PHYTOREMEDIATION LITERATURE REVIEW

by
Russell L. Hamlin

Pollution and Environmental Awareness in The United States

The 20" centirycan le chaacteizedas a tne d increasing enwronmental avarenes. Mich ofthe
sogety cameto ralizethat in he rae fa progessand prsperiy, it faled to praectthe evironment andhe
natural resources on which it depends. In the earlirofighe 20" centuy, the disposi of industrial waste by
many companieis the United Statesas regarded asn@n-productivéunction to ke achieve at the least peible
cost (Cook 1977). This mentdity, coupledwith insufficient goverrmental acton and legislation, led to massve
contamination of groundwater and soil at sites across the United States (Ward, 1999). In the latter half'of the 20
Century peple witnesed such envimmental disasters as thdlption of Lake Erie and Lake Ontario
(International Joint Commission,1970), tke discovery of toxic waste unddret Love Canatommunity of New
York (Levine, 1982), ard the smog-elated death of more thard,000 people ilLondon (Wise, $68). Such
widegpread pdution gainecconsideable pubc attentim and brought aut monumetal changes in Anniean
socigy.

Positivesteps wre taken in the Uniteda&es during the late 196@iad early 1970's taise public
awareness and tortail environmental pollutioby implemating stringent governmental regulations. ThédSo
Waste Disposal Actfd 965 (SWDA) washe first act that regulated waste on a national scale (Reed et al., 1992).
In 1969, Congress pssed the Natinal Ervironmertal Policy Act (NEPA, the first act to provide anational policy
for the envirament. The first annual Earth Day was heldApril 22, 1970, to debrate the enronment and to
heighen pulic anarenes ofthe prblems thattonpromse thdantegity of the evironment. h the sme ar,
PresgdentRichard Nivon esabishedthe Enironmantal Proecton Agency(EPA as he impeémening arm 6 the
NEPA. Other impottant legislationof the 1970's inluded the @Gan Air Act (CAA; 1970), the Fedeal Water
Pollution Control Act (FWPCA; 1972) the Safe Dinking Water Act SDWA; 1974),and tke Resource
Consewation and Recovery Act RCRA, 1976). As staed by Reed eal. (1992), these actsand others passd by
Congrss proidd fa the ‘tradk tothe grae” regubtion ofhazardas waste Congesdaterpassd the
Comprelensive Envionmenta Response, Compeaation,and Liablity Act (CERCLA, commonly called
Superfund 1980) that enabledie federal govetmentto delegate th costs of remedial d@coh to the paties
responsible for hzardus waste violatios. Pressug to meet the ew standads for envirormental quality propeled
whole industies to re-egineer teir fundamenal processes ahproducts (@nningham et al.,1997) ard forced
some ompanie®ut ofbusines (Cammarotal,980). The pper dispsal & hazardousvasteand the needtclean
exiging mntamnatedsites beamea prodictive incton for manypublc andprivae ingitutions n light d the
substantial fineand penalties, which glnl be mandatedylregulatoy agenciesGovernment agena&nd private
indugry dike be@n a sarch br eficient, ostefedivetedinolgyiesthat ouldbe $sedto ranedide (ie. dean)

hazardous wade stes, an initiative that remans to the present day.



Currently 80,000 to400,000 hazardis wate sits in the Unitd Statesequire sme futue remedial
action (NRC, 1997). However, oty an edimated 30000 of these & recognized by tte EPA & canddates for
immediate treatment (Ensle3000). These siéanay bepolluted vith inorganic contaminants, organic
contamirants, ormore commony} mixtures of both. Tie remedation of all U.S. hazadous waste sitesiiexisterce
could cost as muchs $1 trilion (NRC, 1997), but he estim#ed expense for 6 of immediate carern is mch
less. The prejcted cst for remediatio of areas adaining mixtures of heavyetals and organic pollutants is
$35.4 bilion ower the nextive years, wheeas clanup of ges cataminated wit metals onlyouldcost $.1
billi on (Ensley, 2000). The high cost of fazardous wage cleanup is due inpart to the inefficiency and thigh cost of
avaibbletetinolagies Conentimal remdiatin tetiniques are hsedon cvil and chenicalenginering
technologieéncluding a wide ariety ofphysical, thermal, and chemi¢etatments, as wedls manipulations to
accelerge or redice massransport in the contaninated matix (Cunninghamet al., 1997). According to NRC
(1997), as cleanup at waste sites has prodeé@deas become evidethat despite the billions of dollars invested,
conveational remedition tebnologie are inadagate. The ldcof @mmercidly awailable echnolgies that &n
restore contamiated sites at reasonable cost hebtb increasing @ssure to limit waste cleanups to sitestthose
immedate rgks ® huma health.

Metals and ther inorganic @antaminants are amg the mostgvalent érms ofcontaminatio found at
waste sites, ahtheir remediaton in soils and sedirants ae among tle most techitally difficult (Cunningham et
al., 1997). 8urcesf anthropgenicmetal catamination includemelting 6 metallferows ore, kectrogating, gas
exhaust, mergy anddel prodation, the pplication of fertilizers and mnicipal sladlges tdand, and industrial
manufacturingBlaylock and Hiang, 2000; Gwningham et al., 1997;aRkin et al., 994). Havymetal
contaminatio of the spheréhas increasksharplysince 190 (Nriagu, 199) and pass majo environmental
and human health problems worldes (Ensley2000). Accading to Raskin et al. (199, the term heavyetal is
arbitary and impreise In thisdisertaton, ‘hewvymetal will refer toany éement that hasnetalic propetiesand
atomc numler grater tha 20 (Riskin ¢al., 94).Unlike manyrgant coitaminang, mat meals ad
radionucliges cannobe elminated fron the enviroment bychemical obiolagical transérmation (Caningham
and Ow 1996 NRC 1997. Although i maybe msébleto relucethe txicity d cetain meals ly influenéng
their specation, they do not dgrade ard are persitentin the ervironment (NRC, 1999). The following sectbn
describes some of the vans conventioal remedation techologies that are usedo clean heay metal polluted
environmerts. Each nmethod has ecific benefits, limitations, ard costs Table 1), which should be comidered by

tho® reponsble for remedhl adion.

Conwentional Remediation Technolaogies

Excavation and Landfill
Excavationof soil followed by disposal in a laffill is the most commonly used nieid of cleanimy sites
that have éen cataminated wit heavymetals (Bgonia eal., 1998). Anajor critcism ofthis methods that

contaminants are nerely movel from one sie to arother with no effort to destoy, remove or stabilize them on



site Conainmentmeasresat thelandfll aredesgnedto i®lae theconaminatd mateial from theenvionmaent
so that awy liquid or gaseousnterchange is nmimized or contolled (Wood, 1997) Otherremediaton techriques
are commolty used at ladfill sites to ad in the isolation of haardous naterids. For instance, &ndfill caps reduce
the amant ofwate infiltration and sppres the dwnward nigration of conaminantswheeas andergrond
verticd barriers inhilt lateral m@ement.
Impermeable or Containment-type Barriers

Impemeale karrierscan le ugd toconpleelysurraind a sure@ ofgrounndwaer cotaminaion andare
among the least expgive, most vdely ugd means gbreventing the spread metals in groundater (NRC,
1999) As pevioudy mentioned, larriersare ued dten at lan€ill s toisdate he camtamina¢d mas fran the
outsde eavironment Wodl, 199). Ths mehod mg indudethe ue ofcapshoriontalor vertial wdls, a a
combinatbn of these. Accordig to Wood (1997)a cap consts of a single omultiple layers of un-containated
materal that ove's an are ofconaminaton. Theprimaryfundion d a @ap is 6 syppres the dwnward
migration of metals by controlling the infitation of water. Coveringhe area also preventse exposure of at-risk
targets ad encouages vegetative gith over the sié. The cap da be vegetative or corsdiof certainclays, lime,
fly ash, swaye sudge cacree or aphalt or yntheéic menbrans or goexties.Undegroundverical tarriers
are usea@round the paneter ofa contaminatesite tocontrol he lateral meement bgroundvater. Vertial
barriers can be composefdctay mixtures, concrete, slesheet piling, and synthetic membranes (Wood, 1997).
Horizontal walls functionin a similar manrer as caps in prevang the downward rigration of contamants.
However, horizontal barrier tenology isnot yet prfectel and is seldom ed due tahe inherent difficultie in
establishhg animpenetable layer undr a site. Becage contamiants ae not removed, s where barer
technologiefiave ber used will ften have lag-term site restrictits, something that parties respible fo site
restoation must onsder.
Permeable Reactive Barriers

A perneatbe reactie barier isa passetreatnent zme ofreative materal which is nstaled acossthe
flow path of a&ontaminant plumé\NRC, 199). As grandwaterlbwsthrough the treatent zone, ntal
contamirants ae immobilized by sorption or mcipitation within the barier. Reactve barries can be consticted
of anymaterials that et with ineganic contanmants including zdites hydros ferricoxide,peat, sika,
polymer gels, or limes. They are mosoften used to teat localized aeas whee cortaminant plumes exst but can be
usedto tdally encbsean area tere he moenent ¢ contaminang of site pgeshigh rik to he suroundng
envionmat. Soption or preipitation within a reative barrie¢ must le regrdedas a reardaton ofconaminant
migration ratker than as a permant solution to the problem (NRC, 1999).
In Situ Vitrification

