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Abstract: -_ m _. r_
Phytoremediationis anemergingtechnologyforremediatingbrownfields,landfills,andother -_ _ m oO .-=C_

contaminatedsites.Manylaboratoryandfield testshavedemonstratedthattreesandothervegetation c_ _ o_('D :3 O'l *
can absorb, transform, or contain a variety of contaminants, includingsoft and heaw metals and volatile _ __ ..
organicsthroughhydrauliccontrol,absorption,andmycorrhizalactivityintherootzone. But o-,
ph_oremediation can not be applied in an =offthe shelf"fashion because plantsgrow differentlyon
different soils,differentmicroenvironments,anddifferenttypesof contaminants.Site- andcontaminant-
specific protocols are needed to effectively use phytoremediation.

Buttrees and otherplantsdo morethan remediatepollutants.In manycases,a landscapewithtreesand
other plants can have a significant impact on humans. Forinstance, a green landscape can reduce
stress, reduceviolence,andstrengthenneighborhoodties.Andbecauseof thedeepattachmentsmany
peoplehaveto trees, treeremoval---sometimesanelementof phytoremediation---canbe problematic. _ =- .=.Co ¢-I- "-'_

I ¢"1"u:3

What are the implicationsof these ecologicalandsocialfunctionsof vegetationforbrownfield _.._._-_ _
redevelopment?We addresshowto combinethebiologicalandecologicalissuesof phytoremediationto ,
maximizeeffectivenessas a clean-uptechnologywhilealsooutliningthepotentialfor significantsocial _ _
implicationsof a greenerhumanenvironment.A newphasedphytoremediationstrategyisoutlinedand __ =_
specificsfroman experimentinthe Calumetregionof Chicagoarepresentedas a casestudyto illustrate --h_-_
waysto developsite specificphytoremediationprotocols.Potentialsocialimplicationsof thisandother _ o_-So
phytoremediationapplicationsinCalumetare alsoaddressed. _ ,._

"-h --'
.--I. •

_DIntroduction: .-_
Phytoremediationis anemergingtechnologyfor remediatingbrownfields,landfillsandothercontaminated _- ._
sites. Ph_oremediation is the use of plants to clean up or remediate contaminated soil, sludges, o_.-,."
sediments,and groundwaterthroughcontaminantremoval,degradation,and/orcontainment[32]. o -__--= (1:>

Ph_oremediatlon principles have been applied for centuries in Europe and the MiddleEast where b ..
agrariancultures used plantsto bufferstreamsfromanimalmanurecontamination[13]. Moreover, -s
phytoremediationhasbeenusedextensivelyin EuropeinmodemtimesandhasbecomepopularinNorth
Americainthe last20 years[18].Thereare severaladvantagesto phytoremediationcomparedto other -_._
clean-uptechnologies..Plantscaneffectivelyandeconomicallyremove,degrade,and contain _°
contaminantsinan aesthetic,naturalandpassiveway.Further,phytoremediationmaybringthebenefits n_
of a greenenvironmenttothosewholive,work,andplaynearthe phytoremediationsite,benefitsleading
to a strongerneighborhood,greaterhumanwell-being,andredressingof pastenvironmentalinjustices. =
Thesepotentialadditionalbenefitsofphytoremediationneedfurtherconsiderationandresearchinthe
contextof greeningbrownfields.

In this paper we discuss how phytoremediationworks and the potential social benefits of
phytoremediation.We alsooutlinea planforphytoremediationresearchandapplicationinthe Calumet



regionofChicago,Illinois,a rustbeltlandscapewithbrownfields,activeindustry,andnaturalhabitat
occurringsidebyside.

PhytoremedlationProcesses:
Phytoremediationprocessescleanuporremediatesitesinseveralways.At sitescontaminatedwith
inorganiccompoundssuchas metals,plantsstabilizeorremovecontaminantsbythreemechanisms:
phytoextraction,whereplantrootsabsorbcontaminantsintotheabovegroundplantparts(i.e.leaves,
branches,and/orstems); rhizofiltration, whereplantsadsorbcontaminantsontothe roots;and
phytostabilization,where plantrootsimmobilizecontaminantsinthe soiltherebydecreasingsoilandwind
erosionof contaminants.At sitescontaminatedwithorganiccompoundsplantsbreakdownor remove
contaminantsbythreemechanisms:phytodegradation,where,afterthe plantabsorbstheorganic
contaminant,plantenzymesbreakdownthe contaminantto safercompounds;rhizodegradation,where
plantrootsprovidethebeneficialenvironmentformicrobesthatinturnbreakdownorganiccontaminants
inthe rootzone;andphytovolitalization,where plantstakeupcontaminantsandreleasea safermediated
formof theorganiccompoundintotheatmosphere[32].

