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| FOREWORD I

Identifying and accessing pertinent information resources that will help site cleanup managers evaluate
innovative technologies is key to the broader use of these technologies. This Guide isintended to
increase awareness about technical information and specialized resources related to phytoremediation
technologies.

Specifically, this document identifies a cross section of information intended to aid usersin remedial
decision-making, including abstracts of field demonstrations, research documents, and information to
assist in the ordering of publications. In addition, the look-up format of this document allows the user
to quickly scan available resources and access more detailed abstracts.

Please let us know about additional information that could make this Guide (and others in the series)
more useful to you. This and the other reports listed below are available to the public from the
Technology Innovation Office Home Page: http://www.epa.gov/tio.

Bioremediation Resource Guide
Groundwater Treatment Technology Resource Guide
Physical/Chemical Treatment Technology Resource Guide
Soil Vapor Extraction (SVE) Enhancement Technology Resource Guide
Soil Vapor Extraction Treatment Technology Resource Guide
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| INTRODUCTION .

EPA is committed to identifying the most effective and efficient means of addressing the thousands of
hazardous waste sites in the United States. Therefore, the Office of Solid Waste and Emergency
Response’ s (OSWER' s) Technology Innovation Office (T10) isworking in conjunction with the EPA
Regions and research centers and with industry to identify and encourage the further development and
implementation of innovative treatment technologies.

One way to encourage the use of these technologiesis to ensure that decision-makers are aware of the
most current information on technologies, policies, and other sources of assistance. This Guide was
prepared to help identify documents that can directly assist Federal and State site managers,
contractors, and others responsible for the evaluation of technologies. Specifically, this Guide is
designed to help those responsible for the remediation of RCRA, UST, and CERCLA sites that may
employ phytoremediation technologies.

This Guide provides abstracts of over 100 phytoremediation overviews, field studies and
demonstrations, research articles, and Internet resources. It also provides a brief summary of
phytoremediation. Finally, a matrix is also provided to allow easy screening of the abstracted
references.

To develop this Guide, aliterature search using relevant terms was conducted on a variety of
commercial and Federal databases including:

. National Technical Information Service (NTIS)
. Energy Science and Technology

. Enviroline

. Water Resources Abstracts

. Pollution Abstracts.

In addition, Internet resources yielded numerous citations. These Internet resources include:

. U.S. Environmental Protection Agency
http: //Amvww.epa.gov
. U.S. Army Corps of Engineers Phytoremediation Research
http: //Amvmw.wes.army.mil/EL/phyto
. U.S. Army Environmental Center
http: //aec-www.apgea.army.mil: 8080
. Air Force Center for Environmental Excellence
http: //mwww.afcee.brooks.af.mil
. U.S. Department of Energy
http: //mww.doe.gov
. U.S. Department of Agriculture
http: //Amww.usda.gov
. The Hazardous Waste Clean-Up Information Home Page
http://clu-in.org
. The Ground Water Remediation Technologies Analysis Center

http: //imww.gwrtac.org



. The Remediation Technologies Development Forum
http: //Amww.rtdf.org

. The Great Plains/Rocky Mountain Hazardous Substance Research Center
http: //Amvww.engg.ksu.edu/HSRC

. The Phytoremediation Electronic Newsgroup Network
http: //vwmwv.dsa.unipr.it/phytonet

. The Interstate Technology and Regulatory Cooperation Working Group
http: //mww.sso.org/ecos/itrc

. Battelle

http: //mwww.battelle.org

The selected references are not an exhaustive list of all available literature, but rather a representative
sample of available print and Internet resources. For a more extensive list of phytoremediation
resources, visit the Remediation Technologies Development Forum, Phytoremediation of Organics
Action Team’s Home Page at http://www.rtdf.org/public/phyto. The Remediation Technologies
Development Forum is a public-private partnership operated by the U.S. Environmental Protection
Agency. The Phytoremediation of Organics Action Team includes representatives from industry and
government who share an interest in further developing and evaluating the use of plants and treesto
remediate contaminated soil and water. The Action Team has compiled a bibliography containing over
1,400 citations of peer-reviewed journal articles, presentations and posters from conferences, book
chapters, and articles from newspapers and magazines. The bibliography may be viewed or searched
online.

Due to the inherent lag time between document publication and subsequent listing in electronic
databases, there may be more recent references available than those included in the Guide. Most of the
references in the Guide are of documents published between 1994 and 1998. The documents selected
are available from suppliers such as EPA’ s National Service Center for Environmental Publications, the
National Technical Information Service, document delivery services, and a variety of libraries.
Descriptions of specific technologies and methodologies in this Guide does not represent an
endorsement by EPA.



| How TO USE THIS GUIDE .

When using this Guide to identify resource information on phytoremediation technologies, you may
wish to take the following steps:

1. Turnto the Phytoremediation Resource Matrix located on pagesix through xxii of this Guide.
This matrix lists all abstracted resources alphabetically by document type, identifies the type of
information provided by each document, and provides a document ordering number when
available. Documents in the matrix are divided into the following topical categories. general
information, organic contaminants, inorganic contaminants, and Internet resources.

2. Select the documents that appear to fit your needs based on the information in the matrix.

3. Check the page number provided in the matrix. Thisrefersto the page number of the document
abstract in the Guide.

4. Review the abstract that corresponds to the document in which you are interested to confirm that
the document will fit your needs.

5. If the document appears to be appropriate, note the document number highlighted under the
abstract. For example:

|EPA Document Number: EPA 542-R-97-004 |

[Note: Some documents do not have ordering numbers. These documents can be obtained through
local, technical, or university libraries.]

6. Turnto the section entitled “How to Order Documents Listed in this Guide” on page vi of this
Guide and order your document using the directions provided.



| How TO ORDER DOCUMENTS LISTED IN THIS GUIDE .

Documents listed in this Guide are available through a variety of sources. When ordering documents
listed in the Abstracts section of this Guide, use the number listed in the bar below the document title,
or refer to the source indicated as part of the citation. If using the Phytor emediation Resour ce
Matrix, use the page number listed with the document title to refer to the complete citation and
abstract. EPA 542 documents may be obtained through the National Service Center for Environmental
Publications (NSCEP), and EPA 530 documents may be obtained from the RCRA Information Center
(RIC). These document repositories provide in-stock documents free of charge, but document supplies
may be limited. Documents obtained through the National Technical Information Service (NTIS) are
available for afee; therefore, prior to purchasing a document through NTIS, you may wish to review a
copy at atechnical or university library, or a public library that houses government documents.

Document Type Document Source
Publication numbers with the following prefixes: National Technical Information Service (NTIS)
5285 Port Royal Road
AD Springfield, VA 22161
DE Tel: 1-800-553-NTIS
PB Fax: (703) 605-6900

Internet: http://www.ntis.gov/

NTIS provides documents for a fee.

Publications numbers beginning with: National Service Center for Environmental
Publications (NSCEP)
EPA 542 P.O. Box 42419

Cincinnati, OH 45242-2419

Tel: 1-800-490-9198

Fax: (513) 489-8695

Internet: http://www.epa.gov/ncepihom/

A document title or number is needed to place an order with NSCEP.
Some out-of-stock documents may be purchased from NTIS,

Publications numbers beginning with: RCRA Information Center (RIC)
401 M St., SW Mailcode: 5305
EPA 530 Washington, DC 20460

Tel: (703) 603-9230

Fax: (703) 603-9234

Internet: http://www.epa.gov/epaoswer/general/
ricorder.htm
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| TECHNOLOGY SUMMARY .