In situvitrification is a renediation techrology used ¢ trea smdl areas wih high levels of organic or
inorganic soil contamination. Soils are keatedto temperatures betveen 1@0 and 1700°C and are melted by
applyhg an alternating edérical airrent betwen eletrode placd in the ground. Wen cof soil kecome an

impernealbe ghss ocrystaline séid which ismoreresisant toleating ofthe @iemially or phgicdly bound



metas$ than theriginal sd (NRC, 199; Wmd, B97).The wtrified maerialmaybe oveed wth clean sd, and
left on siteor removd and disposedf in a catrolled landfill. This expesive remedial thnologyis normally
reserved for adtamination that is not readily treated byher methods (Wood, 1997).
Solidification and Stabilization

Solidification and stabilization tenologies are idesigned touppress the mewent of ontaminants in
soils, sludges, and liquids by rethgctheir solubility or by lsanging the permeability othe matrix (NRC, 1997).
The djective is b shbiize mntamnants i kinding hem phgicdly within a stidified ma&s, viich ismore
resisant toleading thantte orginal ®il. The sacess ¢ thistedhinolagy tepends m the abity to mi the
stabilizing agent with the contamitesd matrix (NRC, 1999). The principal stabilizati materials are portland-
type cenents pozolanc mateials,lime,silicates clay, and plymers Wod, 199; NRC, 199). Pazolas are
small spherical fly ash particles formed in the combustiaoaF. Those that are high in silicave cement-like
propetieswhen nxedwith water Woad, 199). Ifleft on éte, he stidified mmolith mayrequie lang-tem
monitaing toenswe thateahing ofconaminantsloe notocar.
In Situ Redox Manipulation

In situredox manipulation is udeo reducehe mobilityor toxicityof cetain metals that are hazardous in
their xidized brm hut notin redeedform (NRC, 199). Ths maniplation can ke ugd totreatmetas in sd and
groundwagr that are not ealily acesddle fom the sudce. This mbod invdves he injetion ofchemical
reducing agents into the gmad or the stimulation afaturally-ocarring iron-reducing bacteria with nutrients, to
creaé redicingcondtions in thesulsurice.Commaly wsedreduing agats indudealuminum, saium andzinc
metals, and som@acificiron compoundsWood, 199). Long-term monitong and treatment may be require
ensure that mobilization of the contaminants does not ocagolidation (NRC, 1999).
Soil Washing

A problem vith the excavatio-and-landfill method is that the mejy of the soil massding depositkin
a landill consists of soil compnents tiemselves andat the actuapollutant. Not only is it e)pensive to place
large volumes ofadl in a controlled landfill, it also reduces the amount of spaa#adle for other hazardous
materials. Soil wdsng is a soil remediatiotechnique that aims tormzentrate soil gdaminants into a relatively
small volumgWood, 197). The benéfof cansolidating hazardous sutasces is that sts assdated with
disposal ad treatrent are elated only to tke reduced volume of processsidues. After egavation,contamirated
soil is taken t@ washing facilityvhere it is seened to renve debis and large ob@s and then leachedtiv
washing agats such aacids o chelatesvhich dispace o extract ontaminants fnm soil partites (Danis et al.,
1994; NRC, B99). The resultirg leachag is rich n the taget contaminant and canbe treated as wastvater
(Wodd, 1997), a les expesive apmach than the di®sal dthe sd itself.
Soil Flushing

The goal of soil flushing is iddital to that of soil washig, to liberate contamignts from the solid pdse
of a sdl and concentrate them in a liquid phagsch can be re@vered and treadeas wastaater. Both

technquesemply theuseof wasing or etrading sdutions, bt sal flushingis anin situ processvhereas sb



wading tales paceoff site. Thepro@ssof sol flushing inwlves thauseof extratingchemcals whid are
applied to the contaminated soil by surfaceflooding, spiinklers, leachfields, or by vertical or horizontal injection
walls (NRC, 1999). Afte contact with the $lp the flushing solutins are recoved for dispsal or treatment. Soil
flushing isa clean-up nethal, which is gldan use byitsdf. Other renedidion echnigesthat sgcidize in the
recoveryof the contaminant-rich leachate will commonly be used mjuoation with soil flushing.
Electrokinetic Systems

Some comaminated soik are rot suitable for soil flushing becaus of ther low pemeability or because of
the perciwed dfficulties in reowering the exaicting saltion. Eletrokineticsysems emloy the use foelectrical
fields to mobilize ard remove contaninants in il and are attractive altematives to soi flushing for low
permabiity sols (ER, 199). Asdesribed ly Wood(199), thi is @ in situproesswherean eletrical curent
is passed through an arrdyetedrodes that are eratdded in the $lo When the current is appliedymtaminants
move through soil water in pore spacesanls the electrode opposite charge. The electrodes hawmus
housngs inb which puging ®luonsare pmpedto renowe theconaminantsand bmg thento thesurbice.The
purging solutions ae thentakento a waer treatment gant for contaminant removal. Ste managers nust be
prepared to handle the large amts of acichnd base which are ghaced bythe processThe effitgency d this
techniquehas not ben prova in the Unitedstates and M require firther fieldtesting efae it beomesan
accepted remediation mettl by regulatory agencies.
Bioremediation

The term bicemediatia is somBmes thoght to besynmymouswith phytoremedhation, bua these tens
describe two completely differémethods.Although both seek to exploitiving organismsto alter conaminaed
envronmaets, orenedidion involesthe mamulaton d micobial pgulatons and phtorenedidion mncens
the use of higher plds. Bioremediationefers to a process through whictetal contamiants are modified as a
dired resilt of micrdbial activty (NRC, 199). Theobgctve nay ke tomollize, immdilize, @ redue the
toxicity of metas in sd or water @peding o the ulimategoat ofremedhtion (Smih et al, 199). Ifreduing
conditions are maintained bye addition ofuitable shstrates, sicas oxyge and nutrients, inorganic
conaminantswill remainm their hghlyinsduble, imnmobie forms NRC,1999;Wodl, 199). Howeve, the

immobilization ofsome ontaminants shddi be vewel as a tempary fix and not a finaldution to the prblem.

Unconwentional Plant-based Remediation Technologies. The Phytoremediation Concept

Devel opment of Phytoremediation

Conwentiomal remdiatian tedinola@iesare usd toclean the st mgority d meal-lluted stes The
rean is beause hey ae fast, relatively insenstive to heterogeneity in the contaninated natrix, and can function
over a wide range aixygen, pH, pressure, temperature, and osmoteanpals (Cunnigham et al., 1997).
Howe\er, thg ako &nd tobe tumsy castly, and dérupive to thesurrainding evironment Cunninghan and
Ow, 1996). Of tle disadvardges of conventionaemedidion methods, cost (Table 1kithe prinary driving force

behind the seah for alterngive remediation techologies. Some micro-organism-basesnediation techigues,



such as bioremediation, show potentialtfeeir ability to degrade and detoxifgrtain contaminats. Although
thesebidogical ydemsare Iss ameableto ewvironmentalextrenes han othetradifonalmethals, thg hawe the
perceved advatage of beirg more cost-effeave (Cunningham etal., 1997). Bioremedation is mostapplicable for
sites that hae keen ontamhatedwith aganicpollutants and asud, this ondiion hasbea the 6cis ofthe
majority of bioremedation reseach. Becalse heay metak are rot subjectto degadaion, severdresearchers have
suggestethat bioremediatiohas limited potential to remtiate metal-polltd environments. In otrast, plants
are knavn toseaieser cetain meal eemens in thér tissues(Marschner,1995)and mayrowe ugfd in the
removal of metals from contarmated soils (Chaney, 1983pver the past decade therashbeen increasinigterest
for the deelopment oplant-based remedion technologie which have the pential to be lw-cog, low-impact,
visuallybengn, and evironmentdly sound Cunninghan and Ow1996§, a oncét cdled phybrenediaton.

