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Pollution and Environmental Awareness in The United States

The 20™ century can be characterized as a time of inareasing environmental awareness. Much of the
sod ety cameto realizethat in the race far progressand prosperity, it faledto praect the environment andthe
natural resources on which it depends. In the earlier half of the 20" century, the disposa of industrid waste by
many companiesin the United Stateswas regarded as anon-productivefunction to be achieved at the least possible
cost (Cook, 1977). This mentality, coupled with i nsuffi cient governmental action and legidation, led to massi ve
contamination of groundwater and soil at sites across the United States (Ward, 1999). In the latter half of the 20"
Century pegple witnessed such environmental disasters as the pdlution of Lake Erie and Lake Ontario
(Internationa Joint Commission, 1970), the discovery of toxic waste under the Love Canal community of New
York (Levine, 1982), and the smog-related death s of more than 4,000 people in London (Wise, 1968). Such
widegread pollution gained considerable pulic attention and brought about monumental changes in Ameican
socigy.

Positive steps were taken in the United Sates during the late 1960'sand early 1970's toraise public
awareness and to aurtail environmental pollution by implementing stringent governmental regulations. The Sdid
Waste Disposal Act of 1965 (SWDA) wasthe first act that regulated waste on a national scale (Reed et a., 1992).
In 1969, Congress passed the Nati onal Environmental Policy Act (NEPA), the first act to provide a national policy
for the environment. The first annual Earth Day was held an April 22, 1970, to cdebrate the environment and to
heighten pullic awareness of the prablems that compromise theintegrity of the environment. In the same year,
Preddent Richard Nixon egablished the Environmental Pratection Agency (EPA) as the implementing arm o the
NEPA. Other important | egislation of the 1970's included the Clean Air Act (CAA; 1970), the Federa Water
Pollution Control Act (FWPCA; 1972), the Safe Drinking Water Act (SDWA; 1974), and the Resource
Conservation and Recovery Act (RCRA; 1976). As stated by Reed et a. (1992), these acts and other s passed by
Congress provided for the “cradle tothe grave” regulation of hazardous waste Congresslater passed the
Comprehensive Environmental Response, Compensation, and Liability Act (CERCLA, commonly called
Superfund; 1980) that enabled the federal government to delegate the costs of remedial action to the parties
responsible for hazard ous waste violations. Pressur e to meet the new standar ds for environmental quality propel led
whole industries to re-engineer their fundamental processes and products (Cunni ngham et a., 1997) and forced
some companiesout of business (Cammarota, 1980). The proper disposal of hazardouswaste and the need to clean
exiging contaminated sites becamea productive function for many public and privae ingitutions in light of the
substantial finesand penalties, which cauld be mandated by regulatory agencies Government agencies and private
indugry dikebegan a search for effident, cost-effedivetechnol ogiesthat could be used to remediae (i.e. dean)

hazardous waste sites, an initiative that remainsto the present day.



Currently 300,000 to 400,000 hazardaus wade sites in the United Statesrequire same future remedial
action (NRC, 1997). However, only an estimated 30,000 of these are recogni zed by the EPA as candidates for
immediate treatment (Ensley, 2000). These sites may be polluted with inorganic contaminants, organic
contaminants, or more commonly mixtures of both. T he remedi ation of al U.S. hazardous waste sitesin existence
could cost as much as $1 trillion (NRC, 1997), but the estimated expense for sites of immediate concernis much
less. The projected cost for remediatian of areas containing mixtures of heavy metals and organic pollutantsis
$35.4 hillion over the next five years, whereas cleanup of stes contaminated with metals onlywould cost $7.1
billion (Endey, 2000). The high cost of hazar dous waste cleanup i sduein part to the ineffi ciency and high cost of
availabletechnologies Conventional remediation techniques are based on civil and chemical engineering
technologiesincluding a wide variety of physical, thermal, and chemical treatments, as well as manipulations to
accelerate or reduce mass transport i n the contaminated matrix (Cunningham et a., 1997). According to NRC
(1997), as cleanup at waste sites has proceeded, it has become evident that despite the billions of dollars invested,
conventional remediation technologies are inadequate. The lack of commercially available technol ogies that can
restore contaminated sites at reasonable cost has | ed to increasing pr essure to limit waste cleanups to sites that pose
immediate risks to human health.

Metals and aher inorganic contaminants are amang the most prevalent forms of contamination found at
waste sites, and their remediation in soil s and sediments ar e among the most technically difficult (Cunni ngham et
al., 1997). Sourcesof anthropogenic metal contamination includesmelting of metalliferous ore, dectropating, gas
exhaust, energy and fuel production, the goplication of fertilizers and municipal sludges toland, and industrial
manufacturing (Blaylock and Huang, 2000; Cunningham et al., 1997; Raskin et al., 1994). Heavy metal
contamination of the hiospherehas increasad sharply since 1900 (Nriagu, 1979) and poses majar environmental
and human health problems worldwide (Ensley, 2000). Accarding to Raskin et al. (1994), the term heavy metal is
arbitrary and imprecise In thisdisertation, ‘ heavy metal’ will refer toany d ement that hasmetallic propetiesand
atomic number greater than 20 (Raskin & al., 1994). Unlike many organic contaminants, maost metals and
radionuclides cannot be eliminated fram the environment by chemical a biological transformation (Cunningham
and Ow, 1996, NRC, 1997). Although it may be possbleto reducethe taxicity of cetain metals by influendng
thei r speci ation, they do not degrade and are persi stent in the environment (NRC, 1999). The fol lowing section
describes some of the various conventional remedi ation technologies that are used to clean heavy meta polluted
environments. Each method has specific benefits, limitations, and costs (Table 1), which should be considered by
those repponsblefar remedal adion.

Conventional Remediation Technologies

Excavation and Landfill
Excavation of soil followed by disposal in alandfill isthe most commonly used method of cleaning sites
that have been contaminated with heavy metals (Begonia & al., 1998). A major criticism of this method is that

contaminants are merely moved from one site to another with no effort to destroy, remove, or stabili ze them on



site Containment measuresat thelandfill arededsgnedto ilate the contaminated material from the environment
so that any liquid or gaseous i nterchange is minimi zed or controlled (Wood, 1997). Other remediation techniques
are commonly used at landfill sitesto aid in the isolation of hazardous materials. For instance, | andfill caps reduce
the amaount of wate infiltration and suppress the downward migration of contaminants whereas underground
verticd barriersinhibit lateral movement.
Impermeable or Containment-type Barriers

Impermeald e barrierscan be used to completel y surround a source of groundwater cantamination and are
among the least expensive, most widely used means of preventing the spread of metals in groundwater (NRC,
1999). As previoudy mentioned, barriersare used dften at landfills toisdate the contaminated mass fram the
outdde environment (Woad, 1997). This method may indudethe use of caps horizontal or vertical wdls, o a
combinati on of these. Accordi ng to Wood (1997), a cap consists of asingle or multipl e layers of un-contaminated
material that cove's an area of contamination. Theprimary fundion of a cap is to suppress the downward
migration of metals by controlling the infiltration of water. Covering the area also prevents the exposure of at-risk
targets and encour ages vegetative growth over the site. The cap can be vegetative or consi st of certain clays, lime,
fly ash, sswage dudge concrete or asphalt, or synthetic mambranes or geotextiles. Underground vertical barriers
are used around the perimeter of a contaminated site to control the lateral movement of groundwater. Vertical
barriers can be composed o clay mixtures, concrete, steel sheet piling, and synthetic membranes (Wood, 1997).
Horizontal walls function in a similar manner as caps in preventing the downward migration of contami nants.
However, horizontal barrier technology isnot yet perfected and is seldom used due tothe inherent difficultiesin
establishi ng an impenetr able layer under a site. Because contaminants ar e not removed, si tes where barrier
technol ogieshave been used will dften have long-term site restrictions, something that parties responsible for site
restaration must consider.
Permeable Reactive Barriers

A permeable reactive barier isa pasdvetreatment zone of readtive material which is installed acrossthe
flow path of acontaminant plume(NRC, 199). As graundwater flowsthrough the treatment zone, metal
contaminants ar e immobilized by sorption or precipitati on within the barrier. Reacti ve barrier s can be constructed
of any materials that react with inarganic contaminants including zeolites hydrous ferric oxide, peat, silica,
polymer gels, or limes. They are most often used to treat locali zed ar eas where contami nant plumes exi st but can be
usedto taally enclosean area where the movement of contaminants off site poseshigh risk to the surrounding
environment. Sorption or precipitation within areadivebarria must be regarded as a retardation of contaminant
migration rather than as a permanent solution to the problem (NRC, 1999).
In Situ Vitrification