Phytoremediation is the direct use of living plants for in situ remediation of contaminated soil, Sludges,
sediments, and ground water through contaminant removal, degradation, or containment. Growing and,
in some cases, harvesting plants on a contaminated site as a remediation method is an aesthetically
pleasing, solar-energy driven, passive technique that can be used to clean up sites with shallow, low to
moderate levels of contamination. This technique can be used along with or, in some cases, in place of
mechanical cleanup methods. Phytoremediation can be used to clean up metals, pesticides, solvents,
explosives, crude oil, polycyclic aromatic hydrocarbons, and landfill leachates.

Phytoremediation has been studied extensively in research and small-scale demonstrations, but full-
scale applications are currently limited in number. Further development and research of the
mechanisms described below likely will lead to wider acceptance and use of phytoremediation.

Phytoremediation is a general term for several ways in which plants are used to remediate sites by
removing pollutants from soil and water. Plants can degrade organic pollutants or contain and stabilize
metal contaminants by acting asfilters or traps. Some of the methods that are being tested are described
below.

Phytoextraction Phytoextraction, also called phytoaccumulation, refers to the uptake and
trandocation of metal contaminants in the soil by plant rootsinto the
aboveground portions of the plants. Certain plants called hyperaccumulators
absorb unusually large amounts of metalsin comparison to other plants. One or
a combination of these plants is selected and planted at a site based on the type
of metals present and other site conditions. After the plants have been allowed
to grow for several weeks or months, they are harvested and either incinerated
or composted to recycle the metals. This procedure may be repeated as
necessary to bring soil contaminant levels down to allowable limits. If plants
are incinerated, the ash must be disposed of in a hazardous waste landfill, but
the volume of ash will be less than 10% of the volume that would be created if
the contaminated soil itself were dug up for treatment.

Rhizofiltration Rhizofiltration is the adsorption or precipitation onto plant roots or absorption
into the roots of contaminants that are in solution surrounding the root zone.
The plants to be used for cleanup are raised in greenhouses with their rootsin
water rather than in soil. To acclimate the plants once alarge root system has
been developed, contaminated water is collected from a waste site and brought
to the plants where it is substituted for their water source. The plants are then
planted in the contaminated area where the roots take up the water and the
contaminants along with it. As the roots become saturated with contaminants,
they are harvested and either incinerated or composted to recycle the
contaminants.

Phytostabilization Phytostabilization is the use of certain plant species to immobilize contaminants
in the soil and ground water through absorption and accumulation by roots,
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Phytodegradation

Rhizodegradation

Phytovolatilization

adsorption onto roots, or precipitation within the root zone. This process
reduces the mobility of the contaminant and prevents migration to the ground
water or air, and it reduces bioavailability for entry into the food chain. This
technigue can be used to reestablish a vegetative cover at sites where natural
vegetation is lacking due to high metal concentrations in surface soils or
physical disturbances to surficial materials. Metal-tolerant species can be used
to restore vegetation to the sites, thereby decreasing the potential migration of
contamination through wind erosion, transport of exposed surface soils, and
leaching of soil contamination to ground water.

Phytodegradation, also called phytotransformation, is the breakdown of
contaminants taken up by plants through metabolic processes within the plant,
or the breakdown of contaminants external to the plant through the effect of
compounds (such as enzymes) produced by the plants. Pollutants are degraded,
incorporated into the plant tissues, and used as nutrients.

Rhizodegradation, also called enhanced rhizosphere biodegradation,
phytostimulation, or plant-assisted bioremediation/degradation, is the
breakdown of contaminants in the soil through microbial activity that is
enhanced by the presence of the rhizosphere and is a much slower process than
phytodegradation. Microorganisms (yeast, fungi, or bacteria) consume and
digest organic substances for nutrition and energy. Certain microorganisms can
digest organic substances such as fuels or solvents that are hazardous to
humans and break them down into harmless products through biodegradation.
Natural substances released by the plant roots—sugars, alcohols, and
acids—contain organic carbon that provides food for soil microorganisms, and
the additional nutrients enhance their activity. Biodegradation is also aided by
the way plants loosen the soil and transport water to the area.

Phytovolatilization is the uptake and transpiration of a contaminant by a plant,
with release of the contaminant or a modified form of the contaminant to the
atmosphere from the plant. Phytovolatilization occurs as growing trees and
other plants take up water and the organic contaminants. Some of these
contaminants can pass through the plants to the leaves and volatilize into the
atmosphere at comparatively low concentrations.
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| PHYTOREMEDIATION RESOURCE MATRIX .

The Phytoremediation Resour ce Matrix displays summary information on references listed in the Abstracts section of the Guide with the
exception of publications containing multiple papers. Both the Matrix and Abstracts sections are organized using the same contaminant-based
categories. Internet Resources are listed in a separate matrix following printed references. The first column of the Matrix displays the
document title, ordering number (when applicable), and page number of the full abstract in the Abstracts section. The second column
(Technology Type) lists the technologies that the article addresses. Definitions for these technologies can be found in the Technology Summary
on page vii. Column three denotes the media treated, and column four denotes the contaminants treated.

Technology Media Contaminants
Type
o 8
Y S
Document Title % 8 @% m S g
Document Ordering Number _ 5 g S35 b S g
[Abstract Page Number in Guide] & 3 5 E x s E 5

GENERAL INFORMATION

The 1998 United States Market for Phytoremediation [1] Unspecified () () () ()

The Advancement of Phytoremediation as an Innovative Unspecified

Environmental Technology for Stabilization, Remediation, or PY PY PY PY

Restoration of Contaminated Sitesin Canada: A Discussion Paper

(2]

Bioremediation and Phytoremediation Glossary [2] Unspecified o o o o

A Citizen's Guide to Phytoremediation [2] Unspecified PY PY PY PY PY PY

EPA 542-F-98-011

Compost-Enhanced Phytoremediation of Contaminated Soil [2] Unspecified PY Y Y
EPA 530-R-98-008

Introduction to Phytoremediation [2] Unspecified ) ) ) [




Technology Media Contaminants
Type
% B g 8

Document Title E 8 %% " é’ §
Document Ordering Number _ g @) 5 s T % °
[Abstract Page Number in Guide] & 10} e} § T s & a4
Legal and Social Concerns to the Devel opment of Bioremediation Unspecified
Technologies [3] o o o
DE96015254
Phytoremediation [3] Unspecified
EPA 625-K-96-001 ® ® ® ®
Phytoremediation [3] Unspecified () () () ()
Phytoremediation: A Clean Transition from Laboratory to
Marketplace? [3]
Phytoremediation: A New Technology Gets Ready to Bloom [3] Unspecified o o o o
Phytoremediation Bibliography [4] Unspecified o o o o
Phytoremediation Field Demonstrationsin the U.S. EPA SITE Phytoextraction PY PY PY Y
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Phytoremediation: 1t Grows on You [4] Unspecified () () () ()
Phytoremediation on the Brink of Commercialization [4] Unspecified o o o o
Phytoremediation: Technology Overview Report [5] Unspecified o o o o
Phytoremediation: Using Green Plants to Clean Up Contaminated Phytostabilization Y Y Y Y
Soail, Groundwater, and Wastewater [5]
Remediation Technologies Screening Matrix and Reference Guide | Unspecified Y Y PY PY
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Technology Media Contaminants
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Technology Evaluation Report: Phytoremediation [6] Unspecified o o o o
Using Phytoremediation to Clean Up Contamination at Military Unspecified
Installations [6] o o o L L
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ORGANIC CONTAMINANTS

