duin pole juiw=lo zwoliy
sesw clloll dgol>
Ll wlwl, I 85loc



:Phytoremediation i3 il
Phytoremediation & g3 d3-\al!
F slonmt ol Dol of ot "L e sie Lgb pussned 45 e )le dygdl b
AL Tgn plazalslajl By Bl Il Cadas (o el g 2l (3 2o Ul 2> s
t e et USEPA &S00 anl iyl allSy OF &3 ey a5
colisll e el Sllesy will d-Lall bl e dsly SLdY) dms 3l )
B Gl ks Saley dadl ALl il sk i LY
Phyto= plant and remedation= correct
ey BLaST U Bl 55l Cinas (S8 21 A9 ol Rgd) Bl mllaias plasnal T
Agd) il oL

iy g Al ey

:Degradation :Ysf

@Uglll za dlies .Rhizosphere ikl oG ailaie 3 Ul [y LlSs 3 UL el
Trinitrotoluene (TNT), Total petroleum hydrocarbons (TPH), & &5 59,48
SUL jam fend Eo old) s ol 0,5 0f -S4y .Pentachlorophenol  (PCP)
Jley o2V Slals 3 Uhpsts s dule b ol Lhisd ¢ g clislll Jmy ol s
.poplar s+ i =il 3 Trichloroethylene (TCE) 55l £ &l3

:Extraction _eMsuw! (LG

:Phytoextraction ($s3! eMsuwt!

SUL ard oL UM Wlisl @ ag el dlalyy SUskall GUL ol 6l Gy
) e S claia (S e BVl Byiad! 01 3 Ul aasT s faws
S L sl 36l 25500 T s aommg 387 (3 LapSig andklan 51 a3l e U
e Jolad)

:Rhizofiltration

et S Gy L DUl S i e el oo (55 ) DYl R b 1
Al oLl 2kl 2k Ll Sl Aelin g L 3L 2o 5SSy a3 2aSTL 2SO

Lozl Y1 @S0y oo UL alaszal e g d) duid) ams V)



:Volatilization

b e ) Lo st OO L) UL IS ol o a il e 2lg s Ul JUas!
OF o (3 o )l Gl ey 28T bl ) et §pladl o 0 2SS
Al 3 o0 oo gl BTl pe slpb) ) alal) 55 550

:Containment and Immobilization &3 By s WG
At pb ol e 18 g (3 L ol 27 ) WU plaes] otz
o HOYN S pe e oy pdd) 3 3k ol S e UL an Jas
b doally dxd) blsl) [ 2SO Gl OF ) cogld) o35
e i s U)ol Bl nb g0 Ul U Led danly bl Wi Se Ly
(Bl o 5 ) Bl Sl plisal Je 1SS s tHydraulic control .Y
Al DBl Laygdir Ay ol e 308 laST Ellgand UL ans
L) asg B LU 3 4 ety ) s B Je e 1 Vegetative cover ¢
oy 13 4 man Yy ple iy 2l 2V 28 8 e J) g ) Ly
SNl Sy e s landfill ULl e alsall sdlse an Slied e Uske
Ngoe aallail)

e Al Olaus
il ol o saey Byl Gl Sy 2ol lidly dedall SV e o g
5 a by eV AL plsl Ay w)lie ey e BT ) bl fiiadd
Ayt Akl plisny S3dst] o dyda) s
pspdl ) L
et sdaz Blaw colall (dd plladly UL Gp ale Jlait g bWl s
VoY Jsdor oo IS O i) plladl dlate sl sl lau gl S of (&5l bl

Flg i G by DLl ¢ g datdl Hedd) Gas cp B YOY Ko
Table 2-2. Root Depth for Selected Phytoremediation Plants

Plant Mazximum Root Degth Target Contaminants
Indian miustard To 12 inches MMetals

Grasses To 48 inches Organics

Poplar frees To 15 fest Metalz, organics,

chlorinated solvents




Poplar Trees 15 ft.

e T

Alfalfa 4-6 ft.

Grasses 2 ft. Indian
Mustard 1 ft.

.