In situ vitrification is aremediation technology used to treat small areas with hi gh levels of organic or
inorganic soil contamination. Soil s are heated to temperat ures between 1000 and 1700°C and are melted by
applying an alternating electrical current between electrodes placed in the ground. When cod, soil becomes an
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metals than theoriginal soil (NRC, 199; Wood, 1997). The vitrified maerial may be coveed with clean sail, and
left on siteor removed and disposed of in a controlled landfill. This expensive remedia technology is normally
reserved for contamination that is not readily treated by ather methods (Wood, 1997).
Solidification and Stabiliza tion

Solidification and stabilization technologies are isdesigned to suppress the movement of contaminantsin
soils, sludges, and liquids by redudng their solubility or by changing the permeability of the matrix (NRC, 1997).
The objective is to stabilize contaminants by hinding them physicdly within a sdidified mass, which ismore
resigant toleaching than the original il. The success of thistechnology depends on the ability to mix the
stabilizing agent with the contaminated matrix (NRC, 1999). The principal stabilizati on materials are portland-
type canents pozzolanic mateials, lime, silicates clays, and polymers (Woad, 1997; NRC, 199). Pazzolans are
small spherical fly ash particles formed in the combustion of coal. Those that are high in silica have cement-like
propetieswhen mixed with water (Woaod, 1997). If left on dte, the sdidified manolith may require long-term
monitaring to ensure that |eaching of contaminantsdoes not ocaur.
In Situ Redox Manipula tion

In situ redox manipulation is usad to reducethe mobility or toxicity of catain metals that are hazardous in
their axidized form but notin reduced form (NRC, 1999). This manipulation can be used totreat metals in sal and
groundwater that are not readily aacessible from the surface. This method invdves the injection of chemical
reducing agents into the ground or the stimulation of naturally-ocaurring iron-reducing bacteria with nutrients, to
create reducing condtions in the subsurface. Commanly used redud ng agents ind ude aluminum, sodium and zinc
metal's, and some ecificiron compounds (Wood, 1997). Long-term monitoring and treatment may be required to
ensure that mobilization of the contaminants does not occur by reoxidation (NRC, 1999).
Soil Washing

A problem with the excavation-and-landfill method is that the majarity of the soil mass being deposited in
alandfill consists of soil components themselves and not the actual pollutant. Not only isit expensive to place
large volumes of il in a controlled landfill, it also reduces the amount of space available for other hazardous
materials. Soil washing is a soil remediation technique that aims to concentrate soil contaminantsinto arelatively
small volume (Wood, 1997). The benefit of consolidating hazardous subgances is that costs assodated with
disposa and treatment are r elated only to the reduced volume of process residues. After ex cavation, contaminated
soil istaken toawashing facility where it is saceened to remove delris and large objects and then leached with
washing agents such asacids o chelateswhich displace or extract contaminants from soil partides (Dennis et al.,
1994; NRC, 1999). Theresulting leachate isrich i n the target contaminant and can be treated as waste water
(Woad, 1997), aless expensive approach than the digposal o the sal itself.
Soil Flushing

The goal of soil flushing isidentical to that of soil washing, to liberate contaminants from the solid phase
of asdl and concentrate them in aliquid phasewhich can be recovered and treated as wastewater. Both

techniquesemploy theuse of washing or extracting sdutions, but sail flushingis anin situ processwhereas sall



washing takes place off site. Theprocessof soil flushing involves theuse of extracting chemicals which are
applied to the contami nated soil by surface flooding, sprinklers, leach fields, or by vertical or hori zontal injection
walls (NRC, 1999). After contact with the sal, the flushing solutions are recovered for disposal or treatment. Soil
flushing isa clean-up method, which is seldam used by itsdf. Cther remediaion techniquesthat specidize in the
recovery of the contaminant-rich leachate will commonly be used in canjunction with soil flushing.
Electrokine tic Systems

Some contami nated soil s are not suitable for soil flushing because of thei r low per meability or because of
the perceved difficulties in recovering the extracting solution. Eledrokinetic sysgems employ the use o electrical
fiedds to mohilize and remove contaminantsin soil and are attr active ater nativesto soil flushing for low
permeability soils (EPA, 1997). Asdescribed by Wood (1997), thisis an in situ processwherean electrical current
is passed through an array o eledrodes that are embedded in the sal. When the current is applied, contaminants
move through soil water in pore spaces towards the electrode of opposite charge. The electrodes have porous
hous ngs into which purging solutionsare pumped to remove the contaminantsand bring themto thesurface. The
purging soluti ons ar e then taken to awater treatment plant for contami nant remova. Site managers must be
prepared to handle the large amaunts of acid and base which are produced by the process The effidency o this
technique has not been proven in the United States and will require further fieldtesting before it becomesan
accepted remediation method by regulatory agencies.
Bior emedi ation

The term biaemediation is sometimes thought to be synonymouswith phytoremed ation, but these tems
describe two completely different methods. Although both seek to exploit living organisms to alter contaminated
environments, bioreamediaion involvesthe manipulation of miarobial populations and phytoremediaion concans
the use of higher plants. Bioremediation r efers to a process through which metal contaminants are modified as a
dired resut of micrabial activity (NRC, 1999). Theobjective may ke to mohilize immabilize, or reduce the
toxicity of metalsin sal or water depending on the ultimategoals of remedation (Smith et al., 1994). If redudng
conditions are maintained by the addition of suitable substrates, such as oxygen and nutrients, inorganic
contaminantswill remain in their highly insauble, immobile forms (NRC, 1999; Woad, 1997). However, the

immobilization of some contaminants shoud be viewed as a tempaary fix and not a final lution to the prablem.

Unconventional Plant-based Remediation Technologies. The Phytoremediation Concept

Devel opment of Phytor emediation

Conventional remeliation technologiesare used to clean the vast mgority of metal-polluted dtes The
reason is because they arefagt, relatively insensitive to heterogeneity in the contaminated matrix, and can function
over awide range of oxygen, pH, pressure, temperature, and osmotic paentials (Cunningham et al., 1997).
However, they also tend tobe dumsy, costly, and disruptiveto thesurrounding environment (Cunningham and
Ow, 1996). Of the disadvantages of conventional remediation methods, cost (Table 1) i s the pri mary driving force

behind the sear ch for alternative remediation technologies. Some micro-organism-based remediation techniques,



such as bioremediation, show potential for their ability to degrade and detoxify certain contaminants. Although
thesebidogical sysemsare less amenableto environmental extranes than othe traditional methads, they have the
percei ved advantage of being mor e cost-effective (Cunningham et a., 1997). Bioremedi ation is most applicable for
sites that have been contaminated with arganic pollutants and assuch, this condition hasbeen the focus of the
majority of bioremedi ation research. Because heavy metd s are not subject to degradation, several researchers have
suggested that bioremediation has limited potential to remediate metal-polluted environments. In caontrast, plants
are known to sequester cartain metal elements in thar tissues (Marschner, 1995) and may prove usefu in the
removal of metals from contaminated soils (Chaney, 1983). Over the past decade there has been increasing interest
for the development of plant-based remed ation technol ogies which have the paential to be low-cog, low-impact,
visually benign, and environmentally sound (Cunningham and Ow, 1996), a concept cdled phytoremediation.

