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Series Preface
Environmental Science and Technology

We are in the third decade of the Wiley-Interscience Series of texts and mono-
graphs in Environmental Science and Technology. It has a distinguished
record of publishing outstanding reference texts on topics in the environmen-
tal sciences and engineering technology. Classic books have been published
here, graduate students have benefited from the textbooks in this series, and
the series has also provided for monographs on new developments in various
environmental areas.

As new editors of this Series, we wish to continue the tradition of excel-
lence and to emphasize the interdisciplinary nature of the field of environ-
mental science. We publish texts and monographs in environmental science
and technology as it is broadly defined from basic science (biology, chemistry,
physics, toxicology) of the environment (air, water, soil) to engineering tech-
nology (water and wastewater treatment, air pollution control, solid, soil, and
hazardous wastes). The series is dedicated to a scientific description of envir-
onmental processes, the prevention of environmental problems, and preserva-
tion and remediation technology.

There is a new clarion for the environment. No longer are our pollution
problems only local. Rather, the scale has grown to the global level. There is no
such place as "upwind" any longer; we are all "downwind" from somebody
else in the global environment. We must take care to preserve our resources as
never before and to learn how to internalize the cost to prevent environmental
degradation into the product that we make. A new "industrial ecology" is
emerging that will lessen the impact our way of life has on our surroundings.

In the next 50 years, our population will come close to doubling, and if the
developing countries are to improve their standard of living as is needed, we will
require a gross world product several times what we currently have. This
will create new pressures on the environment, both locally and globally. But
there are new opportunities also. The world's people are recognizing the need
for sustainable development and leaving a legacy of resources for future gener-
ations at least equal to what we had. The goal of this series is to help understand
the environment, its functioning, and how problems can be overcome; the series
will also provide new insights and new sustainable technologies that will allow
us to preserve and hand down an intact environment to future generations.

JERALD L. SCHNOOR AND ALEXANDER J. B. ZEHNDER
xi
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Preface

SCOPE AND COVERAGE

This book covers phytotransformation, phytodegradation, rhizosphere deg-
radation, and phytocontainment of xenobiotic organic pollutants and select
inorganic compounds that plant enzymatic processes transform or mineralize.
Consistent with this coverage, the term phytoremediation is defined to en-
compass the use of green plants, fungi, algae, bacteria, and microbial mats
when one of three vital plant processes is involved in waste management.
These processes include (1) photoautotrophic conversion of sunlight to useful
energy and use of atmospheric carbon dioxide to synthesize new biomass,
thus fueling plant and rhizosphere microbial control and metabolism of con-
taminants; (2) green-liver metabolism involving transformation, conjugation,
and sequestration of contaminants and the resulting by-products (e.g., plant
and fungal glycosylation and lignification); and (3) plant transpiration to
control the movement of contaminants in water, soil, and air. Other recent
books (cited in Chapter 1 of this book) cover phytoextraction of toxic metals,
phytovolatilization of selenium, and phytostabilization of metals and organ-
ics. Where necessary for complete coverage of phytoremediation terminology
and fundamentals, a few overlaps occur to maintain consistency. In one case,
Mclntyre (Chapter 30 of this book) introduces two new plant databases—one
for rhizodegradation of petroleum hydrocarbons, and one for metals accumu-
lation. In the other case, Rock (Chapter 31 of this book) reviews several field
evaluations of phytoremediation; include some disappointing field results for
phytoextraction of lead.

To broadly cover the latest advances from fundamental investigation
to field testing of concepts, seven sections are the basis of organization
for this book Phytoremediation. Each section starts with fundamental contri-
butions that define the state-of-the-science and ends with chapters on the
applications of fundamental and heuristic concepts in practical settings. The
first three chapters overview the state of the science and practice, including
review of technical, economic, social, and regulatory issues in translating the
research to date into practical cleanup applications. Burken (Chapter 2 of this

xiii
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book) covers the vital green-liver concept of Heinrich Sandermann, Jr. for
plant metabolism. Section II covers fundamental and important advances
involving enzymatic metabolic processes, proteomic and genomic bases of
plant tolerance, phytotoxicity of selected xenobiotic chemicals, and funda-
mental physiological processes that include rooting and root ecology, and
evapotranspiration. Sections III, IV, and V cover the spectrum of fundamen-
tal investigation to field testing for aromatic and hydrocarbon contaminants,
explosives, and chlorinated solvents, respectively. Section VI covers the latest
modeling, design, and field application advances, starting with the latest in
phytohydraulic control and modeling that establish the state-of-the-practice,
then concentrates on applied management techniques for wastewaters, lea-
chates, and brines. Section VII presents the latest advances in genetic engin-
eering and screening of plants that may be useful in managing atmospheric
nitrous oxides and halocarbon pollution, use of plants to control methyl
tertiary-butyl ether (MTBE), phytodegradation of cyanide in soil, and rhizo-
degradation and phytodegradation of dissolved perchlorate. The final two
chapters of this section, and of the book, introduce the first plant databases
and review current field evaluations of important types of phytoremediation.
The heuristic plant-based practices of land farming (including sewage
spraying), constructing treatment wetlands, and developing riparian buffers
that predate coining the term phytoremediation in 1991 are covered to unify
recent chemical-specific treatment approaches with the ecological engineering
of wetlands, buffers, or tree, grass, and cultivar plantings. The appropriate
practices are introduced and evaluated in the scientific context of specific
pathways, transformation products, kinetics, and efficiency in achieving
cleanup standards or acceptable residual risks. The exceptions involve a few
cases where field experience with trees, grasses, and other vegetation establish
some beneficial effects, but the scientific basis has not yet been fully explored.