Mostphytoremediationapplicationsuseripadanbufferstripsorvegetativefilters.A dpadanbufferstrip(or
corridor)consistsof a stripof plantedtrees,shrubsand/orgrassesalonga wetland,stream,riverorlake
[30]. Riparianbuffersare plantedbetweenthecontaminatedarea andthe dpadanzoneandaredesigned
to slowdownanddecreasethe flowof contaminatedwaterandsedimentsfromthecontaminatedarea to
the riparianzone.Vegetativefiltersare phytoremediationplantingsnotnecessadlyrelatedto a lake,dver,
orwetland.Vegetativefiltersare oftenusedas vegetativecoversfor landfillsas anaitemativeto clayor
plasticcapsto helpcontainlandfillwastes.Theplantscontrolerosion,take up rainwateranddecrease
runoffintonearbyareas[32].

In somecases, plantsusedforphytoremediationabsorbenoughcontaminantsthattheybecometoxic
themselvesandmustbe removedanddisposedof ashazardouswaste.However,thisprocessgenerates
muchlesswastefordisposalthana traditionalexcavationclean-upapproach.If moreclean-upis
required,phytoremediationcanbeappliedagain.Inthe caseof metalsclean-up,themetalscan
sometimesbe reclaimedfromthe plantsandre-used[36].

Poplarsand Willows for Phytoremedlation:

A majorkeyto phytoremediationsuccessis howplantstakeupwater,or hydrologicuptake.Water can
transportcontaminants,and it isthroughwaterthatcontaminantsreachtheplant,justas itisoften
throughwaterthatcontaminantsmigrateoff-site.Plantswithmanyand/ordeeproots,especiallytrees,
pumpenormousquantitiesof waterduringthegrowingseason.Ina phytoremediationapplication,this
decreasestheflowof surfacewaterfromcontaminatedsitestowardstreams,lakesandintoground
water.Poplars(Populus spp.) andwillows(Salixspp.) arethemostcommontree speciesusedfor
phytoremediationbecausetheygrowrapidly,havemanyanddeep roots,andtake uplargequantitiesof
water[1,2, 4, 17, 18]. Poplarsandwillowstake upa widevarietyof contaminantsincludingammonia,
inorganiccompounds(i.e. metals),organiccompounds,pesticidesandradio-nuclides(Table 1).While
phytoremediationcantreattoxicsinthe soilandwater,theadditionof treesmayalsohelpotherpollution
issues.Specifically,increasedtree covercanmitigategreenhousegasproduction,urbanheatisland
effects,andairborneparticulates[5,9, 27, 28].

PoplarsandwillowshavebeenusedextensivelyinEuropeas a vegetativefilterforcleaningpolluted
drainagewater fromagriculturalland[11]andforwastewatertreatmentandsoilremediationcombined
withbiomassproductionfor energyuse[2]. In NorthAmerica,poplarsandwillowshavebeenused
extensivelyfor phytoremediationat theresearchanddemonstrationscale[32-34,36]. Severaloperational
scaleeffortsare alsounderwayusingpoplarsfor municipalwastewaterreuseandas vegetativelandfill
caps[8].



Contaminant Reference Contaminant Reference

Water Organics
Ammoniumnitrogen Aronsson& Perttu[2] BTEX Burken& Schnoor[7]
Nitratenitrogen Elowson[11] PAH's Burken& Schnoor[7]

TCE Newmanetal. [26]
Inor,qanics US EPA[32, 36] TNT USEPA [32]

Barium " OtherVOC's USEPA [32]
Boron " Others

Cadmium " Formaldehyde US EPA[32]
Calcium

Iron u Herbicides Burken& Schnoor[6]

Magnesium ', Pesticides • US EPA[32]

Manganese

Potassium u Cesium vonFircks [37]

Sodium = Strontium vonFircks [37]
Zinc "

Table 1. Pdmarycontaminantstakenupbypoplarsandwillowsthatshowpromiseforphytoremediation.

Matchingthe Plant to the Contaminantand Site:
An importantprincipleof phytoremediationisto matchtheproperplantspeciesandsubspeciesto the
contaminatedsiteandplannedapplications.Considerationmustbegivento soil,microclimate,region,
andpestsanddiseasesaswellas thecontaminantormixof contaminantsto becleanedup.