Phytoremediation is a word formed fram the Greek prefix “phyto” meaning plant, and the Latin suffix
“remedium” meaning to clean or restore (Cunningham et d ., 1997). Theterm actual ly refersto a di verse col lection
of plant-based technol agiesthat use either naturally ocaurring or genetically engineered plants for cleaning
contaminated environment s (Flathman and Lanza, 1998). The primary motivation behind the development of
phytoremediativetechnol agiesis the potential for low-cost remedation (Table 1; Ensley, 2000). Although the
term, phytaremediation, is arelatively recent invention, the practice is na (Brodks, 1998a; Cunningham et al.,
1997). Research using semi-aquatic plants for treating rad onudide contaminated watersexided in Russia at the
dawn of the nuclear era (Sdt et d., 1995a; Timofeev- Resovsky et al., 1962). Some plantswhich grow on
metalliferoussoils have devel gped the ability to accumulate massive amounts of the indigenous metals in their
tissues without exhibiting symptoms of toxicity (Baker and Brooks, 1989; Baker et a., 1991 ; Reeves and Brooks,
1983). Chaney (1983) was the first to sugged using these “hyperaccumulators’ for the phytoremediation of metal -
polluted s tes. However, hyper accumulat ors wer e later beli eved to have limited potentia in this area because of
their small size and slow growth, which limit the speed of metal removal (Comis, 1996; Cunningham et al., 1995;
Ebbs et al., 1997). By definition, a hyperaccumul ator must accumul ate at least 1000 pg-g* of Co, Cu, Cr, Pb, or Ni,
or 10,000 pg-g* (i.e. 1%) of Mn or Zn in the dry matter (Reevesand Baker, 2000; Wantanabe, 1997). Some plants
tolerate and accumulate high concentr ations of metal in their tissue but not at the level required to be called
hypeaccumulatars. These plants are often called moderate metal-accumulators, or jus moderate accumul atars
(Kumar et d., 1995). Thelack of viable pl ant alter natives for phytoremediation seemed to suppr ess the amount of
phytoremedi ation research conducted between the mid 1980s and the early half o the 1990s. The search for plants
for phytoremedi ation centered on the Brassica family to which many hyperaccumul ators belong ( Cunni ngham et
a., 1995). Through the work of various researchers, particularly Kumar et al. (1995) and Dushenkov et al. (1995),
several high-biomass, metal-accumulating species were identified. Phytoremediation research gained momentum
after the discovery of these pl ants, and most of our understanding of this emerging technology has come from
research reports published since 1995.

Phytoremediation consists of a collection of four different plant-based technologies, each having a

different mechani sm of action for the remediation of metal-polluted soil, sediment, or water. T hese include:



rhizofiltration, which invol ves theuse of plantsto dean various aquatic environments phytogabilization, where
plants are used to stabi lize rather than cl ean contami nated soil ; phytovolati lization, whi ch involves the use of
plantsto extract certain metals from sal and then releasethem into theatmospherethrough volatilization; and
phytoextraction, where plants absorb metals from soil and trand ocate them to the har vestable shoots wher e they
accumulate. Although plants show some ability to reduce the hazards of organic pollutants (Carman et al., 1998;
Cunningham et al., 1995; Gordon et al., 1997), the greatest progressin phytoremediation has been made with
metals (Blaylodk and Huang, 2000; Salt etal., 1995a; Watanabe, 1997). Phytaremed ative technologies which are
soil-focused are suitable for large areas that have been contaminated with low to moderate levels of contaminants.
Sites which are heavily contaminated cannot be cleaned through phytoremediative means because the har sh
condtions will not support plant growth. The depth of soil which can be cleaned or stabilizedis regricted to the
root zone of the plants beng used. Depending on the plant, this depth can range fram a few inches to seveal
meters (Schnoor et al., 1995). Phytoremediati on should be viewed as along-term remediation solution because
many cropping cycles may be needed over severa years to reduce metals to acceptable regul atory levels. This new
remediation technology is competitive with, and may be superior to existing conventional technologies at sites
where phytaremediation is applicade. Phytoremediation is not the solution for al hazardous waste prablems but is
rather atool that can be used, possibly in conjunction with other clean-up methods, to remediate polluted
environments.
Rhizofiltr ation

Metdl pollutantsin industri al-process water and in groundwater are most commonly removed by
precipitation or floccuation, fdlowed by sedimentation and dispacsal of the resulting sludge (Ensley, 2000). A
promising alternative to this conventional clean-up method is rhizofiltration, a phytoremediative technique
designed fa the removal of metals in aguatic environments. The process involvesraising plants hydroponically
and transplanting them into metal-polluted waters where plants absorb and concentrate the metals in their roots
and shoots (Dushenkov et a., 1995; Flathman and Lanza, 1998; Salt et al., 1995a; Zhu et a., 1999). Root exudat es
and changes in r hizosphere pH also may cause metals to precipitate onto root surfaces. Asthey become saturated
with the metal contaminants, roots or whole plants are har vested for disposal (Fl athman and Lanza, 1998; Zhu et
al., 1999). Most ressarchers believe that plants far phytoremediation should accumulate metals only in the roots
(Dughenkov etal., 1995; Hathman and Lanza 1998, Saltet al., 199%a). Dushenkov & al. (1995) explains that the
trandocation of metal s to shoots would decrease the efficiency of rhizofiltration by increasing the amount of
contaminated plant residue needing disposal. In contrast, Zhu & al. (1999) suggest that the efficiency of the
process can be increased by using plants which have a heightened ability to absorb and translocate metals within
the plant. Despitethis difference in opinion, it isapparent that prope plant sledion is the key to ensuring the
success of rhizofiltration asa waer cleanup strategy.

Dushenkov and Kapulnik (2000) describe the characteristicsof the ideal plant for rhizofiltration. Plants
should be able to accumulate and tolerate significant amounts of the target metal sin conjunction with easy

handling, low maintenance cost, and a mi nimum of secondary waste requiring disposal. It is a so desirable for



plants to producesignificant amounts of root biomass or roa surface area. Several aguatic gecies have the ability
to remove heaw meals from water, includng waer hyacinth (Eichhornia crassipes (Mart.) Sdms; Kay et al.,
1984; Zhu et a., 1999), penywort (Hydrocotyle umbellata L.; Dierberg et al., 1987), and duckweed (Lemna minor
L.; Mo etal., 1989). However, thes plants have limited potential for rhizdfiltration, because they arenot eficient
at metal removal, aresult of their small, slow-growing roots (Dushenkov et al., 1995). These authors also point out
that the high water content of aquatic plants complicates their drying, camposting, or incineration. Desite
limitations, Zhu et al. (1999) indicated that water hyacinth is effective in removing trace elements in waste
streams. Tarestrial plants are thought to be more suitable for rhizdfiltration becausethey producelonge’, more
substantial, often filbrousroat systems with large surface areas for metal sarption. Sunflower (Helianthus annuus
L.) and Indian mustar d (Brassica juncea Czern.) are the most promising tarestrial candidates for metal removal in
water. The rootsof Indian mustard are effective in the removal o Cd, Cr, Cu, Ni, Pb, and Zn (Dushenkov et al.,
1995), and sunflower removes Pb (Dushenkov et al., 1995), U (Dushenkov et al., 19974), *Cs, and *Sr
(Dushenkov et al., 1997b) from hydroponic solutions.

Rhizofiltration is a cost-competitive technology in the treatment of surface water or groundwat er
containing low, but significant concentrations of heavy meals such asCr, Pb, and Zn(Table 1; Ensley, 2000). The
commerdalization o this technologyis driven by economics as wdl as by such technical advantages as
applicabil ity to many problem metals, abil ity to treat high volumes, lesser need for toxic chemicd s, reduced
volume of secondary waste, possibility of recycling, and the likelihood of regulatory and publi ¢ acceptance
(Dushenkov etal., 1995). However, the application of this plant-based technology may ke mare chdlenging and
susceptible to failur e than other methods of s milar cost (Table 1). T he producti on of hydr oponi cally grown
transplants and the maintenance of successful hydroponic systems in the field will require the expertise of qualified
personnel, and the facilities and specialized equipment r equired can increase overhead costs. Perhaps the greatest
bendit o thisremed ation methad is rdatedto pasitive pulic perception. The use of plantsat a site where
contamination exists conveys the idea of cleanliness and progress to the public in an area that would have normally
been perceived aspolluted.

Phytostabilization

Sometimes there is no immediate efort to clean metal-polluted sites, d@ther becausethe responsible
companiesno longer exist a becausethe sites ae not of high priarity on a remediaion agenda(Berti and
Cunni ngham, 2000). The traditional means by which metal toxi city is reduced at these sitesis by in-place
inactivation, a remediation technique that employs the use of soil amendments to immabilizeor fix metalsin sal.
Although metal migration is minimized, soils areoften subject toerogon and still pose an expoaure rik to humans
and other animals. Phytogabilization, also known as phytorestaration, is a plant-based remediation technique that
stabilizes wast es and pr events exposure pathways via wind and water er osion; provides hydraulic control, which
suppresses the vertical mi grati on of contaminants into groundwat er; and physically and chemicall y immobilizes
contaminants by roa sorption and by chemical fixation with varioussoil amendments (Beti and Cunningham,
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actudly a modfied version of the in-placeinactivation method in which the function of plantsis secondary to the
role of soil amendments. Unlik e other phytor emedi ative techniques, the goal of phytostabi lization is not to remove
metal contaminantsfrom a site, but rathe to gabilize them and reduce therisk to human health and the
environment.