INTENDED AUDIENCE

This book is intended to be a definitive reference for leaders in the research
and practice of phytoremediation as well as those students entering the field.
Practicing engineers, ecologists, foresters, agronomists, and extension agents;
waste site managers; and regulatory experts will find this book to be a defini-
tive reference on the phytoremediation that is possible, feasible, and proven
for organic and some inorganic pollutants in water, soil, and air. Each chap-
ter has a summary of practical implications. Where necessary to define funda-
mental principles for broad audiences, a glossary and definitions in the text
are judiciously applied. Systeme International (SI) units are used (along with
English common in most practical chapters) and care taken to avoid confu-
sion over decimal points and numerical expression. (The U.S. practice of
using a period as the decimal point and avoiding the use of the comma in
favor of a space in denoting thousands is used for numbers greater than 9999,
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e.g., 99 800.) Attention has also been paid to the consistent use of significant
digits and scientific nomenclature in each chapter to facilitate practical appli-
cations of the knowledge worldwide.

The coverage of existing and new practices includes wetland construction,
land farming, tree and crop plantation, riparian buffer management, and
biotechnology-based waste treatment unit processes to treat most of the
major organic xenobiotic contaminants (e.g., phenols, hydrocarbons, surfac-
tants, pesticides, explosives, and chlorinated solvents) and a few inorganic
contaminants that plants mineralize or volatilize. The underlying theme is the
use of in situ, sustainable, and renewable biotechnology to protect humans
and the environment, but heuristic, short-term, energy-intensive methods are
described and evaluated when necessary for complete waste management cov-
erage of this innovative, evolving field. In some cases, design guidance can be
distilled from this book.

Experts and students in allied fields will also find this book to be the defini-
tive introduction to the science and practice of phytoremediation. Some of
the allied fields include plant, fungal, and bacterial biochemistry, genetics,
and proteomics; enzymology and metabolic engineering; biotechnology; ecol-
ogy and ecological engineering; wetland ecology and hydrobiology; plant
biology and other life sciences; plant, crop, and soil sciences and agronomy;
forestry and silviculture; botany, plant physiology, and root ecology; plant
toxicology; environmental chemistry and science; environmental, biological,
bioresource, irrigation, agricultural, chemical, and civil engineering; micro-
biology and bioremediation; hazardous waste management; groundwater hy-
drology and hydrogeology; biometeorology; water resource management;
alternative biofuel production; biogeochemistry, global change modeling, and
risk assessment involving plants as sinks and sources; indoor and outdoor air
pollution control; landscaping; land use planning and management; and en-
vironmental and ecological economics and management.

Graduate and undergraduate students interested in phytoremediation
should find this book to be an indispensable reference to practical case stud-
ies as well as definitive process research on why phytoremediation works and
where current gaps in knowledge exist that can be filled by enterprising thesis
and dissertation research over the next decade or longer. Course instructors
and curricula planners in the evolving phytoremediation and ecological engi-
neering programs of study will find this book an adequate text to provide
fundamental background and case studies until texts are tailored to this pur-
pose. Assignments should be easily derived from the practical elements and
practical implications summarized in each chapter. For course organization
and planning, the sections group together all the work on major contaminant
problems such as aromatic and hydrocarbon contaminants, explosives, and
chlorinated solvents following the overview and the basics of phytoremedia-
tion—green-liver metabolism, tissue culturing and enzymology, proteomics
and useful plant biochemistry approaches, basis of plant tolerance, root ecol-
ogy and control, and evapotranspiration. The latest advances available for
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study include new approaches to treating air pollutants, MTBE, and per-
chlorate in groundwater and wastewater, and cyanide in soil, especially from
the numerous abandoned town gas sites that was the source for street and
home lighting in the late nineteenth and early twentieth centuries. Hopefully,
an instructors' guide with assignments and engineering design will follow
soon.

ORGANIZATION AND PEER REVIEW

The extensive involvement of many research groups was also intended to be
exceptional. The authors of the various chapters represent almost all of the
leading teams developing phytoremediation of organic contaminants. In some
cases, authorship is shared among some of the most productive teams for
focused, concise coverage of important topics. Other chapters were specific-
ally directed to full coverage of all known work of importance, especially to
involve younger collaborators and future leaders in the field. Despite the
outreach involved, a few have surged into prominence in this dynamic field
since the writing began 2 years ago. The Editorial Review Board was there-
fore set up to engage some emerging leaders during the process, some who
were constrained by time, but mostly those with review skills and foresight
into the coverage necessary.