Phytoremdiation is a wad formed fron the Greek prefifphyto” meaning plant, and the Latin suffix
“remedium” meaning to clean or restore(Cunningham et al, 1997). The term ectually refers to a diverse colection
of plantbasd tetinolagyiesthat us ether natwally ocairring o gendéicaly engineeed pants ér ckaning
contaminated ewvironments (Flahman and Lanza, 1998). The ptimary motivation behind the developrrent of
phybrenediaive tetnolaiesis thepotatial for lov-costremedhation (Tabe 1;Enslg, 2000).Although the
term, phyteemediatia, is a relatigly recent invation, the practie is no (Brodks, 1998aCunningham et al.,
1997) Researh usingsemiaquaic pants br treating ratbnudide-cantaminat¢d vatersexiged h Rusia atthe
dawn of he ruclea era (Salt et al, 19%a; Timofeev-Resovsky et g 1962). Some pants which grow on
metalliferoussoils havalevelped the abilityo accumulatenassive ammts of the indigens metals in their
tissues without exhibitig symptoms of toxicity (Baker and Brooks, 1989; Baker et al., 1B@&ves and Brooks,
1983). Chaney (183 was theifst to suggdsusing these “tperaccumulators’of the phytommediation ofimetal-
polluted stes. However hyperaccunulators weee late believed to tave limited potental in this area becase of
their small size and slow growth, which limit the speed of metal removal (Comis, 1996; Cunningham et al., 1995;
Ebbs et &, 1997). By definition, a hyperacamulator must acumulate atleast1000 pgy™ of Cq Cu, Cr, Pb, or Ni,
or 10,000 pgy™ (i.e. 1%) ofMn or Zn in the dry matter gevesand Baker, 2000; Wantanabe, 7% ome plants
tolerate ad accumiate high concentations of methin their tissue buiot at tte level requied to be called
hypeaccunulatas. Thee pants ae ofen @alledmodeate me&al-acumuatas, o jus mocerateaccunulatas
(Kumar etal., 1995). The lack of viable plant altematives for phytoremediaion seemedd suppess tle amour of
phytoremethtion research calucted bisveen the mid 19&0and the early halff the 1990s. Theesrch for plants
for phytoremedation certered on tle Brassica farnty to which many hyperaccumuwtors belong Cunningham et
al., 1995). Through th work ofvarious researchers, particularly Kumar et al. (1995) and Dushenkov et al. (1995),
several high-biomass, metal-accumulating species were identifigidr&mediation research gained momentum
after the dscovery of these phnts, ard most of ow undersianding of this emergng techrology has come fom
research reports published since 1995.

Phytoremediation consists afcollection ofour different plant-based technologli@ach having a

different mechansm of action for tle remediabn of metal-mlluted soil, sediment,or water. These inclale:



rhizofltration, wich inwlves thaiseof plantsto dean ariots aqatic evironments phytogablization, where
plants are used ¢ stablize rather than clean coriaminated soit phytovolatilization, which involves the use of
plantsto etrad cetain méals fom sd and hen redasdhem ind theatmogherethroudp vohtilization; and
phytoextracton, where plants &sorb metals fronsoil and tanslocate them tofte hawestable shoots wherthey
accumulate. Although plants show some abilityetduce the hazards of organic pollutants (Carman et298;
Cunningham et al., 1995; Gordon et al., 1997), teatgst progress phytoremediatio has been maddtiv
meta$ (Haylock and Hiang, P0O; &lt etal., 195a; Watanab, 197). Piytaemedative tehnobgies which are
soil-focused are suitable for large areaatthave been contanmated with low to moderate levels of contamitsan
Sites which are hedly contaminated canot be cleaned through ptoremediative means because theshar
condtions wlil notsupprt pant gravth. The d@th ofsol which can ke cekanedr sabilizedis resricted to he
root zane of he plants bag used. Bpending o the plant, this geh can range fro a fewinches tseveal
meters (Schnoor et al1995). Phytoremediain should be viewed as a long-term rem#diasolution because
many croppiry cycles may be needed over several yearesdoae metals toczeptable reguaitory levels. Tls new
remediaton techrology is competitive withand ma be superior to existip conventioral techrologies at sites
where phytiemediation is applicéda Phytoemediation is not theokition fa all hazardous waste fnlems buis
rather a tool that can be usedyossibly in conjungbn with other cleanup methodsto remedia¢ polluted
environmats.
Rhizofiltration

Metal pollutants in industrial-process wéer and in groundwater are nost comnonly removed by
precipitaton or foccuation, fdlowed bysedimatation and disgal ofthe resultig sludgeEnsley 2000). A
promising alternative to this conventional clean-up method is rhizofiltratigghytoremediative technique
designed fothe removal ofmetals in aquatic envinments. The processviolvesraising plants hydroponically
and transplanting them into metal-pollutedters where plants sdrb and aocentrate the metals in their roots
and sloots (Dushenkv et al., 1995 Flathman ard Lanzg 1998; S# et al., 1995a; Zh et al., $99). Root exudats
and chages in hizosphere pH also may cause rats to precijtate onb root surfaces. As #y become saturated
with the metal conteninants, roots or wile plantsare havested for disposal (Bthman andLanza, 1998; Zhuet
al., 1999). Most resrchers belie that plants fophytoremediatio should accumulataetals onlyn the roots
(Dushenkw etal., 195; Hathman ad Lanzal1998 Saltet al, 19%a). Dushenkv & al. L995)exphins thathe
translocaion of metak to stoots woulddecreae theefficiency of rhizofiltr ation by increasirg the amourt of
conaminate plantresidie nedingdispsal In catrast,Zhu & al. 1999)sug@st bat theefiiciencyof the
processa&n be increased/lusing plants hich have a heightened ability absth and translocate metalstin
the phnt. Depitethis dfferene in ginion, it isapparat that pope plant gledion is the kyto ensuringthe
success of rhizofil tration as awater cleanup grategy.

Dushenkov and Kapulnik QR0) descrie the characteristied the idal plant for rhizofiltration. Plants
should be able to accumulate and talersignificant anounts of the target metin conjunction witheasy

handlin g, low maintenance costand a minimum of secodary waste rejuiring disposl. It is also desiable for



plants to producsignificant amountsf@oot bomass or raosurface area.eseral aquaticpecies haa the ability
to ranowe heay mdals fom water, ncludng wder hycinth Eichhornia crassigs(Mart.) Séms; Kayet al.,
1984; Zhu et al., 1999), peywort Hydrocotyle umbellatd.; Dierberg et al., 1987), and duckweéérna minor
L.; Mo etal., 189). Hbweve, theg plants hae limited wtential for rhizdiltration, beaug the arenot dficient
at metal removal, a result of their small, slow-growing roots (Dushegtkal, 1995). These authors also point out
that the high water content afjuatic plants compéhtes their drying, eoposting, or incineration. Degise
limitations, Zhu et al. (1999hdicated that water lginth is effetive in remoing trace elements inaste
streans. Terestral plans arelioughtto ke mae sitalde for rhizdiltration beauseheyprodicelonge, more
sulstantal, dten fibrousrod systens wth largesurfice aeas ér meal soption. Sunfower Helianthus annuus
L.) and Indian mustar (BrassicajunceaCzern.) are the most promisingréstrial candidates fanetal removal in
water. The rootef Indian mustard arefettive in the removalfaCd, Cr, Cu, Ni, Pb,and Zn(Dushenkuw et al.,
1995), and suflower removes PtDushenkw et al., $95), U Dushenkw et al., 897a),"*'Cs, and®Sr
(Dushenkov et al., 1997b) fromytiroponic solutions.

Rhizofiltration is acost-competitive teaiology in the treatmen of surface water orrpundwaer
contining lav, kut sigificant cacentations ofheay meals sich as<Cr, Ph and ZnTabe 1;Enslg, 200).The
commertlization @ this teehnologyis driven by €onomis as wk as bysuch telknical advantageas
applicability to many problem ratals, abiity to treat high volumes,lesser need forokic chemicas, reduced
volume of secondary waste, posétiiof recycling, ard the likelihood of regultory and publc acceptance
(Dushenkw etal., 195). Howeve, the aplication ofthis pant-tasedednolay may & maee chiiengng and
suscepible to failur e than other mehods of smilar cost (Table 1). The production of hydioponically grown
transplant and tle mainenance of successful/tiroponic systems ithe field will require the experse of qualified
personnel, ad the facilities andspecialized equipmengquired can inrease overhead costs. Perhagsgheatest
benéit of thisremedation methd is réatedto paitive pultic percetion. The us ofplantsat a gie where
contamination existsoave the idea ofleanliness and progeeto the pulic in an area that would hanermally
been perceived gm®lluted.

Phytostabili zation

Sometimes thre is no immediateffort to clean metal-polked sites, ither becausthe responsible
conpanieqo lmger gist o beausehe sies ae notof high prigity on a renedigion ayendaBeti and
Cunningham, 2000).The traditional means by whichmetal toxtity is reduced athese sites is by inlace
inactivation, a remediatiotechnique that emplsythe usefcesoil amadments to immobilizer fix metals in s
Although méal migatian is minimized sols areoften sbject toerogon andstill po® an gpoaire rik to hunans
and other animals hiptogabilizatian, also knan as phiorestoation, is a planbasedemediatio technique that
stabilizes wasts and pevents exposure gfaways via wind ad water eosion; provides fidraulic contol, which
suppresses thvertical mgration of contamimnts irto groundwaér; andphysically andchemically immobilizes
contaminantsybrod sorptimm and by kemical ixation wth varioussoil amadments (Bei and Cunningham,

2000; Cunningham et al., 1995; Flathman and Lanza, 1998; Salt et al., 198%@orS2000). This technique is



actudly a modfied vasion ofthe inplaceinactvation méhod n whidt the @inctbon ofplantsis seondary b the
role of soi amendments. Unlik e otherphytoremedative techriques, the goal of phytostablization is notto renmove
metalconaminantsrom a sie, lut rathe to $ablize hem andedue therisk b huma healthand the
environmaet.