The most camprehensive and up-to-date explanation of the phytostabilization process is offered by Berti
and Cunningham (2000). Before planting, the contaminated soil is plowed to prepare a seed bed and to incorporate
lime, fertilizer, or aher amendments for inactivating metal contaminants. Soil amendments shauld fix metals
rapidly following incorporation, and the chemical aterations should be long lasting if not permanent. The most
promising soil amendments ar e phosphate fertilizers, organic matter or bio-solids, iron or manganese
oxyhydroxides, natural or artificial day minerals or mixturesof these amendments.

Plantschosen fa phytogabilization shauld be poor trand ocatorsof metal contaminantsto aboveground
plant tissues that could be consumed by humans or animals. The lack of appreciable metals in shoot tissue also
eliminates the necessity of treating har vested shoot residueas hazardous waste (Flathman and Lanza, 1998).
Selected plantsshould beeasy to establish and carefor, grow quickly, havedense cangpiesand roa systems, and
be tolerant of metal contaminants and other site conditions which may limit plant growth. The research of Smith
and Bradshaw (1979) led to the devel opment of two cultivar s of Agrostis tenuis Sibth. and one of Festuca rubra L.
which are nowv canmercially available far the phytostabilization of Pb-, Zn-, and Cu-contaminated sals.

Phytostabilization is most effective at siteshaving fine-textured soils with high organic-matter content but
is sutable for treating awiderange o sites where large areas of surface contamination exist (Berti and
Cunningham, 2000; Cunningham et a ., 1995). However, some highly contami nated sites are not suitabl e for
phytostabilization, because plant growth and survival i s not a possibility (Berti and Cunni ngham, 2000). At sites
which support plant growth, site managers must be concerned with the migration of contaminated plant res due off
site (Schnoor, 2000) or disease and insect prodems which limit the longevity of the plants. Phytostahilization has
advantages over other soil-remediation practicesin that it is |ess expensive, less environmentally evasive, easy to
impl ement, and offers aesthetic val ue (Berti and Cunningham, 2000; Schnoor, 2000) . When decontamination
strategies are impractical because of the size of the contaminated area or the lack of remediation funds,
phytostahilization is advantageaus (Berti and Cunningham, 2000). It may a9 serveas an interim strategy to
reducerisk at sites wherecomplications dday the seledion of the most gopropriatetechniquefor the ste.

Phytovol atilization

Somemetal contaminantssuch as As Hg, and Semay exig as gaseaus species in environment. In recent
years, researchers have sear ched for naturally occurring or genetically modi fied pl ants that are capable of
absarbing demental forms o these metal s from thesoil, biologically cnveating them to gaseaus species within the
plant, and rel easing them into the atmospher e. This process is called phytovolatili zati on, the most controversid of
all phytoremediaion techndogies. Mercury and Se aretoxic (Suszcynky and Shann, 1995; Wilber, 1980), and
there is doubt about whether the volatilization of these elements into the atmosphere is safe (Watanabe, 1997).
Selenium phytovolatilization has been given the most attention to date (Banueloset a., 1993; Lewis et al., 1966;



McGrah, 1998; Tery 4 al., 1992), becausethis dement is a rious pradblem in many partsof the world where
there are areas of Se-rich soil (Brooks, 1998b). However, there has been a considerable effort in recent years to
insert bacterial Hg ion reductase genes into plants for the purpose of Hg phytovolatilization (Bizily et al., 1999;
Heaton et al., 1998; Rugh et a., 1996, 1998). Although there have been no efforts to genetically engineer plants
which volatilize As, it islikely that researchers will pur sue this possibi lity in the future.

According to Brooks (1998b), the release of volatile Se compounds from higher plants was first reported
by Lewisetal. (1966). Terry & al. (1992) report that members of the Brassicaceaeare capable o releasing up to
40g Se ha’day* as various gaseous compounds. Some aquatic plants, such as cattail (Typha latifolia L.), are also
godd far Se phytaremedation (Pilan-Smits et d., 199). Unlike plantsthat arebeing usad for Se volatilization,
those which volatilize Hg are genetically madified organisms. Arabidopsis thaliana L. and tobacco ( Nicotiana
tabacum L.) have been genetically modified with bacteri a organomecurial lyase (merB) and mercuric reductase
(merA) genes (Heaton et al., 1998; Rugh et d., 1998). These plants ésarb elemental Hy(11) and methyl mercury
(MeHg) from the soil and release volatile Hg(O) from the leaves into the atmosphere (Heaton et al., 1998).

The phytovolatilizati on of Se and Hg into the atmospher e has several advantages. Volatile Se compounds,
such as dimethylselenide, are 1/600 to 1/500 as taxic as inarganic forms of Sefound in the soil (DeSauzaet al.,
2000). The volatili zation of Se and Hg is also a permanent site solution, because the inorgani ¢ forms of these
elementsare removed and the gaseous species are not likely to beredeposited at o near the site (Atkinson ¢ al.,
1990; Heaton et al., 1998). Furthermore, sitesthat utili ze this technology may not requi re much management after
the original planting. This remediaion method has theadded benefits of minimal site disturbance, lesseroson,
and no need to dispose of contaminated plant materi al (Heaton et al., 1998; Rugh et a., 2000). Heaton et al. (1998)
suggest that the addition of Hg(O) into the atmosphere would not contribute significantly to the atmospheric pool.
However, those who support this techniqueal so agree that phytovdatilization would not be wise far sites near
population centers or at places with unique meteorological conditions that promote the rapid depcsition of wvolatile
compounds (Heaton et al.,1998; Rugh et a., 2000). Unlike other remediation techniques, once contami nants have
been removed via volatilization, there is a loss of control over their migration to ather areas. Despitethe
contr oversy surrounding phytovol atil ization, thistechniqueisa promising tool for the remediation of Seand Hg
contaminated soils.

Phytoe xtraction

Phytoextraction isthe most commonly recognized of all phytoremediation technologies, and is the focus of
the resear ch proposed in this prospectus. The terms phytoremediati on and phytoextraction are sometimes
incorrectly used as synonyms, but phytoremediation is a concept while phytoextraction is a specific cleanup
technology. The phytoextraction process involves the use o plants to facilitate the removal of metal contaminants
from a soil matrix (Kumar et al., 1995). In practice, meal-accumulating plants are seeded or transplanted into
metal -polluted soil and are cultivated using estallished agricultural practices The roots of established plants
absorb metal elements from the sall and translocate them to the above-ground shoots where they accumulate. If

metal availability in the soil is not adeguate for sufficient plant uptake, chelates ar acidifying agents may beused to



liberatethem into the il sdution (Huang et al., 197a; Lasat et al., 1998). Afte sufficient plant growth and metal
accumulation, the above-ground partions of the plant are harvested and removed, resulting the pamanent removd
of metals fram the site. As with sal excavation, the digposal of contaminated material is a concern. Some
researchers sugged that the incineration of harvested plant tissue dramatically reduces the vdume of the material
requiring disposal (Kumar et al., 1995). In some cases valuable metals can be extracted from the metal-rich ash
and save as a saurce of revenue, thereby off tting the expense of remedation (Comis, 1996; Cunningham and
Ow, 1996). Phytoextraction should be viewed asa long-term remediation efort, requiring many cropping cycles to
reduce metal concentrations (Kumar et d., 1995) to acceptable | evels (T able 2). The time requi red for remediati on
is dependent on the type and extent of metal contamination, the length of the growing season, and the efficiency of
metal removal by plants, but normally ranges from 1 to 20 years (Blaylock and Huang, 2000; Kumar et al., 1995).
This technology is suitable for the remediation of large areas of land that are contaminated at shallow depths with
low to moderate levels of meal- contaminants (Kumar et a., 1995; Wantanabe, 1997).