Figure 2.2, Example roct desths.
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Table 2-3. Phytoremediation at Superfund Sites

Site Mame, State Date Planted Plant Contaminant/Matrix
Carswell Site, TX Spring 1996 Eastemn cottonwood fres TCE/groundwater at 4-12 feet
Aberdeen Proving Grounds, MD Spring 1996 Hyhnd poplar frees TCE groundwater

Edward Sears Site, M Fall 1996 Hybrid poplar trees TCEfgroundwater at 3 fest

lowva Army Ammunition Depot, 14 Spring 1997 Wetland and terrestnial plants THT/=oil and pond water

Fart Wainwright, AK Spring 1957 Felt leaf willow Pesticides/soil and groundwater
Kaufrman & Minteer, MJ Spring 1997 Hyhbrid poplar trees PCE/groundwater

Calhoun Park, 5C Fall 19935 Local landacagping plants PAHigroundwater at 1-4 fest
Solvent Recovery Systems of Sgring 1998 Hyhbrid poplar trees Mixed solvents/grounciwater
Mew England, CT

Twin Cities Armmy Ammunition Spring 1955 Com, Indian mustard Metals/zoil

Flant, MN

Bofors-Mobel, MI Planting scheduled ‘arious frees and wetland plants Residual sludge in waste lagoons
Del Monte, HI Spring 1998 Koa haole Pesticides/zoil and groundwater
IMEEL, ID Spring 1999 Kochia, willow Cesium, mercury in soi

Higslady Ol ylasy)

Sl oo S5 Ol wag bl A lally Sl e s slae¥) f dege Ohlie) b Las
Gl e 1SS 5T a4 kel Of 0584 David Glass (1988) S5 i «s =Y azy ey =Y
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Design costs: Operating costs:
Site characterization Maintenance
Work plan and report preparation Irrigation water
Treatability and pilot testing Fertilizer
Installation costs pH control




Site preparation

Chelating agent

Facilities removal

Drainage water disposal

Debris removal

Pesticides

Utility line
removal/relocation

Fencing/pest control

Soil preparation Replanting
Physical modification: tilling Monitoring
Chelating agents Soil nutrients
pH control Soil pH
Drainage Soil water
Infrastructure Plant nutrient status

Plant contaminant status roots,

Irrigation system shoots, stems,

Fencing leaves)

Planting Tree sap flow monitoring
Seeds, plants Air monitoring (leaves,
Labor branches, whole tree, area)
Protection Weather monitoring

Table 2-4. Example Cest Comparisons

Phytoremediation Cost Conventional Cost Projected
Problem Application {3 thousand) Treatment 13 thousand) Savings
Lead in scil, 1 acre® Extraction, harvest $150-250 Excavate and landfill 3500 50-65%

disposa

2200 install and Pump and treat £700 annual running
nitial maintenance cost

S50% cost saving
by third year

Selvents in groundwatsr, Degradation and

2.5 acres® hydraulic control
$50-100 Excavate and landfill 3500 280%
incinerats

TPH im =oil, 1 acre® In situ degradation

? Phylotech esfimate for Magic Marker site (Elaylock et al. 1997).
®PRP estimate for Solvent Recovery Systermns of Mew England site.
“PERF estimate (Drake 19597)
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Phytoextraction Coefficient Metal
58 Cré*

52 Cd**

31 Ni%*

7 Cu®*

1.7 Pb2*

0.1 cr

17 Zn?*

Pb, Cr (VI), Cd, Cu, Ni, J &STps oty (358 &g A Indian mustard <l ez
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Number of Taxonomic Groups of Hyperaccumulators

Metal Metal
Mn 8 Ni >300
Pb 5 Co 26
Cd 1 Cu 24
Zn 18
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Table 3-1. Phytoremediation Cverview