Each sitefor phytoremediationwillbedifferent.Somewillbe inwetlands,somewillbe inrubble,othersin
welldrainedsandysoils.Differentplantsthriveinthesevariousconditions.Otherconditionswill also
effecttheplantsabilityto grow.Theamountof sun,wind,andrain,theamountof stressorslikeroadsalt
orvehiclefumescan effecttheabilityof particularplantstothrive.If theplantswon'tgrow,theywon't
remediatethecontaminants,sochoosingtheappropriateplantsforthegrowingconditionsisthefirst
criticalstep.

Differentplantsdowellat remediatingdifferenttypesof contaminants.Someplantsare betterfortreating
heavymetals,othersforvolatiles.Anditis notsufficientto know,for example,thatpoplarscandegrade
TCE [26].Somevadetiesof poplarsdo,manydonot.Someplantscan takeupshallowcontamination,
otherplantsorplantingtechniquescanreachdeepercontamination[16]. Ontheotherhand,phytotoxicity,
orpoisoningof plantsbytheverycontaminantsphytoremediationisto clean-up,issometimesa potential
outcome.

A finalconsiderationinselectingtheappropriateplantforthephytoremediationapplicationiswhetherit is
nativetotheecosystemwherethephytoremediationistakingplace.This choiceis particularlyimportant
for sitesnearnaturalareasthatneedto be protected.Non-nativespecies(andsomenatives,too)could
escapefromthe phytoremediationsite,takerootnearby,andpotentiallythreatennativespeciesof
interest.MultifloraroseandpurpleIoosestrifearetwoexamplesof gardenescapeesthathavehaddrastic
impactson localecosystems.It isimportantthatphytoremediationprojectsnotcausesimilardamage.
Manyofthe poplarsusedto datefor phytoremediationapplicationsanddemonstrationshaveEuropean
and/orAsianparentageandcannotbeusedinsuchsensitiveareas.However,thereare currentlyactive
poplarandwillowbreedingprogramsthataredevelopingnew subspeciesforfuturephytoremediationuse
[22, 29].

Inan idealworld,we wouldhavea databaseto balancethesevadousconsiderationsandtelluswhich
plantis appropriatefora givenphytoremediationapplication.Unfortunately,thereis nosuchdatabase



availableandthe complexitiesof selectingthe correctplantsfora specificphytoremediationapplication
make sucha databaseunlikely(thoughperhapsregionaldatabasescouldbedeveloped).Therefore,
prescriptionsare notavailablefor =off-the-shelf'useof poplarandwillowspecies,ormostotherplants,for
phytoremediation.Findingthecorrectplantforthephytoremediationjob takesplanningandtesting.One
approachto matchingplantsto remediationandsiteneedsisoutlinedlaterinthispaper.

Plantsfor the People:
Alongwiththe chemistryandsilviculturalissuesof phytoremediation,it isalsoimportantto understand
andassessthe potentialpsychological andsocial implicationsof phytoremediation.Environmental
psychologistshaveinvestigatedtheimpactof vegetationonhumanhealthandwellbeingandfound
somedramaticimpacts.Forinstance,viewsof treesand greenspacecan significantlyimprovehealingin
hospitals,withpatientsrequiringfewerand lessstrongpainkillers,havingfewerpost-operative
complications,andhavingshorterhospitalstays[31].Viewsof greenspaceinpublichousing
developmentshasbeen shownto reducedomesticviolenceandimprovecopingabilityintheface of
severepoverty[23, 24].Viewsof greenspaceare associatedwithgreaterproductivityon thejob [19,20].
Peopleperceivebusinessdistrictswithtreesandevenmodestlandscapingascarryinghigher-quality
goods,andbeinga preferabledestinationforshopping[38-40].Treeshavebeenshownto be criticalin
satisfactionwithhousingandincreasedwellbeing[12, 21]. Peoplecaredeeplyaboutthe treesintheir
communities,andcan getvery upsetwhen treesare removedfromtheirneighborhoodor nearbyparkof
forestpreserve[10, 15].