Many factors deter mine the effectiveness of phytoextracti on in remediating metal-polluted sites (Bl aylock
and Huang, 2000). The sdection of a dte tha is condudveto this remediation technol agy is of primary
importance Phytoextraction is applicalle only to sites that contain low to moderate levels of metal pollution,
becauseplant growth is not sugained in heavily pdluted soils Soil metals shauld also bebioavailalde, or subject to
absorption by plant roots. The land should be réati vely free of obstacles, such asfallen trees or boul ders, and have
an acceptable topography to allow far normal cultivation practices, which employ the use o agricultural
equipment. As a plant-based technol ogy, the success of phytoextraction is inherently dependent upon sveral plant
characteri stics. The two most important character s include the ability to accumulate large quantities 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, 1996; Kumar et d., 1995; McGr ath, 1998). It isthe combination of
high metal accumulation and high biomass production that results in the most metal removal. Ebbs et al. (1997)
reported that B. juncea, while having one-third the concentration of Zn in itstissue, i s more effective at Zn
removal from sdl than 7. caerulescens, a known hyperaccumuator of Zn. Thisadvantageis due primarily to the
fact that B. juncea produces tentimesmorebiomass than 7. caerulescens. Plants bei ng consider ed for
phytoextraction must be tderant of the targeted metal, or metals, and beeffident at translocating them from roas
to theharvestabl e above ground portionsof the plant (Blaylodk and Huang, 2000). Other desirableplant
characterigtics i nclude the ability to tolerate difficult soil conditions (e.g., soil pH, salinity, soil structur e, water
content), the production of a dense root system, ease of care and establishment, and few disease and insect
problems. Although some plants show promise for phytoextraction, there is no plant which possesses all of these
desirabletraits Finding the perfect plant continues to be the focus of many plant-breeding and genetic-engineering

research dforts.



Enhancing the Phytoextraction Process

Increasing Metal Availability in Soil

A major factor influencing the efficiency of phytoextraction is the ability of plants to absorb large
guantities of metal in a short period of time. Hyperaccumulators accumul ate apprecial e quantities of metal in their
tissue regardless of the concentration of metal in the soil (Baker, 1981), as long as themetal in question is present.
This property is unli ke moderate accumulator s now being used for phytoextraction where the quantity of absorbed
metal is a reflection of the concentration in the sil. Although thetotd soil metal content may be high, it is the
fraction that is readily available in the soil solution that determines the dficiency of metal absorption by plant
roots. To enhance the speed and quantity of metal removal by plants, some researchers advocatethe use of various
chemicals far increasing the quantity of available metal for plant uptake. Chemicals that are suggested for this
purpose include various acidi fying agents (Blayl ock and Huang, 2000; Brown et al.,1994; Cunningham and Ow,
1996; Huang et al., 1998), fertilizer salts (Lasat et al., 1997;1998) and chelating materials (Blaylock et al., 1997;
Huang et a ., 1997a). These chemicals increase the amount of bioavailable metal in the soil solution by either
liberati ng or displacing metal from the solid phase of the soil or by making precipitated metal species more soluble.
Research in this area has been moderately successful, but the wisdom of liberating large quantities of toxic meal
into soil water is questionable.

Soil pH is a major factar influencingthe availahility of elementsin the soil for plant uptake (Marschne,
1995). Under acidic conditions, H* ions displacemetal cations from the cation exchange complex (CEC) of sal
components and cause metals to be released from sesquioxides and variable-charged clays to which they have been
chemisorbed (i .e. specific adsor ption; McBride, 1994). The retention of metals to soil organic matter is also weaker
at low pH, resuting in moreavailable metal in thesoil soution for roat absorption. Many metal caionsare mare
solubleand available in the sail sdution at low pH (bdow 5.5) including Cd, Cu, Hg, Ni, Pb, and Zn (Blaylodk and
Huang, 2000; McBride, 1994). It is suggested that the phytoextraction process is enhanced when metal availability
to plant rods isfadlitated thraugh theaddition of aadifying agents tothe sal (Brown et al., 1994; Blaylock and
Huang, 2000; Salt et al., 19954). Possible amendments for acidification include NH,-containing fertilizers, arganic
and inorganic acids, and elemental S. Trelease and Trelease (1935) indicated that plant rootsacidify hydroponic
solutions in response to NH, nutrition and cause solutions to become morealkaline in response to NO; nutrition.
Metal availability in the soil can be manipulated by the prope ratio of NO; to NH, used for plant fertilization by
the effect of these N sources on soil pH, but no phytoremediation research has been conducted on thi s topic to date.
The acidification o soil with elamental S isaommon agronomic practice, which can be used to mobilize metal
cations in soil. Brown et d. (1994) addified a Cd- and Zn-contaminated il with elemental Sand observed that
accumul ation of thesemetals by plantswasgreater than when the amendment was nat used. Addifying agents are
also used to increase the availability of radioactive dements in the soil for plant uptake. Huang et al. (1998)
reported that the addition of citric acid increases U accumulation in Indian mustard (B. juncea) tissues more than
nitric or sulfuric add although all acids deaease soil pH by the same amount. These authors speculated that citric

acid chelates thesoil U, thereby enhancing its sdubility and availability in the sal solution. The addition of citric



acid causes a 1000-fol d increase of U in the shoots of B. juncea compared to accumulation in the control (no citric
acid addition). Despite the promise of some acidifying agents for use in phytoextraction, little research is reported
on this subject.

The addition of chelating materials to soil, such as EDTA, HEDTA, and EDDHA, isthe most effective
and controversial means of liberating labile metal-contaminants into the soil solution. Chelates complex the free
metal ion in solution, allowing further dissdution of the sorbed or precipitated phasesuntil an equilibrium is
reached between the complexed metal, free metal, and insoluble metal fraction (Norvell, 1991). Chelates are used
to enhan ce the phytoextr action of a number of metal contaminantsincluding Cd, Cu, Ni, Pb, and Zn (Blaylock et
al., 1997; Huang et a., 1997a, 1997b). Huang et al. (1997a) suggested that chelates are able to induce Pb
accumulation in agronomic cropssuch as carn (Zea mays L.) and pea(Pisum sativum L.). These authors reported a
1000-fold increase of Pbin the soil solution after HEDT A applicati on in comparison to soil sol ution of acontrol
(no HEDTA addition). Under these conditions Pb concentr ations in the shoots of corn and peaincreases from less
than 500 mg-kg™ to morethan 10,000 mgkg™ within one week after HEDTA applicati on. Thi s chelate-assisted
accumulation of toxic quantities of metal in a non-accumulator species is termed “ chelat e-induced
hyperaccumulation” (Huang et al ., 1997a). These researcher s explained that when chelat e-induced
hyperaccumulation is the goal, metals on site are initially immohilized to allow for rapid estaldishment and growth
of an agronomic crop such as corn. When the crop accumulat es sufficient biomass, chelating materi als are applied
to thesoil to result in the liberaion o large quantities of metal into the sail sdution. Massveamounts of metal are
absarbed by plant rootsand aretransl ccated to the shoot tissuewherethey accumulateto taxic levds. After death,
plants are harvested and removed from the site Chelate-induced hyperaccumulation isin contrast tothe normal
practice of phytoextraction where plants are given a gradual expodure tonon-taxic quantities o metal in solution,
and accumulation occurs gradually over time as the plants grow. The controversy surrounding the use of chelates
deals with the fate of the residual chel atein the soil after metal absor ption occurs (Brooks, 1998a). The massive
liberation of chelate-bound metals into the soil solution makes them subject to leaching into deeper soil layers.
Meta s which migr ate downward beyond the root zone of plants cannot be recovered through means of
phytoremediation and may require the use of more expensive conventional remed ation methods. Theprimary
concern isthat the liberated metals have the ability to migrate into uncontaminated areas, possibly groundwater
resavoirs (Cunningham & al., 1997). The sdentific literature ladks appred able information concerning the
appropriate amount of chelate to apply under different levels of contamination and for different plant species.
Further research is required to determine the fate of the chelate-metal complex in soil before the use of these
amendments are accepted widely for use in phytoextraction.

Some postively charged metals and radionuclides may bebound to thesoil CEC by weak electrostatic
forces and may be displaced by other cationsin the soil soluti on (Sparks, 1995). High-valence cationswith alow
degree of hydration are preferentially adsorbed to the cation-exchange sites than cations with low valenceand a

high degree d hydration (hierarchy is shown in the lyarophic seies).