Technology
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Overviews

Mechanisms of Phytoremediation: Biochemical and Ecological Rhizodegradation Y Y

Interactions Between Plants and Bacteria [7]

Phytoremediation of TCE in Groundwater Using Populus [8] Phytodegradation Y Y
Phytovolatilization

Field Studies and Demonstrations

Demonstration Plan for Phytoremediation of Explosive-Contamina- | Phytodegradation
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Ammunition Plant, Milan, Tennessee. Volumes 1 and 2. Final o o

Report [8]
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Explosives-Contaminated Groundwater While Using Constructed PY PY

Wetlands at the Milan Army Ammunition Plant, Milan, Tennessee
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ADA349293

Field Scale Evaluation of Grass-Enhanced Bioremediation of PAH Rhizodegradation Y Y

Contaminated Soils[8]
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Phytodegradation o [ o
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Technology Media Contaminants
Type

% B g 8
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Phytoremediation of Dissolved-Phase Trichloroethylene Using Phytovolatilization PY PY
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The resources below describe the contents of pertinent phytoremediation documents and Internet resources. The
references and resources are organized al phabetically within each of the following categories:
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To quickly identify documents and resources pertinent to your interest area, see the Phytor emediation Resour ce
Matrix on pagesix-xxii of this Guide. The documents and resources in the matrix are organized al phabetically
within the categories identified above. Listingsin the matrix can be cross-referenced with the abstracts by referring
to the page number provided in the matrix. In an effort to limit the number of resources listed here, documents
published prior to 1990 are not included. These abstracts were obtained from several databases, including the
National Technical Information Service, Energy Science and Technology, Enviroline, Water Resources Abstracts,
and Pollution Abstracts as well as several Internet resources.

General Information private and industrial site owners, regulators, and the
environmental engineering community. This report

includes a technology summary, commercial company

The 1998 United States Mar ket for profiles, research group profiles, an industry anaysis
Phytor emediation and market forecast, summaries of several completed
Glass, D.J. and ongoing phytoremediation projects, a review of the
D. Glass Associates, Inc., Needham, MA 140 pp April [ advantages and disadvantages of the technology, and a
1998 glossary.

Phytoremediation, the use of plants, trees, and other
vegetation to remove, sequester, or degrade
environmental contaminants, has attracted a great deal
of interest in recent years. Drawing on the abilities of
plants to accumul ate metals and other substances or
take up and transpire large amounts of water,
phytoremediation is an effective, low-cost treatment
technology that is beginning to gain the attention of




The Advancement of Phytoremediation asan

I nnovative Environmental Technology for
Stabilization, Remediation, or Restoration of
Contaminated Sitesin Canada: A Discussion Paper
Mclntyre, T. and Lewis, G.M.

Journal of Soil Contaminationv 6:3 p 227(15) May
1997

Environment Canada's Environmental Technologies
Advancement Division is exploring the potential of
phytoremediation as a major, long-term technol ogy
approach. The benefits and limitations of
phytoremediation and its potential for bioremediation
of soil and ground water in Canada are discussed.
Research issues that will need to be addressed to further
phytoremediation technology are examined. Other
regulatory, legal, commercial, and social issues are
considered briefly.

Bioremediation and Phytoremediation Glossary
Bentjen, S.

Available at
http://members.tripod.com/~bioremediation

This glossary lists terms related to bioremediation
(microbia degradation) and phytoremediation
(remediation using green plants) of environmental
pollutants. Linksto other environmental glossaries
appear at the bottom of the page.

A Citizen's Guide to Phytoremediation

U.S. EPA, Office of Solid Waste and Emergency
Response

6 pp August 1998

Available at http://clu-in.org

EPA Document Number: EPA 542-F-98-011

EPA’s Technology Innovation Office has published a
Technology Fact Sheet that describes what
phytoremediation is, how it works, what its limitations
are, and where to find additional information.

Compost-Enhanced Phytoremediation of
Contaminated Soil

U.S. EPA, Office of Solid Waste and Emergency
Response

Published in Analysis of Composting as an
Environmental Remediation Technology p 87(12)
April 1998

|EPA Document Number:  EPA 530-R-98-008

Phytoremediation is a devel oping technology in which
higher plants and microorganisms associated with plant
roots are the active agents for uptake and/or

degradation of toxic inorganic and organic compounds
in soil and water. Plants can also provide containment
by reducing the erosional transport of contaminated
soil. Numerous reports indicate that plants can take up
and degrade toxic organic compoundsin soil, while
other work indicates microorganismsin the rhizosphere
are very competent degraders of soil-borne organics.
This process might be suitable for soil remediation
and/or inexpensive confinement of shallow
contaminated water. Phytoremediation of
metal-contaminated soil relies on the ability of plantsto
accumulate metals at concentrations substantially above
those found in the soil in which they grow.
Phytoremediation has very large economic advantages
over mechanically intensive technologies.

Introduction to Phytoremediation

U.S. EPA, National Risk Management Research
Laboratory

To beissued in 1999

To be available at http://www.rtdf.org

This handbook is the work of the EPA
Phytoremediation Handbook Team in conjunction with
the Remediation Technol ogies Development Forum
(RTDF) Phytoremediation Action Team. It was
developed to provide atool for site regulators, owners,
neighbors, and managers to eval uate the applicability of
phytoremediation to a site. Phytoremediation projects
have been proposed or applied to ecosystem restoration
and soil, surface water, ground water, and sediment
remediation. This document identifies, defines, and
provides a framework to evaluate these
phytoremediation applications, although it isnot a
design guide. It also presents case studies illustrating
field applications of phytoremediation.
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Legal and Social Concer nsto the Development of
Bioremediation Technologies

Bilyard, G.R; et al.

150 pp Sep 1996

INTIS Document Number: DE96015254

The social and legal framework within which

bi oremediation technol ogies must be researched,
developed, and deployed in the U.S. are discussed in
this report. Discussions focus on policies, laws and
regulations, intellectual property, technology transfer,
and stakeholder concerns. These discussions are
intended to help program managers, scientists and
engineers understand the social and legal framework
within which they work, and be cognizant of relevant
issues that must be navigated during bioremediation
technol ogy research, devel opment, and deployment
activities. While this report focuses on the legal and
social environment within which the DOE operates, the
laws, regulations and social processes could apply to
other sites nationwide. This report identifies specific
issues related to bioremediation technologies, including
those involving the use of plants; native, naturally
occurring microbes; non-native, naturally occurring
microbes; genetically engineered organisms; and
microbial products (e.g., enzymes, surfactants,
chdating compounds).

Phytoremediation

Rock, S. and Pope, D.

Published in Seminars; Bioremediation of Hazardous
Waste Sites: Practical Approachesto Implementation p
8.1(9) 1996

|EPA Document Number: EPA 625-K-96-001

Chapter eight of the seminar publication contains a
description of the different aspects of phytoremediation,
applications and examples, a bibliography, and
illustrations from the poster session.