Howare thesefindingsrelatedto phytoremediationof brownfields?Manybrownfieldsare indistressed
neighborhoods,neighborhoodsthat needeconomicand/orsocialrevitalizationandmanythathaveborne
the bruntof environmentalinjustice.Recallthatthe findingsaboutthe impactsoftreeson individualsand
neighborhoodswerebasedonthe views of trees(as opposedtoa walk inthepark oractivegardening).
Brownfieldsin distressedneighborhoodsareseen bymanypeopleona dailybasis.Phytoremediation
canaddtreesandotherplantsto thisview, and,therefore,phytoremediationcouldpotentiallyhave
positiveeffectsonthecommunity.Residentsandworkersseeingphytoremediationplantingscould
potentiallyexpedencereducedstress,greatercopingcapability,increasedproductivity,andothereffects
ofviewsof greenspace.

Neighborhoodswithbrownfieldsoftenhavean imageproblem[14]. In theCalumetregionof Chicago,a
typicalrustbeltlandscapewithmanybrownfields,poorimageofthearea wascitedby localbusinessesas
a leadingimpedimentto economicdevelopment[3].Treescanhavean impactonthisimage,as indicated
bythe researchfindinggreatersatisfactionwithneighborhoodandwithbusinessdistrictsthathavetrees.
Therefore,combiningphytoremediationwith landscapedesignprincipals,suchasclusteringtheplantsor
creatinga swathof color,couldhavesignificantimpactsfora neighborhood.

Urbanforestryresearchalsoprovidesa cautionarynoteaboutphytoremediation.People'sreactionto tree
removalisoftenswiftandintense,sometimesleadingto controversyandhaltedprojects[10, 15]. Iftrees
andotherplantsare to be removedas a partof a phytoremediationapplication,thiscouldproduce
negativereactionsfrom localresidentsandworkers.If it is knowninthebeginningthattheplantswillbe
removed,somepubliceducationaboutthiscouldbe inorder.Itwon'tguaranteenoprotestwhenthe
plantsare removed,but itcouldmitigatethe impacts.

Landscapeecologyprovidesanothercautionarynoteaboutgreeningbrownfields[25]. Greenlandscapes
thatlookappealingcanalsoinviteexploration.If a phytoremediationsiteis contaminatedto a degreethat
posesserioushumanandwildlifehealthconcerns,stepsneedto betakento limitaccesstothesesites
[25]. Landscapingthatcreatesthepsychologicalandsocialbenefitsdescribedabovecouldruncounterto
thisneedforlimitedaccess,creatingas itwere, an attractivenuisancethatencouragespeopleto usethe
siteas if itwerecleanopenspace.Where thiswouldbeproblematic,designprincipalscouldminimizethe
likelihoodofpeoplevisitingthesite,oralternativeclean-uptechniquescouldbe used.

Environmentalpsychologyandothersocialscienceshavegenerateduseful,evendramatic,information
aboutthe impactsof viewsoftreesand greenspaces.Whileexistingdatasuggeststhattheseimpacts
are possible,we needlong-termresearchtracingthe impactsof newlygreenedbrownfieldsandother
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phytoremediation applicationsto
determine the extent to which
these benefits are realized in
these settings.

RandomizedDesign FactorialTreatments
Trees No Trees

OOeO Phased Phytoremedlationcon_,mm Strategy:Water

llO0 We are developing a site- and
contaminant specific
phytoremediationprotocolfor a

NoP,-Contaminated

OO0 w,_ contaminated landfill in the
Calumet region of Chicago. This
rustbelt landscape has many
brownfields adjacent to active

industryand natural areas that
Baseline provide habitat and recreation.Control

The Calumet region, which
includes 10% of Chicago's land

base, some of the southern

suburbs, and northwest Indiana
along the coast of Lake
Michigan, is receiving increased
attentionto spur ecological and
economic revitalization.This

,_ revitalizationprogram has over
S=Sa/_nigra(brockwillow) 50 partners from federal

• P=Populus de�toMes (cottonwood) agencies to local, grassroots
organizations.The city of
Chicago and the State of Illinois
have targeted their resources on
this area, working with the
broader partnershipas a major
force for change.

Rgure 1. Schematic of 2001 phytorernediation tank experiment design---Phase I of Calumet

phasedphytoremedlationstrategy. The site we are working on is a
landfill that borders a marsh

providingimportant bird habitat for state threatened and endangered species includingthe black-crowned
night heron and the snowy egret. Our approach to matching the proper plant material to the site for
phytoremediation is a phased phytoremediationstrategy. First, we conduct experimental screening
studies of plant materials under controlledconditionsat the site usinglocal, native plant materials,
contaminated soil and water to evaluate growth, mortality and contaminant uptake (Phase I). Then, we
vedfy, and often narrow the choice of Phase I plant materials for the specific site in a second year to
refine first year results (Phase II). Next, we do demonstrationplantingsand testing on a small scale inthe
ground at the site (Phase III). Finally,after we are convinced of the merit of the plantmaterials for
remediating the specific contaminants we scale upthe applicationand deploy it in the design chosen for
the site (Phase IV). This conservative strategy allows us to be sure that the native plants are capable of
the clean-up required. It also f_s withinthe policyand administrativetime frame for clean-up of this
landfill.