Lyotrophic Series:
APR>PR?>Sr#>Ca?>Ni?>Cd*>Cu*>Co?">Zn?*>M g >Ag">Cs>Rb*>K *>NH, >Na"

Becausethe hinding preferenceis al o concentration dependent, it is possblefor a cation lower in the binding
hierarchy to displace others that are adsarbed more strongly to the exchange sites (Joarks, 1995). Lasat et al.
(1997) indicated that the application of NH, (as NH,NO;) or K (as KNO,) increasesCs desorption from sal and
increased its accumul ation in the tissue of cabbage (Brassica oleracea L.), tepary bean (Phaseolus acutifolius A.
Gray.), and Indian mustar d (B. juncea). These authors reparted that the desorption of Csis cancentration-
dependent, increasing with NH, and K concentrations up t00.2 molar. Similarly, Dushenkov et al. (1999) find that
NH,-containing salts are themost practical in liberating il-bound Cs in termsof efficiency and cost. The
application of this phytoextraction method in the fidd has not been successful in recent experiments. Lasat et al.
(1998) report that the addition of NH,NO, to a Cs-contaminated soil does not s gnificantly increasein the leve of
Csinthe shoots of plants being tested. It i s speculated that the free Cs quickly migrated out of the root zone,
resulting in decreased accumulation of Csin plant tissues. It is also possitle that the applied NH, was rapidly
converted into NO, through the process of nitrification (Marschner, 1995), resulting in | ess dissoluti on of Csfrom
the soil. T he use of fertilizer saltsto increase the bioavailability of contaminants for plant extr action may be a
promising phytoextraction technique, but further research is required to demonstrate itseffectivenessunder field
conditions. Future research that addresses the use of NH,-containing ferti lizer s shoul d incorpor ate the use of a
nitrificati on inhibitor, such as nitr apyrin (2-chlor o-6(trichloromethyl) pyridine), to eliminate nitrification as a
source of experimental error.
Proper Plant Selec tion

As a plant-based technol agy, the success of phytoextraction is inherently dependent upon prope plant
selection. As previoudy discussed, plants used for phytoextraction must be fast growing and have the ahlity to
accumulate large quantities of environmentally important metal contaminantsin their shoot tisaue (Blaylock et al.,
1997; Cunningham and Ow, 1996; Kumar et al., 1995; McGrath, 1998). Many plant spedes have been screenedto
determine ther usefuness for phytoextraction. Researchers initially envisioned using hyperaccumul ators to clean
metal polluted soils (Chaney, 1983). At present, thereare nearly 400 known hypeaccumulatars (Sdt and Kramer,
2000), but most arenot appropriate far phytoextraction becauseof thar slow growth and amall size. Several
researchers have screened fag-growing, high-biomass-accumulating plants, including agronamic crops, for their
ability to tolerate and accumulate metalsin their shoots (Banuelos et a., 1997; Blaylock et al ., 1997; Dushenkov et
al., 1995; Ehbs et d., 1997; Ebbs and Kochian, 1997, 1998; Huang € al., 1997a; 1997b; Kumar et al., 1995, Lasat
et al., 1997; 1998; Salt & al., 1995b). Many metal-tolerant plant spedes, particularly grasses, escape toxicity
through an exd usion mechanism and are therefare beter suited for phytogabilization than phytoextraction (Baker,
1981; Ebbset d., 1997). However, barl ey (Hordeum vulgare L.) and oat (Avena sativa L.) are tolerant of metals
suchas Cu, Cd, and Zn, and accumul ate moderate to high amounts o these metals in their tissues (Ebbs and

Kochian., 1998). Many herbaceous species including members o the Brassi caceae, also accumulate moderate



amounts of various metalsin their shoots A lig of promising plant species far phytoextradtion of metals and
radionuclides is given (Tabl e 3). One of the most promising, and perhaps most studied, non- hyperaccumulator
plant for the extraction of heavy metals from contaminated sitesis Indian Mustard (B. juncea).

Many hyperaccumul ator s belong to the Brassica family. Once it was suspected that known
hypeaccumulatars were not suited for phytoextraction, researchers |ooked to aher high biomass-accumulating
membersof the Brassicaceae for plants which accumulated large quantities of toxic metals(Dushenkov et al.,
1995; Kumar ¢ al., 1995). Kumar ¢ al. (1995) tested many fag growing Brassi cas for thar ability to tderateand
accumulate metals, including Indian mustard (B. juncea), black mustard (Brassica nigra Koch), turnip (Brassica
campestris L.), rape (Brassica napus L.), and kale (Brassica oleracea L). Although all Brassicas accumulated
metal, B. juncea showed a strong ability to accumulate and translocate Cu, Cr VI, Cd, Ni, Pb, and Zn to the shoots.
Kumar et al. (1995) alsoinvestigated possible genetic variation of different B. juncea accessions in hape of finding
some that had more phytoextradion potential than others.

The term, access on, refersto seedsthat have been gathered from a parti cular area and are now part of a
collection at a seed bank or plant-i ntr oducti on station (persona communicati on; Rick Luhman, curator of
Brassicas for the USDA-ARSPlant Introduction Station at lowa State Univerdty). Once in thecollection, seeds are
assigned a number that identifies the particular accession. Although al Indian mustard accessions are B. juncea
Czern., they may exhibit different phenotypes as a result of being from different regions where environmental
fadorsmay haveinfluenced the naural =ledion o thisspecies Kumar et al. (199%) deermined that accessions
426308, 211000, 426314, and 182921 are among the best suited for phytoextraction. Several resear chers have
confirmed the phytoremediaion potential of these and other B. juncea accessions (Blaylock et al., 1997;
Dushenkov et d., 1995; Ebbsand Kochian, 1998; Sdt et a., 1995b). The USDA-ARS Plant Intr oducti on Station of
lowa State now maintains, and distribut es, meta-accumul ating accessions which are consider ed useful for
phytoremediati on.

Indian mustardis an alseed Brassica crop for which cultivation extends from Inda through westen
Egypt and Central Asia to Europe (Nishi, 1980). According to Prakash (1980), the ol dest referenceto B. junceain
Sanskrit liter ature is by the name ‘ Rajika , and car bonized seeds of thi s species have been found in the ancient sites
of the Harappan civilization (2300-1750 B.C.). Despitethe effats of historians and researchers, the precise arigin
of this crgp remains an enigma. Perhaps the most likdy placeor places o origin are thoseregions where its
parents, B. nigra and B. campestris, overlap in their distribution. Possible centers of origin include 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 primarily for its al-containing seeds (~
40% oil; Prakash, 1980), which serveas a source of cooking oil and spice (Nishi, 1980; Krzymafiski, 1997). Indian
mustard is capable of producing 18 tons of biomass per hedtare per crop (Kumar et d., 1995). Plants peform very
well in nutri ent solution culture, progressing from the four-leaf stage to fully grown plants (up to 50 g shoot fresh
mass) in as little as 21 days(personal dosarvations). Although shart-day condtions (<12 hrs light) result in a more

compad growth halit (personal obsevations), shorter height, and limited leaf production (Bhaskar and Vora,



1994), hiomass accumulation is greater than unde 1ong-day conditions (9-10 hrs light optimal; Neslam et al.,
1994). Long-day conditions promote early flowering (Bhaskar and Vora, 1994) but are not required for flower
development. These plants have indeterminate growth and continue to branch from the nodesand to accumulate
biomass after flower and siliquae (seed pod) development. The recommended fertility rate for maxi mum growth of
B. juncea under un-contaminated conditionsis 75t0120 kg N ha™ and 30 to 50 kg P,O; per hectare (Gurjar and
Chauhan, 1997; Thakral et a ., 1995; Tomar et d., 1997). Zaurov et a. (1999) reported that biomass accumul ation
of B. juncea was greatest when plants in soil are supplied with 200 kg N, 100 kg P,Os, and 66 kg K,O per hectare.
However, Cd concentration in the tissue was greatest when no N was supplied.

Indian mustardis given considerald e attention by present day researchers, geneticists, and plant breeders
in particular, becauseof itsunique pdyplad genome Brassicajuncea is an dlotetraploid, a plant with a genome
composed of the camplete diploid genomes o bath parents, B. nigra and B. campestris. In modern breeding
progr ams, selection of B. juncea isbased on awide vari ety of char acters. Improving oil and meal qudlity by
eliminating nutritionally undedrable erucic acid or by madifying thefatty-acid compasition of oil is an important
objective far some plant breede's (Banga, 1997). Other sdections are basal on insed (diamondback moth, Plutella
xylostella (L.); Andrahennadi and Gillott, 1998) and diease resistance (blackleg, Leptosphaeria maculans (Desm.)
Ces.; Pang and Hall oran, 1996) and various temperatur e adaptations (Banga, 1997). Only recentl y has there been
an interest in sdecting Indian mustard lines based on their ability to tolerate and accumul ate heawy metds. Several
access ons of B. juncea have been identified as moderate accumulators of metalli c elements and are maintained by
the USDA-ARS Plant Introduction Station at lowa State Univesity, Ames, lowa. The benefit of using B. juncea
seed from the plant introduction station is that the genetic integrity of the accessions is preserved through
appropriate breeding techni ques. Experiments that utilize these seeds have more precisi on than those conducted
with seedsfrom commercially availalle sources. Precision is also greater, because future researchers can dotain
the same accessions far their experiments. The USDA-ARSPlant Introduction Station maintains a world-wide
collection of B. juncea accessions that are knovn metal-accumulators, and the seedsare distributed to publicand
private research institutions at no cost.