Phytoremediation

Salt, D.E.; Smith, R.D.; and Raskin, I.
Annual Review of Plant Physiology and Plant
Molecular Biology v 49 p 643(26) 1998

Phytoremediation, a cost-effective plant-based approach
to remediation, takes advantage of the ability of plants
to concentrate e ements and compounds from the
environment and to metabolize various moleculesin
their tissues. Several field trials have confirmed the
feasibility of using plants for environmental cleanup.
This review concentrates on the most devel oped subsets
of phytoremediation technology and on the biological
mechanisms that make phytoremediation work.

Phytoremediation: A Clean Transition from
L aboratory to Marketplace?

Boygjian, G.E. and Carreira, L.H.

Natural Biotechnology v 15:2 p 127(2) 1997

In recent years, the potential of plants for
environmental cleanup—phytoremediation—has been
recognized, and U.S. government agencies and private
corporations have responded by increasingly supporting
research in thisarea. The report in thisissue by Goel et
al. both advances our basic knowledge of plant
biochemistry and demonstrates that plants are indeed
capable of tackling such exotic xenobiotic contaminants
as nitroglycerin.

Phytoremediation: A New Technology Gets Ready to
Bloom

Bishop, J.

Environmental Solutionsv 10:4 p 29(6) May-June 1997

Phytoremediation is the use of selected crop plants or
trees to extract or promote degradation of toxic
substances in soils, ground water, surface water,
wastewater and sediments. It may be possible in some
cases to harvest such contaminants as heavy metal s that
have been taken up by plants and recover them for
recycling. In other variations, plants stimulate the
growth of naturally occurring microbial populations,
which then degrade organic contaminants, such as
petroleum hydrocarbons, in soils. At appropriate sites,
the cost of applying phytoremediation techniques may
range from half to less than 20% of the cost of using
physical, chemical, or thermal techniques.
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Phytoremediation Bibliography
Available at http://www.rtdf.org

This searchable bibliography of over 1,400 citationsis
the work of the EPA Phytoremediation Handbook Team
in conjunction with the Remediation Technologies
Development Forum (RTDF) Phytoremediation Action
Team. The bibliography is updated frequently.

Phytoremediation Field Demonstrationsin the U.S.
EPA SITE Program

Rock, S. and Beckman, S.

In Stu and On-Ste Bioremediation: Volume 3
Battelle Press, Columbus, OH p 323 [abstract only]
1998

U.S. EPA National Risk Management Research
Laboratory’s SITE program is evaluating
phytoremediation’s efficacy and cost at field scale
demonstrations on sites in Oregon, Utah, Texas, and
Ohio. The Superfund Innovative Technol ogy
Evaluation (SITE) Program isa part of EPA’s research
into alternative cleanup methods for hazardous waste
sites. The EPA teamed with USAF, USGS, Ohio EPA,
Chevron USA, Phytotech, Inc., and Phytokinetics, Inc.
to accomplish these demonstrations. At awood treater
in Portland, Oregon, shallow soil contaminated with
PCP and PAHSs s being treated with a perennial
ryegrass. In Ogden, Utah, a combination of poplar
trees, juniper trees, alfalfa, and fescue has been planted
to remediate a petroleum spill which has polluted both
the soil and the ground water. On an Air Force facility
near Fort Worth, Texas, cottonwood trees are being
used to intercept a part of alarge TCE ground water
plume. In Ohio, the shallow sail of aformer metal
plating facility is the site for a demonstration of
phytoextraction of lead, cadmium, and hexavalent
chromium using Indian mustard. Each demonstration
includes monitoring the soil, ground water, and plant
material. The sites were planted in 1996, and will be
monitored until at least 1999. [Abstract only.
Additional information is available at http://clu-in.org
under the SITE Demonstration Program page]

Phytoremediation: It Growson Y ou

Boyajian, G. E. and Devedjian, D.L.

Soil & Groundwater Cleanup p 22(5) February-March
1997

Phytoremediation isasmall but growing subset of in
situ remediation technologies for contaminated soil.
Plants can be effective remediators by reaching
contaminants through their root systems, their ability to
accumulate metal s and degrade organic compounds,
and their reduced cost compared with other approaches.
However, only those plants having the appropriate
biochemical pathways are effective for soil cleanup.
Identification of appropriate plants for remediation of
organic compounds and heavy metalsis discussed.

Phytoremediation on the Brink of
Commercialization

Watanabe, M.E.

Environmental Science & Technology v 31:4 p 182A(4)
1997

Academic, government, and corporate researchers have
a body of data on the ability of certain plantsto either
remove pollutants from the environment or render them
harmless, and they are looking for ways to improve
these traits through plant breeding and molecular
techniques. In the past three years, at least three new
companies have formed to use plants to clean sites
contaminated with heavy metals or organics.
Phytoremediation is a natural process carried out by
plants, especially those that are able to survivein
contaminated soil and water. Hyperaccumulators are
plants that can absorb high levels of contaminants with
their roots and concentrate them either there or in
shoots and |eaves. Researchers have found
hyperaccumulator species by collecting plantsin areas
where soil contains greater than usual amounts of
metals or other potentially toxic compounds because of
geological factors or pollution. Among the plants that
have been collected and used in field trials are species
from the genus Thlaspi, or Alpine pennycress, which
accumulate zinc, cadmium, or lead, and Alyssum
species, which accumulate nickel. Both genera belong
to the mustard family Brassicaceae. Plants from other
families also have been shown to remove cobalt,
copper, chromium, manganese, or selenium from
contaminated soils.
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Phytoremediation: Technology Overview Report
Miller, R.

Groundwater Remediation Technologies Analysis
Center, Pittsburgh, PA 26 pp 1996

Available at http://www.gwrtac.org

Phytoremediation uses plants to cleanup contaminated
soil and ground water, taking advantage of plants
natural abilities to take up, accumulate, and/or degrade
constituents of their soil and water environments.
Research results report it to be applicable to a broad
range of contaminants including numerous metals,
radionuclides, and various organic compounds (such as
chlorinated solvents, BTEX, PCBs, PAHS,
pesticides/insecticides, explosives, nutrients, and
surfactants). According to information reviewed,
general site conditions best suited for use of
phytoremediation include large areas of low to
moderate surface soil (0 to 3 feet) contamination or
large volumes of water with low-level contamination
subject to low (stringent) treatment standards. Mgjor
advantages reported for phytoremediation as compared
to traditional remediation technologies include the
possibility of generating less secondary wastes, minimal
associated environmental disturbance, and the ability to
leave soilsin place and in a usable condition following
treatment. Cited disadvantages include the long lengths
of time required (usually several growing seasons),
depth limitations (3 feet for soil and 10 feet for ground
water), and the possibility of contaminant entrance into
the food chain through animal consumption of plant
material.

Phytoremediation: Using Green Plantsto Clean Up
Contaminated Soil, Groundwater, and Wastewater
Negri, M. C. and Hinchman, R.R.