The most caprehensive and up-ttate explanation dhe phytostbilization procss is diered byBerti
and Cunningham (2000). Before planting, thetaminated soil is plosd to prepare a@&ed bd and to incorporate
lime, fertilizer, or ther amendments for inactivating talecontaminants. Soil amendmentsigddix metals
rapidly following incorporaibn, and the chemical altetfons should be long lastinif not permanenh The most
promising soil anendments a phosphate fertiliers, organic ratter or bio-solids, iroror mangaese
oxyhydroxdes, naturalroartificial day mineralsor mixturef these amendnms.

Plantschogn fo phytogablization shald ke p@r trantcatorsof metalconaminantgo aloveground
plant tissues tht could be consumed by humans or asnThe lack of appredide metals in shoot tissue also
eliminates the necessity wéating havested shoot resid@es hazardous waste (Flathman and laarif98).
Seletedplantsshold beeasyto estalish andcarefor, growquikly, havedeng canpiesand robsystens, and
be toleant of metal cataminants and other site conditionsieth may limit plant growth. The remeh of Smith
and Bradshaw (1979) led to the devebpmert of two cultivars of Agrostis tenuisibth. and one ofFestuca rubra..
which are nev canmerciallyavailale far the phytstabilizaion of Pb-, A-, and Cu-cotaminated sts.

Phytostabilization is mostfettive at sitebaving fine-textured soils with high organic-matter content but
is sutale for treating awiderange bsites vhere arge aeas bsufae camtaminaibn ist Beri and
Cunningham, 2000; Cunningham et al, 1995). However, sore highly contaminated sies arenot stitable for
phytostabiliation, becage plant gowth ard survival is not a possibity (Berti andCunningham, 2000).At sites
which suppot plant growth, site managers nust be corerned with the migration of contaminated gant residue off
site (Sanoor, 2000pr disase and ins¢ prollems vhich limit the lmgevityof theplants. Phipstaliization has
advantages @v other soil-renmiation practices in that it isde expensw, less mvironmentally e&sive, easto
implement and offers asthdic value (Betti and Cumingham, 2000; Scimoor, 2000). When deconamination
strategies are ipractical because of the size of the contaated area or # lack of remediation funds,
phytostalization is advantagess (Berti and Cunningham, 2000). It mayoaderveas an interim strategy to
reduceisk at site wherecompli@tions diy theseletion ofthe most ppropriateaechniqudor the ge.
Phytovolatilization

Somemetalconaminantsut as AsHg,and Senayexig as gaeas sgcie in enironment. In reent
years,reseachers have seathed fornaturally occurring or gereticaly modified plants tha are capdle of
absobing éemental brms 6 these meals fom thesol, biolagicaly conveting then to gaseas sgcie wihin the
plant, and releasirg them into the atnosphee. This process is ced phytovolatili zation, the mog controversial of
all phytoremedidion echndéogies. Mercuy andSe ardoxic (Suszgnky and Shann, 995; Wiber, 1980, and
there is doubt abouthether the volatilization of these elements into the atmosphere is safe (Watanabe, 1997).

Selenium phytovolatilization has been given the most attention to date (Bagiualod993; Lewis et al., 1966;



McGréh, 198; Tery 4 al., 92),beausehis éement is a sricus prdlem in manypartsofthe world where
there are areas 8k-rich soil (Books, 1998h However, there haselen a considable efort in recent yars to
insert bacterial Hg ion reductase genes into plants for the purpbigepbiytowlatilization (Bizily et al., 1999;
Heaton et al., 298; Rugh et al., 1996, 18p Although there havesbn no efirts to genétally engineer plants
which volatilize As, it is likely that researclers will pursue this possiltity in the future.

According © Brooks (1998b), ta release of volatile Se compalsfrom hicher plants was firstreported
by Lewis efal. (1966). Terryteal. (1992) report that mereits of the Bassicaceaare capablefaeleasing up to
40g Seha’day" as various gaseousmpoundsSome aquaticlants, such as cattail'yphalatifolia L.), are also
god fa Se pytaemedation (Pilon-Smit et &, 199). Uhlike plantsthat ardbeng usd far Se wlailization,
those vkich volailize Hgare genetally malified organismsArabidopsis thaliand.. and tobacco Nicotiana
tabacumL.) have been gestically modified wih bacteral orgaromecuriallyase (nerB) and mercuic reductase
(merA) gens (Heatm et al, 198; Ruyh et &, 198). These pants dsob eemenal HJ1l) and métyl mercuy
(MeHg) from the soil and releaselatile Hg(O) from the leageinto the atmosphere (Heaton et al., 1998).

The phytovolatilizaton of Se and Hg into the atmosphdras several advamges. Volatile Se compounds,
such as dinethylglenideare 1/600 td/500 as tic as ineganic fams of & faind in the séi(DeSaza et al.,
2000). The volatilzation of Se and Hg is also a pemeat site solutionbecause the inorganforms of these
elementsre remoed and the gasusspecis are not likly b beredepsited at onear the siteAtkinson ¢ al.,
1990; Heatoret al., 198). Futthermore, sites tht utilize this tecimology may not requée much nanagenent after
the aiginal planting This renedigion methal has thedde baefis d minimal ste dsturlancelesseroson,
and no need to disposeaantaminated plant matadi (Heaton et al., 1998; Rugh et al., 2000). Heaton et al. (1998)
suggest that the additif Hg(Q into the atmosphereonld not catribute significantlyto the atmospherigool.
However, thee whaosupporthis techniqualso agre that phjovdatilization would notbe wse fo sites nea
population ceters or at placesith unique meteorotpcal conditims that promote the rapid degtmn of latile
compourds (Heabn et d.,1998; Rugh etal., 2000). Unlike other remediaion techriques, once cotaminants have
bea remw@edvia wlailization, here § a Ies & cantrol over heir migation to dher aras. Dspitethe
controversy surounding phytovoltilization, this technique is apromising tool for the remedation of Se andHg
contaminatedoils.

Phytoextraction

Phytoexraction is the most cormonly recogrized of dl phytoremaliation techrologies and is the focus of
the reseach proposed irthis prospectus. Ta terms plytoremediaton and plytoextractionare sometiras
incorrectly used as sgnyms, but phytoremediation is ancept while phytoextraction is a specifleanup
technology The phytoetxaction procesinvolves the usefglants to &cilitate the remal of metal ontaminants
from a soil matrix (Kimar et al., 1995). In practice, faleaccumulating plants areesked or transplanted into
metal-pollutedsoil and are cultiated using estébhed agricultural practice¥he roots oéstablisheglants
absorb metal elements from thd smd translocate them to the above-ground shoots wheradhaynulate. If

metal availabilityin the soil is not adgiate for sfficient plant uptake, chelates acidifying agents may bgsed to



liberatethem into thedl sdution (Huang et al., 197a; Lasaét al., 1998 After suficient plant gowth and mel
accumuldon, the abveground pdions ofthe plant are hargeed and remwd, reulting the penanent remova
of mdals fraon the site. A& with sd excawation, the digosal 6 contaminated materia a cocern. Some
researchs suggeghat the incineratioof harveted plant isue dramatally reducs the vtume ofthe material
requiring disposal (Kumar etla 1995). Insome cases valuable metals can be extracted from thénnktash
and seve & a sarceofreveue, herely dfsettingthe epeng ofremedhtion (Conis, 196; Cunningham and
Ow, 1996). Phyextraction shad be vewed as long-term remediatiorffert, requiring manycropping cgles to
reduce metd concertrations (Kumar etal., 1995)to accepable levels (Table 2) The time required for remedation
is dependert on the type ad extent of metal contanination, the lengh of the growing seasonand the efficiency of
metal removal by plants, but normally ranges from 1 toe2@sy(Blaylock and Huang, 2000; Kumar et al., 1995).
This technologys suitabledr the remediation darge areas dénd that are contaminated at shallowttie with
low to modeate levels of ntal- contaminants (Kumaet al., 1995; Wantanabe, 1997).