Specialized Agricultural Practices

Part of the enthusiasm for us hg common agronomic crops for phytoextraction i s because their cultivation
and growth requir ements ar e well established. However, plant growth will surely differ under contaminated
conditions (Blaylock & al., 1997), and established agronomic practices may not elidt the same plant response as
under non-contaminated conditions. Much is known about the response of plants tohigh levels of metallic
elements in aroa medium (Adiano & al., 1971; Horst and Marschner, 1978; Marschner, 195; Mengel and
Kirkby, 1987; Ulrich, 1976), but most relevant agronomic research aims to decrease plant exposur e to these
elements. Some agronomists, and all phytoremediation researchers, are interested in promoting plant growth, but
those i nvolved with phytoextraction aim to do thi s whil e encour aging the accumulation of large quantities of
metals within the plant. The goals o traditional agronomy and phytoremedidion dffer in someareas and assuch,

it is necessary to evaluate the sui tability of agronomic practi ces for phytoextraction. By optimizing practices such



asirrigation, fertility, planting, and harvest time, it isthought that the efficiency of phytoextraction can be
increased (St et d., 1995a). The need for specia ized agronomic practices is agreed upon by phytoremediation
researchers (Brown et al ., 1994; Cunni ngham et al., 1995; Cunningham and Ow, 1996; Ebbs et a., 1997; Huang et
al., 1997a; Kumar et a., 1995; Sdlt et al., 1995a; Schwartz and Morel, 1998), yet few research efforts

have addressed thisissue drectly. This area of phytoremediation offers the greatest opportunity for ariginal
research, particularly in the area of plant nutrition and sal fertility.

Fertilizers are used commonly in agriculture to promate plant health and to increase yield, but the benefits
and limitations of fertilization with resped to phytoremediation are not clear. Different forms of the same nutrient,
such as NH, and NO;, €elicit very different reponsesin plant growth and element alsorption by roots and may
dramatically affect the chemical nature of the rhizosphere (Barker and Mills, 1980; Trelease and Trelease, 1935).
Itisimportant to understand how the concentration and type of nutrients applied i nfluence the phytoextraction
process so that efectivefertility-management strategiescan be established. The identification of nutritional
disordersfor B. juncea and other plants used for phytoextraction will lend insight into which nutrient elements
need to be supplied in phytoextraction fertility regimes. It i s not known, however, whether or not additions of
deficient e ements will promote plant growth at the ex pense of metal accumulation. Plants used for
phytoextraction, such as B. juncea, may develgp nutritional disorders when subjected to elevated levels o metal
contaminants, such as Zn, in the root medium (Ebbs and Kochian, 1997), and future research should investigate
these and other factorswhich may limit plant growth. Successful phytoextraction is dependent on the accumul ation
of plant biomass and on the accumulation of metal within thetissue (Blaylock et a ., 1997; Cunni ngham and Ow,
1996; Kumar et al., 1995; McGrath, 1998). The over application of adefici ent € ement can suppress the absorption
of thetarget element. Proper plant nutrition hasthe potential to be an effective, low-cost agronomic practice for
enhanci ng the phytoextraction of heavy metals by plants, but mor e research is required before fertili zers can be
used dfectivdy for this purpose.

General Information on Zinc

Zinc is an important element not only because it is essmtial for animals and plants (Brown et al., 1993;
Weld, 1993), but because it has awide range of industrial uses (Canmarota, 1980). Zinc occurs naturdly in many
minerals as aulfides, sulfates oxides, carbonates, phosphates, and slicaes (Barak and Hdmke, 1993) with the
principal ore bang sphalerite, a zinc sufate (Cammarota, 1980). Zinc meal hasmany uses including gal vanizing
of metal aurfaces, production of zinc-based alloys such as bronze and brass, and the production of zinc chemicals
which are used extensively in manufacturing (Cammarota, 1980). Despite its importance in our everyday lives, Zn
istheheavy meal occurring in thegreatest concentrations in themajarity of wades arising in moden,
industri alized communities (Boardman and McGuire, 1990). According to Lambert et a. (1997), the soil isa
major sink for Zn, and nearly all contamination of surface soils by Zn is aresult of human activity (Chaney, 1993).
Anthropogenic saurces of contamination arise fram activities such asmining and smelting, dectroplaing and

galvanizing, application of industrial and municipal sludges toland, excessiveuse of Zn-containing agricultural



chemicals and ather industrid activities (Blaylodk and Huang, 2000; Chaney, 1993 Lambert & al., 1997). The
United Stateswas oncea major contributar of Zn to the world market, but there has been a marked reduction in
smelting adivitiessince 1975, the year that the Environmental Praection Agency (EPA) subeded mining and
smelting gperations to stringent environmental regulations (Cammarota, 1980).

Zinc can be heldto soil component through a variety of mechanisms including cation exchange, specific
adsorption (chemisarption), and chelation (Barrow, 1993, McBride, 1994; Shuman, 1980). In general, Zn is more
available in the soil solution for plant uptake under acidic conditions than under alkaline conditions (Peech, 1941).
According to McBride (1994), the reasons for the increased avail ability at low pH relate to the influence of the H*
concentration on the various mechanisms of sorption. Under addic conditions, the functional groupsresponsible
for specific adsorption may become protonated and create a net positive charge on sesquioxides, amorphous clays,
and organic matter, resulting i n the release of Zn** into the soil solution. Hydrogen also has the ahility to displace
other cations such as Zn* from the cation exchange complex. Chelation of Zn? by organic matter is also
influenced by il acidity through its effed on the number of ligands involved in chelation. Monodentate bonds
between Zn and the chdating ligandsare weak compared with multidentate bonds Unde acidc conditions the
monodentate bonds are more prevalent, and Zn* can be more easil y displaced from these chelate compl exes
through exchange processes. It is well understood that plants influence soil pH under non-contaminated conditions,
particul arly in the immediate vicinity of the roots (Marschner, 1995). However, i sit not understood how the pH of
the root medium isaffeced by plants that are subjected to Zn contamination under various fertility regimes This
information may help futureresearchers to anticipate changes in Zn availability in soil, and may lead to more
spedalized managament practices which improvethe ahility of plantsto extract Zn for phytoextraction.

Zinc was deter mined as an essential element for plant growth in 1926 by Sommer and Lipman (Sommer
and Lipman, 1926). This element is primarily taken up as Zn? but may betaken up as ZnOH* (Marschner, 1995).
In plants, the function of Zn resembles that of Mn and Mg in that it brings about the binding confor mation between
enzyme and aubgrate (Mengd and Kirkby, 1987). The metalolicfundionsof Zn arebased on its tendency toform
tetrahaedral complexes with N-, O-, and particuarly S-ligands, and it thereby plays functional (catalytic) and
structural rolesin enzymatic reactions (Brown et al. 1993; Vallez and Auld, 1990). Zinc pays a functional rolein
carbonic anhydrase which catalyzes the conveasion of CO, to HCO (Hatch and Burnell, 1990). The activity of 1,
5-ri bulose-bi sphosphate car boxylase i s dso control led by Zn, an enzyme whi ch catalyzestheinitial step of
photosynthetic CO, fixationin plants (Jyung et a., 1972). Copper and Zn have rol esin maintaining the i ntegrity of
biomembranes, becausethey are strudural sites components of superoxidedismutase, an enzymethat protects
plants from damaging superoxide (O,") radicals (Brown et al., 1993).

Theroleof Znin protein synthesisis linked to itsinvolvement in maintaining the structural integrity of
ribosomes, RNA, and DNA. Zinc is also acomponent of proteins which areinvolved in the processes of trandation
and replication (Giedrocet al., 1986, Hanas ¢ al., 1983).

The synthesis df indole acetic acid (IAA; auxin) is also dependent on Zn, but the gecificrole of this

element is not agreed upon by researchers. Tryptophan isthe precursor for IAA synthesis, and Zn i s considered



essential for the synthesis of this ami no acid (Tsui, 1948). Others beli eve that auxin synthesisisinfluenced by Zn
through its role in the biosynthesis of IAA from tryptophan, not because it is essential for tryptophan synthesis
(Salami and Kenefick, 1970). Therole o Zn in auxin biosynthesis may acoount for the suppressed roa growth
obsaved among plants with Zn toxicity (Mengel and Kirkby, 1987).