9 pp 1996

Phytoremediation, an emerging cleanup technol ogy for
contaminated soils, ground water, and wastewater that
is both low-tech and low-cogt, is defined as the
engineered use of green plants to remove, contain, or
render harmless such environmental contaminants as
heavy metals, trace elements, organic compounds, and
radioactive compounds in soil or water. Current
research at Argonne National Laboratory includes a

successful field demonstration of a plant bioreactor for
processing the salty wastewater from petroleum wells
and a greenhouse experiment on zinc uptake in hybrid
poplar (Populus sp.). Because the roots sequester most
of the contaminant taken up in most plants, a major
objective of this program is to determine the feasibility
of root harvesting as a method to maximize the removal
of contaminants from soils. Available techniques and
equipment for harvesting plant roots, including young
tree roots, are being evaluated and modified as
necessary for use.

Remediation Technologies Screening Matrix and
Reference Guide

Federal Remediation Technol ogies Roundtable
Available at http://www.frtr.gov

Thisreference guide provides a"yellow pages' of
remediation technologies. It isintended to be used to
screen and eval uate candidate cleanup technol ogies for
contaminated installations and waste sitesin order to
assist remedial project managers (RPMs) in selecting a
remedial alternative. It incorporates cost and
performance data to the maximum extent available and
focuses primarily on demonstrated technologies. All
levels of remediation technologies are included in this
guide. These technologies are applicable at all types of
site cleanups. Superfund, DoD, DOE, RCRA, state,
private, etc.

Stemming the Toxic Tide
Dutton, G.
Compressed Air v 101:4 p 38(5) June 1996

Phytoremediation, the use of plantsto clean up toxic
substances in soil and water, has been proposed as an
effective treatment for contaminated soil and sludge at
industrial locations, including Superfund sites. The
approach represents a cost-effective alternative to
conventional remediation methods. Elements being
considered as targets of phytoextraction include nickel,
zinc, copper, selenium, cadmium, chromium, lead,
cobalt, manganese, and several radionuclides. Specific
plants and processes being used to clean soil and water
areidentified. Problems with the approach include
disposal issues and time and depth limitations.
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Technology Evaluation Report: Phytoremediation
Schnoor, J.L.

Ground-Water Remediation Technologies Analysis
Center

43 pp October 1997

Available at http://www.gwrtac.org

Phytoremediation is best applied at sites with shallow
contamination by organic, nutrient, or metal pollutants.
Phytoremediation is well-suited for use at very large
field sites where other methods of remediation are not
cost-effective or practicable; at siteswith low
concentrations of contaminants where only "polishing
treatment” is required over long periods of time; and in
conjunction with other technol ogies where vegetation is
used as afinal cap and closure of the site. There are
limitations to the technology that need to be considered
carefully beforeit is selected for site remediation. These
include; limited regulatory acceptance, long duration of
time sometimes required for clean-up to below action
levels, potential contamination of the vegetation and
food chain, and difficulty establishing and maintaining
vegetation at some toxic waste sites. This detailed
report discusses the current status of phytoremediation
to treat soils and ground water. Several fied
demonstration summaries are presented, with such
information as. participants, compounds treated, site
characteristics, results, and contacts.

Using Phytoremediation to Clean Up Contamination
at Military Installations

Zelmer, S.D.; Hinchman, R.R.; Negri, M.C.;
Schneider, JF.; and Gatliff, E.G.

19 pp July 1997

NTIS Document Number: DE97007971

An emerging technology for cleaning contaminated
soils and shallow ground water is phytoremediation, an
environmentally friendly, low-cost, and low-tech
process. Phytoremediation encompasses al
plant-influenced biological, chemical, and physical
processes that aid in the uptake, degradation, and
metabolism of contaminants by either plants or
free-living organismsin the plant's rhizosphere. A

phytoremediation system can be viewed as a biological,
solar-driven, pump-and-treat system with an extensive,
self-extending uptake network (the root system) that
enhances the soil and bel ow-ground ecosystem for
subsequent productive use. Argonne National
Laboratory has been conducting basic and applied
research in phytoremediation since 1990.

Publications Containing Multiple Papers

Phytoremediation of Soil and Water Contaminants
Kruger, E.L.; Anderson, T.A.; and Coats, J.R. (eds)
Devel oped from a symposium sponsored by the
Division of Agrochemicals and the Division of
Environmental Chemistry at the 212th National
Meeting of the American Chemical Society, August
25-29, 1996, Orlando, Florida.

American Chemical Society, Washington, DC 318 pp
1997

Emerging Technologiesin Hazar dous Waste
Management VII: The 7th ACS Special Symposium,
17-20 September 1995, Atlanta, Georgia

Tedder, D.W. (ed.)

American Chemical Society, Washington, DC 1352 pp
1995

Bioremediation Through Rhizospher e Technology
Anderson, T.A. and Coats, J.R. (eds)

American Chemical Society, Washington, DC 249 pp
1994

Bioremediation of Surface and Subsurface
Contamination (Annals of the New Y ork Academy
of Sciences, Val. 829)

Bajpai, R. and Zappi, M. (eds.))

1997

In Situ and On-Site Bioremediation, Vol. 3
Alleman, B.C. and Leeson, A. (eds.)
Battelle Press, Columbus, OH 570 pp 1997
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Proceedings of the Annual Conference on Hazar dous
Waste Resear ch

Great Plains/Rocky Mountain Hazardous Substance
Research Center, Kansas State University, Manhattan,
KS

Tables of contents, abstracts, and sel ected papers from
the 1994 Ninth Annual Conference onward are
available at http://www.engg.ksu.edu/HSRC

Proceedings of the International Seminar on Use of
Plantsfor Environmental Remediation (ISUPER)
Council for Promotion of Utilization of Organic
Materials (CPOUM), Kosaikan, Tokyo, Japan 1997

I nternational Jour nal of Phytoremediation
First Issue (v 1:1) to be published by CRC Pressin
March 1999.

Phytoremediation

Terry, N. and Bafiudos, G.S. (eds.)

Ann Arbor Press, (In press. Release expected Summer
1999).

Super fund Innovative Technology Evaluation
Program: Technology Profiles, 9" Edition

|EPA Document Number: EPA 540-R-97-502

Annual International Conference on
Phytoremediation

International Business Communications,
Southborough, MA (1st:1996, 2nd: 1997, 3rd:1998)

Proceedings of the 12th Annual Conference on
Contaminated Soils. Analysis, Site Assessment, Fate,
Environmental and Human Risk Assessment,
Remediation and Regulation, 20-23 October 1997,
Amherst, MA

Kostecki, P. T. and Calabrese, E.J. (eds.)
Environmental Health Sciences Program, School of
Public Health, University of Massachusetts, Amherst,
MA, 1997

Jour nal of Soil Contamination
v 7:4 July 1998

Soil & Groundwater Cleanup
February-March 1999

Soil & Groundwater Cleanup
February-March 1998

Organic Contaminants

Overviews

M echanisms of Phytoremediation: Biochemical and
Ecological Interactions Between Plants and Bacteria
Siciliano, S.D. and Germida, J.J.

Environmental Reviewsv 6:1 p 65(15) 1998

This review concentrates on plant-bacteriainteractions
that increase the degradation of hazardous organic
compounds in soil. Plants and bacteria can form
specific associations in which the plant provides the
bacteria with a specific carbon source that induces the
bacteria to reduce the toxicity of the contaminated sail.
Alternatively, plants and bacteria can form nonspecific
associations in which normal plant processes stimulate
the microbial community, which in the course of
normal metabolic activity degrades contaminantsin
soil. Plants can provide carbon substrates and nutrients,
aswell asincrease contaminant solubility. These
biochemical mechanismsincrease the degradative
activity of bacteria associated with plant roots. In
return, bacteria can augment the degradative capacity
of plants or reduce the toxicity of the contaminated soil.
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Phytoremediation of TCE in Groundwater using
Populus

Chappell, J.