We are currently in Phase I of our phytoremediation strategy for Calumet. We are conducting a controlled
phytoremediationexperiment using native trees representative of speciesgrowing at the site. We are
testing the abilityof cottonwood(Populus deltoides) and black willow(Salix nigra) to take up
contaminants from the local soil and groundwater.These contaminants includeseveral metals and
organic compounds, in quantities above ecologicalthresholds in Illinois[35].



CottonwoodandblackwillowseedlingswereplantedinJune,2001 ineightout of thirteenlargecattle
wateringtanksina replicatedexperimentaldesign(Figure1). Allof the tankscontainedcontaminatedsoil
fromthe site;fourof the tankswithtreesreceivedcontaminatedwatereachweek throughoutthe2001
growingseason,whilefourof the tankswithtreesreceivednon-contaminatedcitywater,fourof thetanks
withouttreesreceivedcontaminatedwatertotest thesoiluptakeofcontaminants,andonetankwasa
baselinecontrolwithnotreesandnon-contaminatedwater.Thetankswerecoveredwithwaterproof
coversto excluderainwater,anddividedwithweedmatto keepthecottonwoodandwillowroots
separate.

We are currentlymonitoringthegrowthandsurvivalof the trees,andrecordingtheinputofwater
quantitiesas wellas quantitiesof contaminantsintothe tanksbasedon subsamples.Theoutputfromthe
tanksismonitoredmonthlywithchemicallabanalysesinorderto developa waterandcontaminant
budgetfor thetwospeciesdudngtheentireseason.At theendof theseasonwe willassessthe
phytoremediationperformance,whichwillbeusedto planPhaseII of the strategyfor2002. If we continue
to havepositiveresults,we will proceedto PhasesIII andIV overthecomingyears.

If we deployphytoremediationina full scalebuffersystem,itwillbe highlyvisiblefromtrailsinthe
neighboringmarsh,aswellas froma road leadingto severalindustrialandrecreationalsites.Therefore,
the treeplantingwillaltertheappearanceof the landscapeandmighttriggersomeofthe psychological
andsocialbenef_sdiscussedpreviously.We don'tknowif we willneedto removetreesto remove
contaminants(futureanalysiswillanswerthisquestion),butif we dothe removalof the treeswillneedto
behandledcarefully.One step inthisprocesswouldbe interpretationof the phytoremediationplantings
fromthe marshtrailsm signsthatexplainedphytoremediationand thatthe treeswillbe removed.
Replantingof thetrees,whetherneededfor furtherremediationof the site ornot,wouldalsobe helpfulto
mitigateremovalof the initialplantings.

Summary:

Phytoremediationhasmanyadvantages:itcanclean-upa widerangeof contaminantswhilealsobeing
cost-effective,natural,passive,andaesthetic.Becauseviewsof treesandgreenspacescan alsoprovide
importantpsychologicalandsocialbenefits,phytoremediationhasthepotentialtotreatmorethanon-site
contamination;it mayalsohelpto createstrongerneighborhoodsandindustrial/businessdistricts.

Forphytoremediationto be effective,theappropriateplantneedsto be matchedto thesite. Notonlymust
thespeciesandvarietiesusedbe ableto remediatethecontamination,butit mustalsobeableto survive
well inthegrowingconditionsandalsonotthreatennearbynaturalareas.

Matchingtheplantto thesiteoftenrequiresresearchandtesting.We are conductinga research
experimentas part of a phasedphytoremediationstrategyto developa site-andcontaminant-specific
phytoremediationprotocolto protectan importantmarshhabitatfroma highlycontaminatedlandfillin the
rustbeltlandscapeof Chicago'sCalumetregion.Thisexperimentwillprovideadditionalinformationfor
clean-upof thelandfillandalsoleadto newtechniquesto screenplantsubspeciesfor phytoremediation
applications.Phytoremediationholdsmuchpromiseas a toolinreclaimingbrownfields,as naturehelps
uscleanup afterourselves.
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