Many factors detenine the effectiveness of phytoextragti in remediating metal-plluted sites (Baylock
and Hang, 200). The s&cion d a ste tha is ®ndudveto ths remdiatian tedinola@y is ofprimary
impatance Phyoextradion is apficade aly to stes hat cotain lav tomodeate leek ofmetalpollution,
becaus@lant growth is not stened in heavily gtuted soils Soil metals shdd also béioavailake, or sulgct to
absorgion by plart roots. The land shoud be relatively free of obstcles,such & fallen trees or bouders, and have
an acceptble tpographyto allov for normal cultiation practies, whib employthe use foagricutural
equpmentAs a pant-tasededinolay, the sacess & phytoectradion is inheratly depadent pon gveal plant
characterstics. The two most importacharactes include the abilit to accumulate large quati¢s of biomass
rapidly and the ability to accumulate large quantities of environmentally important metals in the shoot tissue
(Blaylock et al, 1997; Cunningham and Ow, 196; Kumar et al, 1995; McGrath, 1998). It is the combiration of
high metal accumulation anddgh biomass production that results in the most metal removal. Ebbs et al. (1997)
reported thaB. junceawhile having one-thrd the concentrdon of Zn in its tissue, $ more effective at Zn
remo/al fom sd thanT. caerulescensa knevn hyperacumdata of Zn. Thisadvatageis die prinmarily to the
fact thatB. juncegprodices tentimesmorebionasshanT. caerulescendlants beng corsidered for
phytoetraction must be terant of the targetemietal, or metals, and leéfident at translocating them from teo
to theharvetalbe almvegrownd potionsofthe pant (Baylock and Hiang, P00).Other @sirdle plant
characteristics nclude the ability to tolerde difficult soil corditions (eg., soil pH, séinity, soil structue, water
content),the prodution of a denseaot system, ease of care agstablishnent, ard few disease and sect
problems. Althoughtsome plants show promise for phytoextractithrere is no plat which possesses all of these
desiabletraits Findng the prfect plant catinues tobe he fa@usof manyplantbreeling andgenéic-enginering

researchféorts.



Enhancing the Phytoextraction Process

Increasing Metal Awailability in Sail

A major factor influencing the effiarey of phyoextraction is the ability gflants to absorb large
guantities ofnetal in a short period ime. Hyperaccumulators aomulate apprecisbquantities ofmetal in their
tissue regardlssof the oncentration ofetal in the soil (Bker, 1981), as long as theetal in question isresent.
This property is unlke moderate ecumulatos now being used for pfioextractionwhere the qgantity of absorbed
metalis a réection ofthe onceatration in the sil. Although thetotd sal metal content ma be high,it is he
fradion hat is radilyavalable in thesol sdution that deermine the #Hicieny d meal alsorgion by plant
roots. To enhance the speed and quantity of metal rempyédtits, some researchers advotageuse of various
chemicals foincreasing the quantity afailable mial for plant uptake. Chenaits that are suggestéor this
purpose indude vaious acidifying agents (Blaylock ard Huarg, 2000; Brown et d.,1994; Cunningham and Ow,
1996; Huang et al., 1998), fertilizer salts (Lasat et al., 1997;1998) and chefmierials (Blaylock et al., 1997;
Huang et al, 19973. These ckmicals ircrease the mount of bioavaildle metal inthe soil soluion by either
liberating or dispacing metal from the solid phase of #soil or by makingorecipiteted metal spcies more soluble.
Resarch in this area hagén modetely siccesful, ut the wislom ofliberating lage quantitie oftoxic meal
into soil wateris questionale.

SoilpH s a mayr facte influencingthe awilablity of elanentsin the sil for plant upt&e (Marschng
1995). nder acidiconditios, H ions displacenetal cationsrébm the cation exange complex (CEQ®Y sal
components ad cause mels to be releaseddm sesquioxides ahvariable-clarged clgs to which they have been
chemisorbed (e. specific adsqtion; McBride, 1994) The retentionof metals to soil orgaic mater is alo weaker
at lov pH, reslting in moreavalable meal in thesol sdution far rod absrption. Many meéal cdionsare moe
solubleand awilabe in he sd sdution at lav pH(bdow 5.5) hcludng Cd,Cu, Hy, Ni,Pb,and Zn Blaylok and
Huang, 2000; McBde, 1994). It is sugested that the ptoextraction proess is ghanced when metal availdtyil
to phant rods isfadlitated thraigh theadditon d addifyingagens tothe sd (Brown et al, 199%; Blaylockand
Huang, 2000; Salt et al., 1995a). Possible amendments for acidification inclyd®mNbining fertilizers, ganic
and inorganic acids, and elemental S. Bsteand Treleas#935) indicated that plant roasidify hydroponic
solutions in response to NHutrition and ausesoltions tobeomemorealkalnein response to N(hutrition.
Metal availability in the soil can be manipulated by the progo of NQ, to NH, used forplant fertiliz ation by
the effect of these N sources on gail, but no phytorerediation researchhas been condied on ths topic to date.
The acidiication d soi with elanental S is a@nmon agroomic pradte, which can baised tanobiliz metal
cationsm soil. Bown et & (1994) adified a Cd- and Znantaminatedal with elemental &nd obsrved hat
accunulaton ofthesemetas byplantswasgrea¢r than wwen theamendmant vas no usel. Addifyingagend are
also used to increase the availabitifyradioactive lements in the soil for plant uptake. Huang et al. (1998)
reported that the addition of citric acid increases U accumulation in Indian muBtguh¢ed tissue more than
nitric or sulfuric am although all acids dezase soil ld bythe same amount. Thesdhars speculatkthat citric

acid chelates th&oil U, therep enhancing its $ability and awailability in the so solution. The additio of citric



acid causes a 000-fold increase of U in the shootsof B. junceacompared taccumulation in the odrol (no citric
acid addtion). Desjite the pomise of some acidifying agts for use imphytoextracion, little reseach is repoted
on this subjet.

The adition of chelating materials to soil, such & EDTA, HEDTA, and EDDHA, is the most effetive
and contoversial neans of liberéhg labile metal-cotaminants irto the soil solubn. Chelates complexte free
metal ion in solutin, allowing further disdotion of the erbed o precipitated phasestil an equilibrium is
reached betweemé complexed retal, free medl, ard insoluble netal fracton (Norvell, 1991). Clelates are sed
to enharte the phytoexaction of a ninber of metal corminants including Cd, Cu, Nj Pb, and Zn(Blaylock et
al., 1997; Huag et al., 1997a1997b). Huang et al. (B¥a) suggested that elates are able to induce Pb
accumulaton in agononic aopssud as cn (Zea may4..) and pedPisum sativunh..). These authors reported a
1000old increas of Pb in he soil solution after HEDTA application in compaison to soil soution of a contol
(no HEDTA addition).Under these conditions Pb concextimns in the shoots of corn and pea increases from less
than 500 m&g™ to morethan 10,000 mig™® within one week after HEDTAgplication. This chelate-asisted
accumulaipn of toxic quartities of metalin a norraccumuldor species is tened “chelae-induced
hyperaccumlation” (Huang et al 19973. These esearches explaired that wien chelag-induced
hyperaccumulatiois the goal, metalaaite are initially immabzed to allowfor rapid estdishment and growth
of an agrommic crop such s.corn. When the cop accumulags sufficient biomass;helating materals are aplied
to thesol to result n the Iberdion d large quatities ofmetalinto he sd sdution. Massrze amounts d meal are
absobedbyplant reotsand ardranslaatel to he shot tissuevheretheyaccunulateto txic leves. Ater dath,
plants are hargted and remw@d fom the siteChelate-indoed hyperaccmulation is m contrast téhe normal
practceof phybexracton where pants ae given a grdual &posire tonon-txic quantites & meal in ®luton,
and accurnlation occurs gradally over time aghe plarts grow. The controversy suaunding the use of chelas
dealswith the faie of the esidud chelate in the sol after metd absomption occurs Brooks, 19989. The mass/e
liberation of chelate-bound mésainto the soil solution rakes them subject to leachingandeeper soil layers.
Metals which migrate dowrward bg/ond the root one of pants canrot be recoveed through meansof
phybrenediaton andmayrequie theuseof moreexp@asive camvenionalremedation methds. Theprimary
concern is hat the liberated netals hae the abiliy to migrate irfo uncontaninated areas, gssibly groundwater
resevoirs (Cunningham eal., B97).The sientific literatue laks apredable inbrmaton cmcernng the
appropriae amount of chelate to apply under differémtels of contamination ahfor different plant species.
Further lesearch is requid to determine the fate of the chelaetal complex in soil before the use of these
amendments areccefed wickly for usem phyto&traction.

Some pasively charged metals and radionucidaay béound to theoil CEC byweak eletrostatic
forces and may be dispaced by othercations in the soil solution (Sparks, 19%). High-valence cations with a low
degree of hgration are preferentially adsorbed to the cation-exchange sites than cations with lowaradesce

high degreefchydation (hierarchys showa in the lyédrophic sees).