Status Report Prepared for the U.S. EPA Technology
Innovation Office, 1997

Available at http://clu-in.org

This report isintended to provide a basic orientation to
phytoremediation and a review of its use for shallow
ground water remediation. It containsinformation
gathered from arange of currently available sources,
including project documents, reports, periodicals,
Internet searches, and personal communication with
involved parties. No attempts were made to
independently confirm the resources used.

Field Studies and Demonstrations

Demonstration Plan for Phytoremediation of
Explosive-contaminated Groundwater in
Constructed Wetlandsat Milan Army Ammunition
Plant, Milan, Tennessee. Volumes 1 and 2. Final
Report

Behrends, L.; Sikora, F.; Kelly, D.; Coonrod, S.; and
Rogers, B.

209 pp (Val. 1), 496 pp (Val. 2) Jan 1996

NTIS Document Number; ADA349293

NTIS Document Number: ADA311121/8/XAB (Val. 1)
ADA311122/6/XAB (Val. 2)

This plan demonstrates the technical and economic
feasibility of using phytoremediation in an artificial,
constructed wetlands for treatment of

expl osives-contaminated ground water at Milan Army
Ammunition Plant. Validated data on cost and
effectiveness of this demonstration will be used to
transfer this technology to the user community.

Evaluation of Various Organic Fertilizer Substrates
and Hydraulic Retention Timesfor Enhancing
Anaer obic Degradation of Explosives-Contaminated
Groundwater While Using Constructed Wetlands at
the Milan Army Ammunition Plant, Milan,
Tennessee

Behrends, L.L.; Almond, R.A.; Kdly, D.A.; Phillips,
W.D.; and Rogers, W.J.

383 pp May 1998

This document describes studies conducted at the Milan
Army Ammunition Plant (MAAP) to improve the
design, operation, and cost of gravel-based anaerobic
cells when phytoremediating expl osives-contaminated
ground water. A typical gravel-based wetland consists
of an anaerobic cell for removing the bulk of the
explosive-contaminates, and an aerobic cell for
removing CBOD-5, nutrients, total suspended solids,
and small quantities of explosive by- products. The
cells are connected in series with the anaerobic cdll
being thefirst cell. Small-scale anaerobic test cells were
used to determine: (1) If the hydraulic retention time of
alarge demonstration-scale anaerobic cell at MAAP
could be reduced, and (2) if other carbon sources could
be used as an anaerobic feedstock. The study results
indicate that: (1) The existing anaerobic cdl's 7.5-day
retention time should not be reduced since residual
explosive by-products were present in the effluent of
treatments with a 3.5-day retention time. (2) Daily
application of ardatively soluble substrate, such as
molasses syrup, will provide better explosives removal
than periodic application of less soluble substrates such
as milk replacement starter and sewage sludge.

Field Scale Evaluation of Grass-Enhanced
Bioremediation of PAH Contaminated Soils
Sorensen, D.L.; Sims, R.C.; and Qiu, X.

EPA Risk Reduction Engineering Laboratory’'s 20th
Annual Research Symposium, 15-17 March 1994,
Cincinnati, OH p 92(3)

A field pilot-scale study was launched to assess the
potential of prairie grasses to enhance bioremediation
of PAH-contaminated soils. The ongoing research is
designed to test the hypothesis that the deep, fibrous
root system of the grasses improves aeration in soil and
degradative capability in the rhizosphere. Average
phenanthrene levels declined dramatically in both
vegetated and unvegetated plots. Acenaphthylene also
declined in both sites with time and was detected in
higher concentrations in unvegetated shallow sail
relative to vegetated shallow soil. Preliminary data
indicate dow degradation in test plots and provide
some evidence that Buffalo grass sod planting
enhanced degradation in the near surface.
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Friendly Forests

Miller, J. A.

Third International Conference on Health, Safety,
Environment in Oil and Gas Exploration and
Production, 9 June-12 Sep 1996, New Orleans,
Louisiana

Society of Petroleum Engineers (SPE), Inc.,
Richardson, TX p 717(6) 1996

Trees can be used to extract ground water from aquifers
and serve as a natural pumping system for
contaminated ground water plume control.
Simultaneously, the trees create a rhizosphere

bi odegradation zone and extract hydrocarbons through
uptake in the transpiration stream. Phytoremediation
has been proposed for

cleanup of historical petroleum hydrocarbon and
chlorinated hydrocarbon contamination asan in situ
treatment method of reasonable cost that requires little
maintenance. Theinitiative of one major oilfield
service company at a Louisiana siteis described. The
demonstration began in June 1995 with the planting of
92 hybrid poplar trees for the purposes of (1)
contralling ground water movement; (2) taking up
congtituents from soil and ground water; and (3)
enhancing bioremediation of soil and ground water in
the rhizosphere. Results to date are reported.

Groundwater Phytoremediation Test Facility,
University of Washington

Contact: Stuart E. Strand, Research Associate Professor
Box 352100, College of Forest Resources, University of
Washington, Sesttle, WA 98195

Tel/Fax: 206-543-5350 E-mail:
sstrand@u.washington.edu

The Ground water Phytoremediation Test Facility
(GWPTF) was constructed in 1994 in Fife,
Washington. The facility covers about one-quarter acre
and is equipped with 12 double-lined test beds, each 12
ft x 18 ft x 4.5 ft deep. The site has equipment for
handling, mixing, and ddlivering synthetically
contaminated water and for decontaminating the
effluent water using carbon adsorption units. The test
facility has been used to provide thefirst near-full-scale
testing of phytoremediation of chlorinated
hydrocarbons in ground water. Results indicate nearly
complete uptake of TCE and carbon tetrachloride by

poplar trees with no detectable TCE or CT emissions.
The GWPTF test beds allow easy monitoring of
influent and effluent mass fluxes of chlorinated
solvents. A permit is required to conduct
demonstrations. Technology devel opers and the site
manager work together to file the permit. It takes about
six months to obtain a permit. State and local
regulations apply. Permission to add injectants for
remediation may be granted on a case-by-case basis.

Phr eatophyte I nfluence on Reductive Dechlorination
in a Shallow Aquifer Containing TCE

Lee, RW.; Jones, SA.; Kuniansky, E.L.; Harvey, G.J,;
and Eberts, SM.

