2004 14.78 11.02 4.82 0.44 -169 0
12/17/2004 14.31 10.93" 4.65 1.80 -227
3/16/2005 14.20 10.91° 5.14 1.04 2 13
6/14/2005 14.90 10.78 5.00 0.20 -493 58
9/22/2005 15.26 11.07 8.06 0.02 -99 6.85
12/16/2005 11.74 11.00 433 7.01 -291.80 14.10
3/22/2006 14.00 11.88 5.41 1.00 -428 11
6/5/2006 15.00 11.82 4.29 0.20 -489 999°
10/27/2006 14.90 10.88 5.30 13.4° -342 48.00
12/12/2006 14.27 11.43 4.68 0.21 -378 24.10
3/18/2007 13.80 10.71 4.76 0° -463 0
6/20/2007 15.40 10.97 5.43 0.08 -431 252
9/19/2007 15.70 10.92 5.65 1.25 -413 31.90
12/17/2007 14.10 12.45 5.92 0.00 -363 3.20
3/25/2008 13.90 11.26 0.680° 0.00 -392 82.90
6/24/2008 16.71 10.58 5.61 0.00 -837.88 431
9/24/2008 14.80 10.54 5.67 0.00 -409.15 3.19
9/24/2008°|  14.80  10.54 5.67 0.00  -409.15  3.19
Max 16.71 12.45 8.06 134 2 999
Min 11.74 9.80 0.680 0 -837.88 0
Average 14.58 10.97 4.84 1.46 -375.32 79.9
Median 14.79 10.93 491 0.24 -409.15 13.6
*Lab pH

® Potential instrument malfunction

¢ Duplicate




Appendix2. Historical Conventional Analyte Conceations for well M\W44

[mg-N/L, milligrams as nitrogen per liter; mg-P/L, milligrams as phosphorus per liter; mg/L, milligrams per liter;
mg/L as CaCOs, milligrams per liter as calcium carbonate; <, less than; --, not determined; J-, value is estimated

and result is biased low ]

Nitrate + Total Alkalinity
Nitrate ~ Nitrite ~ Nitrite Ammonia Phosphorous Sulfate Sulfide Chloride (mg/L as
Date (mg-N/L) (mg-N/L) (mg-N/L) (mg-N/L) (mg-P/L) (mg/L) (mg/L) (mg/L) CaCOs)
9/28/2002| <0.1 <0.1 <0.1 = == 84 0.21 81.0 1400
12/8/2002{ <0.1 <0.1 <0.1 - -- 53 3.30 90.0 1000
9/19/2003| <0.05 0.1 0.11 2.30 3.90 160 0.94 88.0 1900
12/16/2003} 1.400 <0.2 1.4 2.20 5.50 210 5.00 73.0 1900
3/18/2004f <0.2 <0.2 <0.2 2.20 6.10 130 9.50 86.0 2200
6/17/2004| <0.5 0.127 <0.5 2.46 21.40 143 8.80 62.8 2440
9/16/2004f <0.5 <0.5 <0.5 3.20 6.34 231 29.9 69.5 2600
12/17/2004 <1 <1 <1 4.86 6.22 143 0.9J- 76.9 2760
3/16/2005| 0.306 <0.25 0.306 3.49 6.62 159 13.2 76.9 2640
6/14/2005| <0.25 <0.25 <0.25 5.15 1.84 161 145 74.3 2980
9/22/2005 <1 <1 <1 4.80 7.60 326 17.4 74.4 2540
12/16/2005| <0.5 <0.5 <0.5 5.42 6.78 205 202 - 922 2710
3/22/2006| - - - - - - - - -
6/5/2006| - » s = " - - - &
10/27/2006 - - - - - - - - -
12/12/2006 -- -- - -- -- -- -- -- -
3/18/2007|  -- - - - - - - - -
6/20/2007 - - - - - - - - -
9/19/2007 - - - - - - - - -
12/17/2007 -- -- == = = = - = =
3/25/2008 -- -- - - - - - - -
6/24/2008|  -- s - o e ” " - -
9/24/2008 - - - - - - - - -
9/24/2008* - - - - - - - - -
Max 1.4 1.0 14 5.42 21.40 326 2990 92.2 2980
Min| <0.05 <0.1 <0.1 2.20 1.84 53 0.21 62.8 1000
Average| 0.492 0.361 0.497 3.61 723 167 1032  78.8 2256
Median| 0.403 0.225 0.403 3.35 6.28 160  9.15 76.9 2490

* Duplicate
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Appendix3. Historical Metals Concentrations (filtered) for well M¥d
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Appendix4. Historical Metals Concentrations (nditiered) for well MW-44
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Appendix5. Surface Water Applicable or Relevant and Appropifieguirements

(ARARS) for Aquatic Life
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Appendix6. Example PHREEQC Inpdior Determining Speciation

DATABASE lInl.dat
Title RhonePoulenc Speciation
Solution 1 Average Groundwater Parameters

units mg/L
pH 12
density 1.000
temp 14.57
pe -7.16

0(0) 0.24

Al 1.0068

Cd 0.002

Ca 14.06167
Cr 0.04146

Cu 0.11243
Fe 9.7725
Mg 3.9442
Mn  0.38992
Ni 0.01528
K 949167
Se  0.05

Si  470.77
Na 917.75
Vv 0.38997
Zn 0.00825

As 0.00694
Pb 0.01022
Hg 0.00019

Tl 0.00117
N(5) 0.492
N(-3)  3.608
N(@3)  0.3606
cl 78.75

= 7.23
S6) 167
S(2) 10.32

Alkalinity 2256

End
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Appendix7. Saturation Indices for Relevant Phases from pH 8 to 12 for-B0S-
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Appendix8. Saturation Indices for Relevant Phases from pH 8 to 12 for Eh
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