Lyotrophic Series:
AIPSPE>SP>Ca>NiZ2>Cd>CUw>Ca>Zn*>Mg?>Ag>Cs>Rb>K"*>NH, >Na"

Beausehe linding pefaences al® cacentation depadent,t is ppssblefor a catbn laver n the lnding
hierarchy to displacothers that are adbed more strgly to the gchange sites (farks, 1995). Lasat at.
(1997) indicated that the application of Nfds NHNO;) or K (as KNQ) increase<s dsorgion fom sd and
increaed its accumudtion in the tissue of cabbag8Kassicaoleraceal..), tepay bean Phaseolus acutifolius.
Gray.), and Indian mustdr(B. junced. These authors regied that the desorptioof Csis cammcentation-
dependent, increasing with Nidnd Kconceatrations up t®.2 molar. Snilarly, Duishenkowet al. (199) find that
NH,-cantaining alts @e themostpracical in libeating ®il-bouind Cs i termsof efficiencyand cest. The
application othis phytogtraction method in the i@ has not been soesail in recent experimentsakat et al.
(1998) report that the addition of NRIO; to a Cseontaminated il doesnot significantly increas in the level of
Cs in the shoots of plants bejntested. It $ speculated #t the free Cs quickly migated out of theaot zone,
resulting in decreased accumulation of Cs in plant tissues. It is alsolg@disatithe applied NHwvas rapidly
converted into N@through the process of nitrification (Marschner, 19983utin g in less disolution of Cs fom
the soil. The use of fertilizer salts ¢ increase th bioavailabilty of contaminats for plant extraction ma be a
promising phytoetraction technique,ut further research is requirealdemonstrate itsffectivenessinder field
conditions. Future research that addresses the use, afdNtdining fertilizers shoutl incorporate the use of a
nitrificati on inhibitor, such as nitpyrin (2-chlop-6(trichlorometlyl) pyridine), to eliminde nitrification as a
souce é experimeatal eror.
Proper Plant Selection

As a pant-tasedednolay,the sacess ¢ phytoextradion is inheratly depadent pon pope plant
selectio. As previouly disaussed, plants uddor phybextraction mugbe fas growing and have the idity to
accumulag large quatities d enviroimentally inportant metal@antaminants in their sbotissie (Blalock et al.,
1997; Cunningham and Ow, 1996; Kumar et al., 19955ith, 1998). Many plant spes have &en screeneid
determine the useflness ér phyt@xtractim. Resarchers initiallyenvisimed using hyeraccmulators talean
metalpollutedsols (Chaney 1983. At presat, thereare narly 400 khown hypeaccunulates (S& and Kkamer,
2000), lnt most araot appropate fo phytoatraction lecausef thér slowgrowth andmall size. 8veral
researchers haversened fasgrowing, high-biomasaccumulating plants, including agramo crops, ér their
ability to tolerae and accumlate metds in their shoots (Banelos et al. 1997; Blaylock et al 1997; Dushenkov et
al., 1995; Ebs et h, 1997; Ebs and Kohian, 1997, 199 Huang tal., 1997a; 997b; Kumar et al., 1999 asat
et al., 1997; 1998; Salt al., 1995b). Manynetal-tolerant plant spies, particularly gasses, eape toxicity
throudh an exlusion mechaism andare theefae béter siited far phytodablization than pytcextration (Baler,
1981; Ebbs etal., 1997). However, barley (Hordeum vulgard..) and oatAvena sativa..) are tolerant ofmetals
suchas CuCd, andZn, andaccunulatemodeate tohigh amants é these méeals n their issies Ebls and

Kochian., 1998). Mangerbaceouspeciesincluding membersfdhe Brassiaceae, alsaccumulate nuerate



amounts @ variots meals in heir shots A list of promsing pant sgcies fa phytoextradion d meals ad
radionuclides is given (Table 3). Ore of the nost promising, and perhaps nost studied, non-hyperaccurrulator
plant for the extraction of heavy metalsri contaminated sites is Indian MustaBl juncea.

Many hyperaccumulators belongto the Brasgca family. Once it wassuspeatd that known
hypeaccunulatos wee notsuitel fa phytoextradion, resarches lookal to dher hid bianassaccumulating
member®f theBrassiaceaedr plants wich accumudted large wantities 6toxic metal{Dushenke et al.,
1995;Kumar ¢al., B95).Kumar ¢ al. 1995)tesed manyag growng Brasi@s br ther ablity to tderateand
accumulate metals, including Indiarustard B. junced, black mustardBrassica nigrakoch), turnip Brassica
campestrid..), rape Brassica napus.), andkale Brassicaoleraceal). Although all Brassicas accuniated
metal,B. junceashowed a strong ability to accumulatedaranslocate CuCr VI, Cd, Ni, Pb, ad Zn to the shoots.
Kumar et al. (1995) alsavestigated msible geetic variation oflifferent B. junceaaccasias in hpe d finding
some that hathore phjoextration potatial than others.

The term, acces3in, refers b seeds tht have beergathered from a pati cular areaand are row part of a
collection at a seedbank or plant-introduction staion (personal commurication; Rick Luhman, curator of
Brassiasforthe IBDA-ARSPIlant htrodiction Staton at bwa Sta¢ Unversty). One in thecolecion, €ed are
assigned anumber hat idertifies the paticular accessionAlthough all Indian mustard acessions ar8. juncea
Czern., theynay ekibit different phaeotypes as a mlt ofbeing fom different regins where mvironmental
fadorsmayhaveinfluencel the ntural letion d thisspeies Kuma et al (19%) deermina that acessios
426308, 211000, 426314, and 18221 are amory the best suied for phytoexraction. Seveal reseachers have
confrmedthe phyoremedidion ptential d these andthe B. junceaaccessions (Bléyck et al., 1997;
Dushenkov etal., 1995; Ebbs anl Kochian, 1998; Salt et al, 199%b). The USDAARS Plant Introduction Stdion of
lowa Stde now maintains, ard distributes, meal-accumulating acces®ns which are corsidered usefulfor
phybrenediaton.

Indian nustardis an dseed Bassta cop r which alltivation exteds fom Inda thraigh vesten
Egypt and Certral Asia to Europe (Nighi, 1980). According to Prakad (1980), the oldest efererce toB. juncean
Sanskit liter ature is by the ame ‘Rajika’; and cabonized seeds of thispecies have been foumdthe ancientsites
of the Harappan civilization (2300-1903.C.). Despit¢he effots of historians and remehers, the preciseigin
of this crp remains an enigma. Perhaps the moslyligkceor places foorigin are thoseegions where its
parentsB. nigraandB. campestrisoverlap intheir distribution. Possible certrs of origininclude Africa (Zeven
and Zhukovsky, 1975), China (Chen et al., 1995), the Middle East, Southwest Asia, and India (Sauer, 1993).
Indian mustard is eaten as a leafy vegetable in China but is grown in India prifoaiis al-containing seeds (~
40% oil; Pakash, 1980), ich serveas a sowe ofcodking oil and pice (Nshi, 1980; Kzymarfiski, 297). Indian
mustad is @palle d praduchng 18 tas ofbiamass pr hetare r cr@ (Kunar et &, 19%). Pants pgorm vay
well in nutrient solution cultue, progressing from tfour-leaf stage to fully grown plants (up to 50 g shoot fresh
mass)n as litle & 21 dys(persnal dsevations) Althaugh sha-daycondtions (<2 hrs Ight) result n a more

compatgrowth hal (persmal obsevations) shorter heilgt, and limited laf prodetion (Bhaskar and Vora,



1994), lomass azumulatia is greater than undlng-dayconditios (9-10 hrs ligt optimal; Nelam et al.,
1994). Longday conditiors promote edy flowering (Bhaskar ard Vora, 199) but are ot required for flower
develpment. These plants have iteteninate growth and continueticanch from the nodesd to accumulate
biomass afterflower and siliqguae (seecod) devéopment. The reconmenced ferilit y rate for maximum growth of
B. junceaunder n-caontaminag¢d ondifonsis 75to1D kg Nha' and 30 to 50 kg s per hectae (Gurjar and
Chauhan, 1997; Thakral et al., 1995; Tomar et al,, 1997). Zaurov etal. (1999) repotted that biomass acamulation
of B. junceawas greatest when plants in soil are supplied with 200 kg N, 10@0kgdnd 66 kg KO per hectee.
Howe\er, Cd concentration in the tissue was greatest when no N was supplied.

Indian nustardis given onsderale atention bypreent dg researbers, gnefciss, and [ant breedrs
in particular, bcausef itsunique plyploid genomeBrassicgunceais an alotetradoid, a plant with a genome
compaed 6the conplete dbloid gemomes bbah parentsB. nigraandB. campestrisin malern beedng
programs, selectbn of B. junceais basedon a wice variety of chaacters. Improving oil and meal quality by
eliminating ntritionallyundesable ereicacidor by maifying thefatty-ecid @mpgaition ofoil is an imprtant
objectie fa some @nt breeds (Banga, 197). Other dectimns are baskon insec(diamondblck mothPlutella
xylostella(L.); Andrahennadirad Gillott, ©98) and disase reistancéblackeg, Leptosphaeria madans(Desm.)
Ces.; Pag and Halbran, 1996) andvarious temprature adaptabns (Ban@, 1997).0Only recenty has there been
an interest in $ecting Indan mustard linesalsed o their abilityto toleate and aceuoulate heaw metéds. Seeral
accesans of B. junceahave beendertified as modeate accunulators of metlli c elemens ard are maintained by
the USDA-ARS Plant Introduction Station at lowa State Usityg Ames, lowa. The beriebf usingB. juncea
seed from the plant introduction station is that the genetic integrity of the accessions ispthseungh
appropiate breedilg techngues. Expements hat utiize these seedsave more precisin thanthose conducted
with seeddrom commecially availaltle source. Precisio is also greater, bause fture researchers cabtain
the same accessiong their experiments. Té&n USDA-ARSPlant Introduction Station maiains a world-wide
collection of B. junceaaccssims that ee knavn meal-acumudatas, andle sedsare dstributedto plic and
private research institutis at no cost.