Bioremediation and Phytoremediation: Chlorinated
and Recalcitrant Compounds

Battelle Press, Columbus, OH p 263(6) 1998

At Carswell Fidd, Fort Worth Naval Air Station Joint
Reserve Base in Texas, a phytoremediation
demonstration project is being conducted to determine
if eastern cottonwood trees are effective in remediating
shallow trichloroethylene-contaminated ground water.
Two tree plots were prepared and planted in April
1996, and baseline sampling began shortly thereafter.
A stand of whips (cuttings) and a stand of 1- to
2-year-old trees are included in the study. After 18
months, the root systems were not sufficiently
established to alter the chemistry and microbiology of
the ground water. However, a nearby mature
cottonwood tree was found to have changed ground
water chemistry, causing oxygen consumption, iron
reduction, methane production, and reductive
dechlorination of TCE in the vicinity of the root
system. Ground water levels and TCE concentrationsin
the aquifer will be monitored to establish baseline
conditions and to map changes within the aquifer
throughout the life of the demonstration. Costs
associated with the planting and cultivation of each tree
stand will be compared to hel p assess the practicability
of phytoremediation as a cleanup technol ogy.
Demonstration sampling will continue until the year
2000.
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Phytoremediation of Dissolved-Phase
Trichloroethylene Using M ature Vegetation
Doucette, W.J.; Bugbee, B.; Hayhurst, S.; Plaghn,
W.A.; Downey, D.C.; Taffinder, S.A.; and Edwards, R.
Bioremediation and Phytoremediation: Chlorinated
and Recalcitrant Compounds

Battelle Press, Columbus, OH p 251(6) 1998

At astudy site at Cape Canaveral Air Station, FL,
transpiration gas and tissues of live oak, castor bean,
and saw palmetto growing above a trichloroethylene
(TCE)-contaminated ground water plume were
collected and analyzed for TCE and its metabolites.
Results showed that measurable levels of TCE were
detected in seven of 15 transpiration-gas samples.
Trichloroethylene, 2,2,2-trichloroethanal,
2,2,2-trichloroacetic acid, and 2,2-dichloroacetic acid
were detected in all plant tissue types from all three
species. Generally, metabolite concentrations were
higher than TCE concentrations. Highest TCE
concentrations were found in the roots, while highest
metabolite concentrations were detected in leaf and
stem samples.

Phytoremediation of Groundwater at Avesta
Sheffield Pipe

Glanders, G.A. and Lundquist, J.B.

Iron and Steel Engineer v 75:5 p 39(3) May 1998

Ground water contaminated with volatile organic
compounds and nitrate from spent pickle liquor is
being remediated by a phytoremediation process using
limpograss. Limpograssis a high protein,

nitrate-loving grass that also serves as a valuable source
of animal feed.

inexpensive cleanup of certain hazardous waste sites.
Remediation using plantsis best suited to sites with
shallow contamination (<15 ft depth); moderately
hydrophobic pollutants (BTEX compounds, chlorinated
solvents, nitrotoluene ammunition wastes), or excess
nutrients (nitrate, ammonium, and phosphate). The
technology has been used effectively in a number of
full-scale and pilot studies that are mentioned in the
article.

Pilot-Scale Use of Treesto AddressVOC
Contamination

Compton, H.R.; Haroski, D.M.; Hirsh, S.R.; and
Wrobdl, J.G.

Bioremediation and Phytoremediation: Chlorinated
and Recalcitrant Compounds

Battelle Press, Columbus, OH p 245(6) 1998

At the Aberdeen Proving Ground, MD, significant
levels of VOCs have been detected in the ground water,
primarily in the surficial aquifer, at depthsto
approximately 12 m. A study was conducted to assess
phytoremediation as a viable alternative for
remediating the shallow ground water contamination.
Over a4000-m? plot, 183 hybrid poplar trees were
planted, and seasonal transpiration gas and water
samples were analyzed. The data revealed that the trees
were removing or degrading VOCs at the site as
indicated by the presence of VOCs and their
degradation productsin trangpiration gas, condensate,
and leef tissue. A gradient of ground water flow has
formed toward the phytoremediation test plot, with a
ground water depression of approximately 0.1 m.
Analysis of nematode samples suggested that the soil
habitat isimproving due to the presence of the trees.

Phytoremediation of Organic and Nutrient
Contaminants

Schnoor, J.L.; Licht, L.A.; McCutcheon, S.C.; Wolfe,
N.L.; and Carreira, L.H.

Environmental Science & Technology v 29:7 p 318A(6)
1995

Phytoremediation, the use of vegetation for thein situ
treatment of contaminated soils and sediments, is an
emerging technology that promises effective and

Screening of Aquatic and Wetland Plant Species for
Phytoremediation of Explosives-Contaminated
Groundwater from the lowa Army Ammunition
Plant. Final Report

Best, E.P.; Zappi, M.E.; Fredrickson, H.L.; Sprecher,
SL.;and Larson, S.L.

74 pp January 1997

’NTIS Document Number: ADA322455/7/XAB

10



Abstracts of Phytoremediation Resources

Organic Contaminants

Munitions material such as 2,4,6-trinitrotoluene (TNT)
and hexahydro-1,3,5- trinitro-1,3,5-triazine (RDX) and
their combustion and decomposition products can enter
the environment from production activities, field usage,
and disposal. The capabilities of plants to absorb,
accumulate, and metabolize, directly or indirectly,
various organic substances suggest their usein the
phytoremediation of contaminated environments.

Screening Submer sed Plant Species for
Phytoremediation of Explosives-Contaminated
Groundwater from the Milan Army Ammunition
Plant, Milan, Tennessee. Final Report

Best, E.P.; Sprecher, S.L.; Fredrickson, H.L.; Zappi,
M.E.; and Larson, S.L.

89 pp November 1997

Phytoremediation systems are being considered as an
alternative to other ground water extraction and surface
treatment techniques due to their ability to enhance
removal of potentially toxic or mutagenic munitions
material such as 2,4,6-trinitrotoluene (TNT),
hexahydro-1,3,5- trinitro-1,3,5-triazine (RDX), and
their degradation products. This study evaluated the
relative ability of ten speciesto decrease levelsof TNT
and RDX explosives and related contaminantsin
ground water at the Milan Army Ammunition Plant,
Milan, Tennessee.

Research

Adsor ption of Naphthalene onto Plant Roots
Schwab, A. P.; Al-Assi, A. A.; and Banks, M. K.
Journal of Environmental Quality v 27:1 p 220(5)
January-February 1998

During phytoremediation, PAHs that are resistant to
degradation may adsorb to the surfaces of plant roots,
making the roots an important sink for specific PAHs.
Tall fescue and alfalfa were grown in a greenhouse
under controlled conditions, and roots were harvested
at three growth stages: vegetative, flowering, and
mature. Naphthal ene adsorption to the various plant
roots was then evaluated. Results show that the mass of
naphthal ene volatilized was the largest component of
the mass balance (32-45%). The massin solution was
usually greater than that adsorbed to the roots. The
affinity of naphthalene for alfalfa roots was greater than
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that for tall fescue roots, but fescue roots were present
in much greater quantitiesin the soil compared with
alfalfa. Naphthal ene adsorption on the roots of both
plant speciesincreased with plant age.

Aromatic Nitroreduction of Acifluorfen in Soils
Rhizospheres and Pure Cultures of Rhizobacteria
Zablotowicz, R.M.; Locke, M.A.; and Hoagland, R.E.
Agricultural Research Service September 1996

Reduction of the nitro group in acifluorfen (a
nitrodiphenyl ether herbicide) to aminoacifluorfenisa
major catabolic transformation of this herbicidein
soils, rhizospheres, and pure cultures of certain
bacteria. Aromatic nitroreduction occurs more rapidly
in rhizosphere soils compared to root-free soil, with a
rapid incorporation into unextractable humic sail
components. Factors affecting acifluorfen-
nitroreductase activity in cell suspensions and cell-free
extracts of these bacteria were studied. Microbia
aromatic nitroreductase activity in soils and
rhizospheres can be an important biotransformation in
the degradation of acifluorfen and other nitroaromatic
herbicides.