lMechanism Process Goal Media Contaminants Plants Status
Phytoextraction Contanminant extraction Soil, sediment, Metals: Ag, Cd, Co, Inclian mustard, Laboratory, pilot, and
and capiurs sludges Cr, Cu, Ha, Mn, Ma, Mi, pennyeress, alyssum  field applications
Ph, Zn; Radionuclides: sunfiowers, hybrid
WSy, W (g, Mpy 2824 poplars
Rhizofiltration Contaminant extraction Groundwater,  Metals, radionuclides Sunfiowers, Indian Laboratory and pilot-
and capture surface water mustard, watsr scale
hyacinth
Phytostabilization Contaminant Soil, sediment, As, Cd, Cr, Cu, Hs, Ph, Indian mustard, Field application
containment sludges Zn hybrid poplars,
grasses
Rhizodegradation Contaminant Sail, sediment, Organic compounds Red mulberry, Field application
destruction sludges, {TPH, PAHs, pesticides grasses, hybrid
groundwater, chlorinated solvents, poplar, cattail, rice
PCBs)
Phytodegradation Contaminant destruction  Soil, sediment,  Organic compounds, Algae, stonswort, Field demonstration
sludges, chlcrinated solvents, hylarid poplar,
groundwater phenols, herbicides, black willow, bald

Phytovolatilization

Hydraulic control
{plume contral)

egetative cover
{evapotranspiration
cover)

Riparian cormidors
{non-point source
control)

Contaminant extraction
from media and release
to air

Contaminant degradation
or containment

Contaminant containment,
erosion control

Contaminant destruction

surface water

Groundwater,
soil, sediment,
sludges

Groundwater,
surface water

Soil, slucge,
sediments

Surface water,
groundwater

munitions

Chigrinated solvents,
some incrganics (Se,
Hg, and As)

Water-soluble organics
and inorganics

Organic and inorganic
compounds

Water-scluble ocrganics
and inorganics

cypress
Poplars, alfalfa
Llack locust,

Incian mustard

Hyhbrid poplar,
cottonwood, willow

Poplars, grasses

Poplars

Laboratory and field
application

Field demonstration

Field agplication

Field application

Physical Effects - Plant transpiration results in
contaminant being concentrated in plant

Contaminant uptake

Figure 3-1. Phytoestraction.

Contaminant uptake



Phylodegradation
= Metabolizm within the plant
- Production of the dehalogenase and oxyogenase enzymes,
which help calalyze degradation

Contaminant uptaks

Figure 3-3. Phyiodegradation.



Physical efacis
Transpiration of volatle compounds or their metabolic products

Transpiration of
volatiles and H,0O

Contaminant uptake

Figure 3-4, Phytovolafilization.
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Salt, D.E., M. Blaylock, P.B.A. Nada Kumar, V. Dushenkov, B.D. Ensley, I. Chet,
and . Raskin. 1995. Phytoremediation: A Novel Strategy for the Removal of Toxic
Metals from the Environment using Plants. Biotechnol. 13:468-474.
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Anderson, T.A., and J.R. Coats (eds.). 1994. Bioremediation Through Rhizosphere
Technology, ACS Symposium Series, Volume 563. American Chemical Society,
Washington, DC. 249 pp.
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Enhanced rhizosphere biodegradation
= Supply of nutrients, cometabolites
- Transport and retention of water
- Aeration

Scil dessication

‘ -
‘ Root intrusion

N

Root respiration

Sloughing

Enzymes
dehalogenase

nitreductase Uptake

Figure 3-2. Rhizodegradation.
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Banuelos, G.S., H.A. Ajwa, N. Terry, and S. Downey. 1997a. Abstract:

Phytoremediation of Selenium-Lade Effluent. Fourth International in Situ and On-
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FPhitadegradation
= Metabolism within the plant
= Froduction of the dehalogenase and oxyogenase enzymes,
which help catalyze degradation

Contaminant uptaks

Figure 3-3. Phwiodegradation.
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Physical effacts
Transpiration of volatlle compounds or their melabolic products

Transpiration of
volatiles and H,0

Contaminant uptake

Figure 3-4, Phytovolatilization.
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:Hydraulic Control

Gatliff, E.G. 1994. Vegetative Remediation Process offers Advantages Over
Traditional Pump-andTreat Technologies. Remed. Summer. 4(3):343-352.

Walar level
manitaring

Capillzry fringe

]
Stresm

Clay {aquitard)

Figure 3-5, Hydraulic control of contaminated plume.