Specialized Agricultural Practices

Part of the erthusiasmfor using common agronomic crops for ghytoextraction is becauseheir cultivation
and giowth requirements ae well establishedHowever, plangrowth will surely differ undercontamirated
conditims (Blayock ¢ al., 1997), ad estali$hed agroomic pradtes maynot eliét the samelant respose as
under non-contaminated condit® Much is known aut the respuse of plants thigh levels bmetallic
elenents n a rob medum (Adiano ¢ al., B71; tbrstand Marshner,1978;Marstiner, 195; Maengel ad
Kirkby, 1987; Ulrich, 196), but most relevant agnomic researclkaims to decrease plant exposuo these
elements. Some agronomists, and all phytoremediation researchers, are interested in promogrmypigrbut
those nvolved with phytoextraction aim to do this while encouaging the accunulation of large guantities of
meta$ wihin theplant. The gals d tradtional agroomyand phtoranedidion dffer in ®meareasand asud,

it is necessar to evaluate the stability of agroromic practces for phytoextraghn. By optimiang practices such



as irigation, fertilit y, planting, and harvest ime, it is thought that the efficiency of phytoextaction can be
increased $alt et al,, 199a). The need for sgcialized agronomic practices is ageed ypon by plytoremediation
researclkers (Brown et al 1994; Cunningham et al.,1995; Cumingham ard Ow, 1996; bbs et al., 1997Huang et
al., 1997a;Kumar et al.,1995; Salt et al.1995a; Schwartand Morel, 1998)yet fewresearch efforts

have addigsed thisssue @tectly. This area ophytaemediatia offers the graast @portunityfor aiginal
research, padularlyin the area gblant nutrition and slofertility.

Fertilizers are usecbommonlyin agriculture to pronte plant health and to increaselg, but the bnefits
and limitations ofdrtilization with respedo phyteemediation are not @e Different érms of the ame nutrient,
such as NHand NQ, elicit \ery diferent regonsesn plant growh and element abrptio by re@ts and may
dramatically affect the chemical nature of the rhizosphere (Barker and Mills, 1980; Trelease and Trelease, 1935).
It is important to understand how the concettration andtype of nutients apgied influence the phytoexraction
proces so thatféectivefertility-management isttegiesan be stabli$ied. The idetification of nutritional
disadersfor B. junceaand other plants usedrfphyto&traction will lend insight into tich nutrient elements
need b be supged in phytoexraction fertility r egimes. It is not known, however whether or not additions of
deficient elements will promote plart growth at the expenseof metal accunulation. Plants usedfor
phytoextraction, suchsB. junceamay deelg nutritional disrders \ien sulgctedto eleated lgels ¢ metal
contaminants, such as Zn, in the rootliam (Ebbs and Kahian, 1997), and future reseh should investigate
theseand other factors which may limit plant growth. Succesful phytoextraction is depeadert on the acaimulation
of plant biomass ard on the accunulation of metal within the tisste (Blaylod et al., 1997; Cunningham ard Ow,
1996; Kumar et d., 1995; McGrath, 1998). The over aplication of a deficient eementcan sypress the absorfion
of the target elenent. Properplant nutrition has the potertial to be aneffective, low-cost ayronomic practice for
enhancing the phytoestraction of heavy meals by plants, but more reseech is recuired before fetili zerscan be

used Hectivdy for this purpee.

General Information on Zinc

Zinc is an important element not only because it isnéisédor animals and plats (Brown et al., 1993;
Weld, 1993, bu becaug it ha a vide range @& indwstrialuses (Canmaroa, 198). Znc accus naturlly in many
mineras as glfides,sulfites oxides carlonats, phephate, and iéicates Barakand Hénke,1993)with the
princpal ae béng sfhalerie, a znc sifate (Canmaroé, 198). Z4nc meal hasmanyuse including glvankzing
of metal srfaces, pragction ofzinc-based alis sub as bronze and brass, and the petion ofzinc chemicals
which are used extensively imanufactiring (Cammaota, 180). Despit its impotance inour everyday lives, Zn
is theheay meal accuring in thegreaest onceatrations in themajaity of wases aising h moden,
industrialized communies (Boardman ath McGuire, 1990). Accordig to Lambert et al. (1997})he soil is a
major sink for Zn, and nearly all contamination of surface soil&rbig a result of human activity (Chaney, 1993).
Anthropgeanic sairces ofconaiminaton arie fran actvities sich asnining andsmeling, dectoplding and

galvanizing, aplcation d industrial @ad municipal sldges tdand, excssiveuse 6 Zn-cataining agricultural



chemcals and ¢her indistrid actvities Blaylock and Hiang, P00; Ghaney 1993 Lamlert & al., B97).The
United Statesvas once major contributoof Zn to the wrld market, but there hasdn a marked reduation
smeting ativitiessincel975the war thathe Enronmental Préecton Agency(EPA suljeded mning and
smelting perationsd stringent evironmental rgulations Cammarota, 1940

Zinc can be heltb soil omponent through a variety medanisms including cation exchangeeafic
adsoption (chenisaption), and belaton (Barrow 1993 McBride,1994;Shuman1980) In geaeral, & is mae
available in the soil solution for plant uptake under acidic conditions than under alkaline conditions (Peech, 1941).
According b McBride (1994) the reaons for the ioreased avadbility at low pH relae to the ifluence of the H
concentration on theavious mechanisms sbrption. Under adic conditins, the functional groupssponsible
for specific adsorption may become protonated and creat¢ positive charge on sesquioxides, anmangss clays,
and orgaic mater, resiting in the release of Zf into the soil solution.Hydrogenalso has tk ability to displae
other caions such a Zr#* from the caion exchamge complex. Chlation of Zrt* by organic matter is also
influenced by @il acidity through its effe@mn the number of ligands involved in chelation. Monodentate bonds
betvesn Zn andhe chiating igandsare veak ompaed wth mulidentite londs Unde acidc condiions the
monodentée bonds are wre prevaleh andZn** can be more easildisplaced from thse chelate compkes
through exclange processes. It is well understoodttplants irfluence soil pH under non-contanated condibns,
particularly in the immediate vicinity of the roots Marschner, 1995). However, b it not understoodhow the pH of
the root medium iaffed¢ed byplants that are sulgjeed to &8 contamination under variousrfility regimes This
informatian mayhelp titureresarches toanticpatechange in Zn &ailabiity in sal, and nay kad ® mae
spe@lized managment pacties vhich impovethe abity of plantsto etrad Zn for phyoextradion.

Zinc was detanined & an essendl elemer for plant growth in 1926 by Sommer ahLipman (Sommer
and Lipman, 19%). This element is pmarily taken up & Zr#* but may beaken up as ZnOHMarschner, 1995).
In plants, the furction of Zn reserbles that of Mnand Mg inthat it brings about the biding confomation between
enzyne and sbdrate Mengé and Krkby, 1987. Themetablic fundionsofZn arebagd m its teddeny toform
tetrahdral @mpkexe wih N-, G, and prticdarly S-ligands, ad it theebyplays functicnal (atalyic) and
structural roles in enmyatic reactions (Bwn et al. 1993; Valeeand Auld, 1990). Zindgys a @inctional role in
carbonic anhydrasehich catalyzethe conusion of CQto HCO (Hatch and Burnell, 1990). The activity of 1,
5-ribulose-bsphogphate caboxylase § also cotrolled by Zn,an ereyme which caglyzes he initial step of
photosythetic CQ fixation in plants (Jyung etal., 1972). Copger ard Zn have roks in maintaining the integrity of
biomemilbanes, becaugskey are struaral sites cmponents ofuperoxidelismutase, an enzynteat protects
plants from damaging superoxide,@radicals Brown et al., 1993)

The role of Zn in protein synthesis islinked to its involvemert in maintaining the stuctural integrity of
ribosomes, RNA, and DNA. Zinc is dso a conponert of proteins wtich are involved in the processef translation
and replicatio (Giedrocet al., 1986Hanas eal., 1983).

The synthesisfandole aetic acid (1AA; auxin) is also dgendent on Zn, but thpecificrole ofthis

element is ot agreed upoty researcherstryptophan is the precursoffor IAA synthesis,and Zn s considered



essentiaffor the syntlesis of this ammo acid (Tsu, 1948). Others bekve that auin synthesis is infllenced by Zn
through its role in the bsynthesis folAA from tryptophan, not lsause it is &sential fotryptophan sythesis
(Salami and Kenefigkl970). The rolefazn in auxin biosgthesis may acant for the sugressed raagyrowth
obseved amag plants wh Zn toxicty (Mengel and Kirkly, 19§).