Bacterial Inoculants of Forage Grasses That
Enhance Degradation of 2-Chlorobenzoic Acid in
Sail

Siciliano, S.D. and Germida, J.J.

Environmental Toxicology and Chemistry v16:6 p
1098(7) June 1997

A study was conducted to examine the potential of
rhizosphere inoculants to enhance the degradation of
contaminants in soil. 2-Chlorobenzoic acid was used as
the modd contaminant, along with 11 bacterial strains
and 16 forage grass species. Results showed that three
of the forage species—Bromus biebersteinii, Elymus
dauricus, and Agropyron riparum—grew well in the
2-chlorobenzoic acid-contaminated soil and also
enhanced the disappearance of the compound. The best
bacterial inoculants proved to be Pseudomonas
aeruginosa strain R75 and P. savastoanoi strain CB35.
Theinoculation of the forage grasses with either
bacterial strain increased significantly the
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disappearance of 2-chlorobenzoic acid over that of
unplanted controls.

exhibited atolerance for TNT that was higher than that
of duckweed and similar to that of yellow nutsedge.

Bioremediation Bacteria to Protect Plantsin
Pentachlor ophenol-Contaminated Soil

Pfender, W.F.

Journal of Environmental Quality v 25:6 p 1256(5)
November-December 1996

Pseudomonas strain SR3, a known pentachlorophenol -
degrader, was added to a pentachl orophenol-
contaminated soil, and the ability of the bacteria to
protect Proso millet sown in the soil was

assessed. Plants were removed from the soil 28 days
after planting with roots, shoots, and soil analyzed for
pentachlorophenal. Seedling emergence was found to
be 50 and 62% for bacteria-treated and control seeds,
respectively, in pentachl orophenol-contaminated soil.
In uncontaminated soil, emergence rates were 100 and
87%, respectively. Bacterial treatment grestly increased
final plant biomassin contaminated soil, bringing root
and total plant weights to nearly the same as those
observed for plants grown in uncontaminated sil. In
contaminated soil planted with bacteria-treated seeds,
thefinal pentachlorophenal level was only 3 mg/kg, as
compared to 5 and 157 mg/kg for the millet-only and
nonplanted contaminated soils, respectively.

Decreased Transpiration in Poplar Trees Exposed to
2,4,6-Trinitrotoluene

Thompson, P.L.; Ramer, L.A.; Guffey, A.P.; and
Schnoor, J.L.

Environmental Toxicology & Chemistry v 17:5p
902(5) May 1998

Poplar trees were exposed to 2,4,6-trinitrotoluene
(TNT), and the effects on transpiration were examined.
The TNT concentrations used were 0, 1, 3, 5, 10, and
15 mg/l. Levels of TNT uptake reached the detection
limit of 4 ppm after only 1 hour of exposure, with TNT
removed at arelatively rapid rate. TNT concentrations
of greater than 5 mg/l were toxic to the trees, with the
decrease in biomass attributed to the inhibition of |eaf
growth. Thislevel decreased transpiration significantly
after 11 days of exposure. Overall, the hybrid poplar
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Degradation of Polychlorinated Biphenylsby Hairy
Root Culture of Solanum nigrum

Mackova, M.; Macek, T.; Kucerova, P.; Burkhard, J.;
Pazlarova, J.; and Demnerova, K.

Biotechnology Lettersv 19:8 p 787(4) August 1997

Hairy root cultures of Solanum nigrum proved capable
of transforming PCBs under controlled conditions. The
impact of several different plant growth regulators on
cell growth and transformation of PCBs are analyzed.
Plant cells proved capable of transforming PCBs even
after growth had stopped. A 20% reduction in PCB
conversion efficiency was observed in young inoculum
(16 days), as compared against older inocula (37 and
68 days). The PCB transformation rate was stimulated
with increasing size of inoculum.

Detoxification of Phenal by the Aquatic Angiosperm,
Lemna gibba

Barber, J.T.; Sharma, H.A.; Endey, H.E.; Palito, M.A.;
and Thomas, D.A.

Chemosphere v 31:6 p 3567(8) September 1995

In many cases, plants have the ability to metabolize
organic pollutants by transformation and conjugation
reactions followed by compartmentalizing productsin
their tissues. The toxicity and fate of phenal in the
angiosperm Lemna gibba were investigated. Over a 16
day growth period, almost 90% of the applied phenal
disappeared from solution. While the disappearance of
phenol was attributed to plant uptake, the appearance of
additional compounds in the mediaindicated that
metabolism occurred, with the release of the
metabolites back to the media. The primary metabolite
was identified as phenyl-(gr)b-D-glucoside, which was
found to be approximately half as toxic as the parent
compound.
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Effect of Hybrid Poplar Treeson Microbial
Populations Important to Hazar dous Waste
Bioremediation

Jordahl, J.L.; Foster, L.; Schnoor, J.L.; and Alvarez,
P.J.J

Environmental Toxicology and Chemistry v 16:6 p
1318(4) June 1997

Microbial populations from the rhizosphere of
seven-year-old hybrid poplar trees were characterized
in terms of five specific phenotypes: total heterotrophs;
denitrifiers; pseudomonads; degraders of benzene,
toluene, and xylenes (BTX); and atrazine degraders.
The concentrations of these phenotypes were measured
in three rhizosphere samples and in three control soil
samples taken from an adjacent corn field. All types of
microbial populations were higher in the poplar
rhizosphere than in the surrounding soil. Highest
concentrations were found for total heterotrophs,
followed by denitrifiers, pseudomonads, BTX
degraders, and atrazine degraders. These findings are
discussed in relation to bioremediation potential.

Effects of Ryegrass on Biodegradation of
Hydrocarbonsin Sail

Gunther, T.; Friedrich-Schiller-Universitat J.;
Dornberger, U.; and Fritsche, W.
Chemosphere v 33:2 p 203(13) July 1996

Theinfluence of ryegrass on the biodegradation of
applied aliphatics and PAHs was investigated using a
series of laboratory soil-column experiments. A defined
mixture of saturated, unsaturated, and branched-chain
aliphatics and PAHs was added to the soil columns.
Results show that the artificially applied aliphatic
hydrocarbons disappeared faster and to a greater extent
in ryegrass-planted columns than in the non-root
systems. The enhanced disappearance of the pollutants
in the rhizosphere was accompanied by higher values
for microbial plate counts and soil respiration rates for
the vegetated systems, which indicated the primary role
of microbial degradation. In contrast to the aliphatics,
the amount of PAHSs decreased rapidly in both systems,
and the differences between planted and unplanted soil
were insignificant.
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A Field Facility for Phytoremediation Resear ch
Rhykerd, R.L.; Hallmark, M.T.; and Munster, C.L.
The 1998 ASAE Annual International Meeting, 11-16
July 1998, Orlando, Florida

American Society of Agricultural Engineers, St
Joseph, M| 1998

A recently devel oped phytoremediation computer
model may be extremely useful in predicting the fate of
recalcitrant hydrocarbonsin soil. A field facility for
phytoremediation research has been constructed to
provide empirical data to validate and calibrate the
modd. Trinitrotoluene (TNT);
2,2',5,5'-tetrabromobiphenyl (PBB); and chrysene have
been tested. Due to the hazardous nature of these
hydrocarbons, the soil-contaminant mixture was
isolated from the field environment using two lysimeter
designs. Sail in both the box and column lysimeters
were cont