:Vegetative cover systems

Vegetative grasses ; ] #— Root
and legumes soil = 6" system ; =
o N ]
Waste up to 60°

Conventional Cover Vegetative Cover

Figure 3-6. lllustration of an Evapotranspiration (ET) cover.
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Table 4-1. Phytorsmediation Technologies Applicable to Different Contaminant Types'

Technology Phytoexiraction Rhizefiliration F'hy‘tostab!l izaticn Rhizodeg radafticn Phytodegradation

Media Sail

Water Water Sail Sail Sail Water

Phytovolatilization

Sail

Water

Chiorinated T
solvents

Ietals® F

Metalloids T

Munitions

Manmetals T

Mutrients

PaHs

PCBs

PCP

Peslicides

Petroleum T
hydrocarbons

Radionuclides* G

Surfactants

F = F
E
F (S T

=3

MM M—=ATNG D

F F G
;

T

T (Ha)
G

-

F (Se)

"The applicability of a particular method of phytoremediation to each contaminant type has been judged by the current state or stage of the

application.

Thig iz indicated in the table by the following designations:

T - The application is at the theorstical stage.

5 - The application has been researchad in the greenhouss or laboratory.

F - The application has been researched using field plots or has been applied in full-scale field systems.
#All contaminants can be controlled using vegetative covers. The vegetative cover, riparian corridors, buffer sirips, and hydraulic control are not
included in the fable because they can be considersd combinations of the other phytoremediation technologies.
*Reeves and Brooks 1583; Baker 1953, Salt ef al. 19395; Manda Kumar =t al. 1995; Comish et al. 1935,
15alt et al. 1995, Nanda Kumar et al. 1995; Comish et al. 1995,

fIn constructed wetlands.

Table 5-1. Summary of Phyioremediation Technologies and Method
of Contaminant Cantrof

Method Destruction Extraction/Uptake Containment
Phytoextraction |
(conceniration) )
Rhizofiltration ul
Phytostahilization ) W
Rhizodegradation ol
Phytodegradation Y )
Phytovolatilization Y
Flume controf )
Vegetative cover ' W

e
=
e

Riparian commidors

* Phytoremediation cover.
® Evapotranspiration cowver .

Table 5-3. Information Meeded for a Pilot Treatability Study

. |dentification of contaminant{s)

. Level (concentration) of contaminant{z)

. pH

. Average monthly temperature, plus expected maximum
and mirimum temperatures

. Soil nutrient levels (P, K, M) and organic matter levels

. Average monthly rainfall

. Grade on sitz

. Aesthetic conziderations (proxamity to commercial or
residential properties or recreational areaz)

. Draily illurnination

. Average relative humidity

. Wind patterns (prevailing direction and velocity)

. Presence of growth-suppressing contaminanis

ARY%



Table 5-4. Summary of Monitoring Parameters

Monitoring Parameter

Reazon for Monitoring

Climatic data
*Temperature
*Precipitation

*Relative humidity

*Solar radiation

*Wind speed and direction

Flants

*isual characteristics (viability, signs of stress, damage from insects or
animals, growth, leaf mass, eic.)

*Tissue composition (roots, shoots, stems, leaves, eic.)

*Transpiration gases

*Transpiration rate

*Root density

Soi

*Zzochemical parameters (pH, nufrient concentrations, water content,
oxygen content, efc.)

*Microbial populations

*Contaminant and breakdown product levels

Groundwater

=Aquifer information (direction and rate of flow, depth fo groundwater,
specific yield, ete)

*Contaminant and breakdown product levels

*Maintenance reguirements (irmigation)

*Determine water balance and evapofranspiration rates

*Maintenance (plant replacement, ferilizer, pesticide application, efc.)

*Quantify contaminants and byproducts

*Cluantify andior predict system operaticn

«Jptimize vegetative, root, or microbial growth
*Determine water balance and evapofranspiration rates

*Quantify contaminants and byproducts
*Cuantify andfor predict system operaticn

*Quantify contaminants and byproducis
*Cuantify andf/or predict system operaticn

EPA: Enviromental Protection Agency.
MCL: Maximum Contaminant Level.

ORD: US EPA Office of Research and Development.
OSWER: US EPA Office of Solid Waste and Emergency Response.
RTDF: Remediation Technologies Development Forum.

TNT: Trinitrotoluene.

TPH: Total Peteroleum Hydrocarbons.
TSCA: Toxic Substances Control Act.
VOC: Volatile Organic Compounds.
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