According to Marschner (1995), most plants are deficient when Zn levels in the dry mass are between 15
and 30 mg kg or less, and toxicity appears in the range of 100 to 300 mg Zn kg or higher. Zinc toxicity often
leads to leaf chlorosis, which may represent an induced deficiency of another essential element (Marschner, 1995).
Because of the simil ar ioni c radius of fourfold coordi nated Zn?* (74 pm), Cu?* (71 pm) Fe* (77 pm) and Mg# (71
pm), these elements ar e competitive for absorption by roots, and when avai lable in excess each may induce a
deficiency of anothe (Adriano & al., 1971; Barak and Helmke, 1993; Loneragan and Webb, 1993, Marschner,
1995). Recent evidenceal so suggeststhat excessiveZn can reduce the activity of nitratereductase (Luna ¢ al.,
2000) and may therefore impair the ability of plants to use NO,.

The accumul ation and partitioning of Znin the plant is highly dependent on the supply in the root
medium (Longnedker and Robson, 1993). When Zn supply is adeguateto taxic, a large portion isbound to the
surface of cell wallsin the root cortex (up to 90%; Mengel and Kirkby, 1987; Sieghardt, 1990; Turner, 1970).
However, theamount of total Zn in theroots may bea function of the duration of exposure. There isevidence that
the binding stesin rods for same meals, such as Pb, must become saturaed befare they aretranslocated to the
shoot tissue (Dushenkov et al., 1995 Kumar et al., 1995). Zincis also bound tovascuar tissuein roots and stems
(Longnedker and Rdbson, 193; Riceman and Jones, 1958), with the majarity of Zn beng found where vasaular
tissue traces off the central stele at the nodes or in regions of the root system where lateral roots are present (Singh
and Steenberg, 1974). Under adequate supply, the Zn absorbed by roots is rapidly transported to the shoots
(Riceman and Jones, 1958). Movement in theplant is not necessaily via passive transport in thetranspirational
stream, as there is evidence that accumulation occursin partsof the plant were trangiration is minimal, nat where
the greatest transpirati on is occurring (Obata and Kitagishi, 1980). There s little remobilization of Zn throughout
the plant, particularly when present at defident o adequatelevels (Longnecker and Robson, 1993). When the
supply of Znto Trifolium subterraneum islow to adequate (Oto 0.13 mg - kg™ soil) the concentration in the
younger leavesis usually higher than that of older leaves. However, when supply is high (0.53 to 2.13 mg - kg*
soil), Zn acaumulates in older leaves of plants, and the concentration in olde leaves is much higher than that in
new growth (Longnedker and Rdbson, 193; Reuter et al., 1982; Ruanoet al., 1987).

Summary of Literature Review

The pollution of soil and water with heavy metalsis an environmental concern today. Metals and other
inorganic contaminants are among the most prevalent forms o contamination found at waste sites, and their
remediati on in soils and sediments are among the most technicaly difficul t. The projected cost for remediati on of
areas containing mixtures of heavy meals and organic pollutants by conventiond meansis $35.4 hillion ove the

next fiveyears. The high cog of existing cleanup technologiesled to the search for new deanup technol ogies that



have the potential to be low-cog, low-impact, visually benign, and environmentally sound. Phytoremediation is a
new cleanup concept that i nvolves the use of plants to clean or stabilize contaminated envir onments. The most
studied phytoremediation technology isphytoextraction, a plant-based d eanup method invdving the use of metal-
accumulating plants to extract meal contaminants fram soil. Once metal s have been sequegered in thetisaues, the
above-ground portions of the pl ant can be harvested resulting in the permanent removal of metals from the site.
Phytoextraction is not the answer to all environmental prodems, but rather is another tod to be used in
conjunction with existing remediation technologies. However, in areas that have been contaminated with low to
moderate levels of heavy metals at shallow depth, phytoextraction has some advantages over conventional cleanup
methods, the primary one being low cost.

Over the past decade, researchers have sought to perfect this remediation technology. The mgjority of
phytoextraction research has focused on finding the ideal metal-accumulating plant and the means by which metals
can be liberated from the soil for root uptake. At present, Indian mustard (B. juncea) is among the most viable
candidatesfor the phytoextraction of a numbe of metals including Cd, Cr(1V), *¥’Cs, Cu, Ni, Po, U, and Zn. Only
afraction of the phytoremediation r esear ch addresses the use of B. juncea for the phytoextr action of Zn even
though this element is one of the most prevalent heavwy metals at contaminated sites. Zincis among the least taxic
of all metal contaminants to humans, and this may be thereason why other metals have been given priorityin
phytoremediation research effortsin the past. Few studies have focused on the development of special ized
agricultura practices for phytoextracti on, although most researcher s agree that thisis an areathat warrants further
attention. Mineral nurition profoundly influences thegrowth of plantsand the absorption of nutrients by plant
roots, two areas with which phytoextraction isgreatly concerned. With the exception of Zaurov et al. (1999), all
plant nutrition information for B. juncea with regards to phytoremediation has been anecdotal (Ebbs & al., 1997;
Ebbs and Kochi an, 1997, 1998; Kumar et al., 1995). Proper plant nutrition hasthe potentia to be an effective, low-
cost agronomic practi ce for enhancing the phytoextraction of heavy metals by plants, but more research is required

before fertilizer s can be used effectively for this purpose.



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
Sail In Situ Vitrificationt, £ 360 1,370
bulk density=1.3 Soil Incineration 200 1,500
Excavation and Landfillt, §, 1, # 140 720
Soil Washingt f, 11, £ 80 860
Soil Flushingt, 50 270
Solidi ficati on and Stabi lizationt 40 200
Electrokinetic Systemst, 30 290
Bioremedationt 10 310
Phytoremediation of Soilt, §, 1, <1 150
Water Activated Carbont 120 210
Biosorptiont 9 3,400
Reverse Osmosist 3 3
Adsorptiont 1 20
Membr ane separ ation-filtrationt 1 6
Rhizofiltration, <1 6
lon Exchanget <1 2
Chemical Precipitationt <1 2
T Woods, 1997 9 Ensley, 2000
¥ Glass, 2000 Tt Dennis et al., 1994
§ Salt et al., 1995a 1f Black, 1995

9 Cunningham et al., 1997

Note Reportal costs are edimates from available data. All soils were assigned a bulk density of 1.3 for the
purposes of comparisan.



Table 2. Massachusetts DEP standards for various inorganic contaminants in soil.

Concentration Limit (ppm) for Contaminants in Soil}

Contaminant High Exposure Potentiali Low Exposure Potential
Arsenic 30 30
Cadmium 30 80
Chromium 111 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 concentrations in sal are presated on a dry weight basis.

¥ High exposure=S-1 (Method 1); L ow exposure=S-3 (Method-1); Exposure level is determi ned by the frequency of
visitation, the intensity of ste activities, theaccessibility of the contamination, and the age o thosepotentially at
risk for exposure. See reference for further details.

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



Table 3. Promising plants for the phytoextraction of various metals and radionuclides.

Metal or . . 1. .
Radionuclide Plant Species (reference indicated by typographical symbols)
Cd Brassica juncea (L.) Czernt
Cr (V1) Brassica juncea (L.) Czernt
7 Cs Amaranthus retroflexus L.3; Brassicajuncea (L.) Czerni, 8; Brassicaoleraceal .§;
Phalaris arundinacea L.8; Phaseolus acutifolius
A.Gray.1, §
Cu Brassicajuncea (L.) Czernt
Ni Brassica juncea (L.) Czernt
Pb Brassica campetris L.1; Brassica carinata A. Br.}; Brassicajuncea (L.) Czern.t, 1, #,
t1; Brassica napus L.T; Brassica nigra (L.) Koth.T; Helianthus annuus L., Pisum
sativum L.3%; Zea mays L. 3t
Se Brassica napus L.88; Festuca arundianacea Schreb.88; Hibiscus cannabinus L.88
U Brassica chinensis LY, Brassicajuncea (L.) Czernf;, Brassica narinosa L.
Zn Avena sativa##; Brassicajuncea (L.) Czern.t, 11, ##, t11; Brassica napus L.111;

Brassica rapa L.1t1;, Hordeum vulgare#tt

T Kumar et al., 1995
flasatetal., 1998
§Lasat etd., 1997

9 Begoniaet al., 1998
# Blaylock & al., 1997
Tt Salt et a., 1995b

1t Huang et al., 1997a
88 Banuelos et al., 1997
97 Huang et al., 1998

## Ebbs and Kochian, 1998
111 Ebbs and Kochian, 1997
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