According to Marschner (1995), most plants are deficient when Zn levels in the dry mass aaa h&twe
and 30 mg kg or less, and toxicity appears in the range of 100 to 300 mg ZarKtgher. Zinc bxicity often
leads to leaf chlorosis,hich may represent an induced deficiencamdther essential element (Marschner, 1995).
Because of the simak ionic radius of fourfold coordiated Zrit* (74 pm), C&' (71 pm) Fé" (77 pm) and M§ (71
pm), these elements arcompetitive for absotjpn by roots, ad when avdable in excess el may indce a
defciencyofanothe (Adriano ¢al., B71; Barak andHeimke, B93; lonergan and Wbl 1993 Marshner,
1995). Rcent eidencealso sggestdhat excssiveZn can reduzthe actiity of nitratereductas (Luna eal.,
2000) and may therefore impair the ability of plants to uSg¢ N

The accumulation and partitioning of Zn in the dant is highly deperdent on the suppl/ in the root
mediun (Langne&er andRrolson, $93).When 4 supjy is adquateto txic, a largeporton isbownd to he
surface of ell walls in the root cortex (up to 90%; Mengel and Kirkb987; Sieghardt, 1990; Tuen, 1970).
However, theamount ototal Zn in thaoots mg bea functim of the dration ofexposire. There igvidece that
the bnding stesin rods or sane méals,sut as Pbmustbeomesaturéed lefae the aretranslcatel to he
shoot tssue (Dshenkowet al., 1995Kumar et al., 995). Zincis alsobound tovasclar tissudan roots andgtems
(Longne&er and Rbson, 193; Rieman and Jose1958), \th the majoity of Zn beéng found vhere vaadar
tissue traces ofhe central stele at the nodes or in regions of the retegraywhere lateral roots are present (Singh
and Steenberg, 1974)nder adequateigply, the 21 absorbedy rats is rapidiytransported to the sbis
(Riceman and Jone&958). M@ement in thelant is not neessily via passie transport in theranspirational
strean, as lhere $ evdene thataccumulatbn ocursin partsofthe pant wee tranpiratian is minmal, nd whee
the greatest transpiratn is occurring (Obata and Kitagishi, 1980).€fé is little remobilization of Zn throughout
the pant, paitularly when pesat at déicient 0 adegatelevels Longnecler and Rb®on, 193). When the
supply of Zn to Trifolium subterraneunis low to adequate @ 0.13 mgAkg® sol) theconentraton in the
younger leaveis usually higher than thaf older leave. Howeer, when supply is high (0.53 to 2.13 migy*
soil), Zn acamulates in older &ves oplants, and the concentration in altkaves is muchigher than that in

new growh (Longneker and Rbson, 193; Reter et al., 182; Ruancet al., 198).

Summary of Literature Review

The polluton of soil and wagr with heavy metals is aenvironnental cortern today. Metls and otler
inorganic contaminants are among the mostglemt forms bcontamination fond at waste site and their
remedation in soils and sedments are amory the most echrcally difficul t. The projeced cost forremedation of
areagongining mktures ofheay medals ad orgnic pliutants p mnventiond meanss $%.4 hllion ove the

next fve years The high cosof existing clenup technaolgiesled to he searchofr new teanup telenologie that



have the potentialo be low-cas low-impact, visually benignand environnentally sound. Phytoremediah is a
new cleanup concept thatvolves the use of plants to clean or stabilize cmittated envionments. Tle most
studied phioremediation tdmology isphytoexraction, a plant-basedeanup method inveing the use fometal-
accumulatng plans toextrat meal coxtaminand fran sol. On@ metls hae ben squeseral in thetissies the
above-ground pdions of the pant canbe harvestedasultingin the permament removalof metals from tle site.
Phytoetraction is not the an®w§to all environmental prigms, but rather is another tao be ued in
conjunctiam with existing remediatiotechnologies. éiveer, in areas that have Ibeeontaminated with lowo
moderate levels dfeavy metals at shallow depth, phytogction has some advantages over conventional cleanup
methods, the primaryne being lowcost.

Over the pastdecade reserchers have soughto peffect this remediation techrology. The majoity of
phytoexraction research hascigsed o finding the ideal metal-agmulating plant and the means blgigh metals
can be liberated from the sadrfroot uptake. At present, Indian mustaB] junced is among the mostable
candidatesor the pytoetraction é a numbe of meéls including @, Cr(IV),Cs, CyNi, P, U and ZnOnly
a fraction of the phytoremediation reseach adires®s theuse ofB. junceafor the phytoextaction of Zn even
though this element ise of the mst prevalent hegumetals at@ntaminated sites. Zins among the leastxiz
of all metal ontaminants to humans, and this may be¢ason whyther metals havesbn given priorityn
phytoremedigion reseach efforts inthe pastFew studies have focused oretievelopment of speciaéd
agricultural practices for pytoextracton, although most esearches agree tht this is an aea thatwarrarts further
attenion. Mineral narition probundy influen@s thegrowth of plantsand theabsrption ofnutrients ly plant
roots, twaoareas with which phigextraction igreatly cacerned. With the exp&on of Zurov et al. (199), all
plant narition infaomatian for B. junceawith regards to phytoremediation has been anecdotal (Ebbs E997;
Ebbs am Kochian, 1997,1998; Kumar et d., 1995). Properplant nutrition has tre poteriial to be aneffective, low-
cost agronorit practice for enhaning the phytoextradbn of heavy metals by plas, but more esearch isequired

before fertilizes can be used effectively for thismpose.



Table 1. Costs associated with various types of remediation methods.

Range of remediation cost (in dollars)

Type of Medium Remediation Method soil = per cubic meter
water = per 1000 gallons cleaned
Soil In Situ Vitrificationt, £ 360 1,370
bulk desity=13 Soil Incinerationt 200 1,500
Excavation and Landfifl §, 1, # 140 720
SoilWashngt 1, t1, 80 860
Soil Flusingt, £ 50 270
Solidification ard Stablizationt 40 200
Electrolnetic Sytems, 30 290
Bioremedationt 10 310
Phytoremdiation of ®ilt, §, T+t <1 150
Water Activated Cabont 120 210
Biosorptiont 9 3,400
Reverse Osmosist 3 3
Adsorptiont 1 20
Membrane s@aration-filt rationt 1 6
Rhizofiltr ationt, <1 6
lon Exchanget <1 2
Chemical Precipitationt <1 2
T Woods, 1997 1 Ensley, 2000
¥ Glass, 2000 t1 Dennis et al., 1994
§ Salt et al 1995a ¥t Black, 1995

9 Cunninghan et al., 1997

Note Reportal casts ae eimates fran avalable daa. All sols were asigied a blk densityof 1.3 br the
purpsesof conparism.



Table 2. Massachusetts DEP standafdisvariots inorganic contaminants in soil.

Concentration Limit (ppm) for Contaminants in Soilt

Contaminant High Exposure Potentiald Low Exposure Potential
Arsenic 30 30
Cadmium 30 80
Chromium Il 1000 5,000
Chromium VI 200 1,000
Cyanide 100 400
Fluorine 400 5000
Lead 30 600
Meraury 20 60
Nickel 300 700
Selenium 400 2,500
Zinc 2,500 5,000

TAIl coneentrations in dbare preseted on a dryeight lasis.

T High exposue=S-1(Method 1); Low exposue=S-3(Method-1); Exposure levelis detemined by the frequency of
visitatin, the intensitpf ste activties, theaccesibility of thecontaminatin, and the agef thosepotentialy at
risk for exposure. See reference for further ileta

(MADEP) Massachusetts Department of Environmental Protection Publication. 1993. 310 CMR 40.0000:
Massachusetts Contingency Plan (MCP).



Table 3. Promising plats for the phytoextractioof various metals and razhuclides.

Metal or . - .
Radionuclide Plant Species (reference indicated by typographical symbols)
Cd Brassicguncea(L.) Czernt
Cr (VI) Brassicguncea(L.) Czernt
¥7Cs Amaranthus retroflexuk.t; Brassicguncea(L.) Czernt, §, Brassicaoleraceal..§;
Phalarisarundinaeal.8; Phaseolus acutifolius
A.Gray.1, §
Cu Brassicajuncea(L.) Czerrt
Ni Brassicauncea(L.) Czerrt
Pb Brassica campetrik.T; Brassica carinatéd. Br.t; Brassicguncea(L.) Czernt, 1, #,
t1, Brassica napuk.f; Brassica nigra(L.) Kodh.t; Helianthus annuuk.t; Pisum
sativumL.t};, Zea mays. .13
Se Brassica napus.88; Festuca eundianaeaSchreb88; Hibiscus cannabinuk.88
U Brassica chinensis.{f; Brassicguncea(L.) Czernff; Brassica narinosd.. 1
Zn Avena sativadt#, Brassicguncea(L.) Czernt, T1,##, t11 Brassica napus.ttt;
Brassica rapa..tt1; Hordeum vulgarg#
Tt Kumar et al., 1995 11 Huang et al., 1997
T Lasat et al., 1998 88 Banuelos et al., 1997
§ Lasat et al., 1997 19 Huang et al., 1998
T Begonia et al., 1998 ## Ebbs and Kochian, 1998
# Blaylock ¢al., 1997 t11 Ebbs and Kochian, 1997

Tt Salt et al., 1995
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