A remarkable trait of almost all of the research and development teams
engaged in phytoremediation became evident early on, as authors were
selected. Almost all U.S. teams have dual leadership from a science discipline
and from engineering. European research and development is a bit different,
where the strength and leadership in the field comes from the marvelous
organization and coordination of the COST 837 project led by Jean-Paul
Schwitzguebel of the Swiss Federal Institute of Technology in Lausanne,
Switzerland, and Tomas Vanek of the Czech Academy of Sciences in Prague.
Despite the inadequate funding for research and development noted in Mar-
miroli and McCutcheon (Chapter 3 of this book), the outlook for phytoreme-
diation based on these productive teams and organizations is very good.
Government and industry leaders and the public should look forward to the
development of additional cost-saving methods that effectively manage wide-
spread, moderately toxic contamination and some more toxic hot spots using
sustainable, natural processes that can be easily engineered for the benefit of
humankind and the ecosystem of this planet.

To ensure the best quality coverage, all chapters including McCutcheon
and Schnoor (Chapter 1 of this book) were independently peer reviewed and
accepted for the book by one of the editors not associated with the authors.
In the case of McCutcheon and Schnoor (Chapter 1 of this book), a senior
member of the Editorial Review Board, Alan Baker, was empowered as
acting editor to assess the independent reviews and determine if the chapter
was sufficient. The reviews started with outlines of each chapter to ensure
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coverage and coordination. Because of these reviews by the Editorial Review
Board and authors of other chapters, some gaps in coverage were filled with a
second round of invited contributions. Board members and the editors also
highlighted the fast-developing work and the important topics. Once the
chapters were completed, three to seven reviews were undertaken. One editor,
one member of the Editorial Review Board, and one of the better-known
experts in the area (if this did not involve the editor or Board member)
reviewed each chapter. Authors of other chapters commented on overlaps in
coverage, but also provided outstanding technical criticism. Most of the
reviews were focused on chapters that defined a consensus on the state-of-
the-practice that hopefully will lead to several design guidance documents
after this book is published. All revisions were further evaluated editorially.
Despite the rigor in review, only one chapter was declined.

EXPRESSIONS OF APPRECIATION

We thank the authors of each chapter for the quality coverage, especially
those who teamed with others to cover gaps in knowledge. Christina Negri
and Paul Schwab took on the daunting tasks of distilling extensive work on
tree and grass root ecology, respectively, into a phytoremediation context.
The support of Hector Flores on the Editorial Review Board was important
in the editors enlarging the scope of the book to cover this important, but
previously neglected area. Victor Medina led the international coverage of
plant tolerance and worked with Elena Maestri to translate extensive litera-
ture on pesticides and metals toxicity into knowledge that supports the phy-
toremediation of other classes of xenobiotic compounds. Jerry Schnoor
organized coverage of work involving MTBE. Paul Olson covered vital work
at the University of Oklahoma and the developing work at Colorado State
University with experience from the University of California at Berkeley via
the work of Elizabeth Pilon-Smits. Hans Harms and his coauthors also put
the independent axenic tissue culture investigations of John Fletcher at the
University of Oklahoma and the U.S. Environmental Protection Agency la-
boratory at Corvallis into a fuller and more practical context with his exten-
sive work over the years. Jim Jordahl reached out to Kenth Hasselgren of
SWECO VBB VIAK AB on the valuable experience in tree plantation in
Sweden and northern Europe. Similar leadership of Sandy Eberts, Larry
Davis, Stefan Trapp, and Hiromichi Morikawa was also vital to the quality
and coverage of this book and is much appreciated by the editors. In add-
ition, the outstanding reviews of other chapters by Larry Davis and Tomas
Vanek were notable and much appreciated.

We also thank the Editorial Review Board members for the outstanding
reviews of outlines and final chapter drafts. Rajiv Bhadra, before his untimely
death, reviewed all the chapters on explosives and provided insightful criti-
cism and suggestion for improvement and consistency. Alan Baker served as
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acting editor to avoid a conflict of interest in accepting Chapter 1 by the
editors. Sridhar Susarla provided valuable reviews and assistance with the
final proofs. Evelyn Drake provided broad insights that led to better coverage
of hydrocarbon phytoremediation and root ecology, and enabled the Board
to foresee some developments in allied areas. Rashalee Levine was an early
advocate in providing precise plant nomenclature and quality assurance infor-
mation so that many more insights can be distilled after publication of the
book.

In addition, the reviews of other experts are very much appreciated for the
rigor in examining the technical quality of the work and suggesting better
forms of expression when appropriate. These reviewers include Pedro Alvarez
of the University of Iowa; Ellie Best of the U.S. Army Waterways Experiment
Station; Om Parkash Dhankher of the University of Georgia; Shoeleh Di
Julio of California State University; Steve Dwyer of the U.S. Department of
Energy Sandia National Laboratory; Andre Gerth of BioPlanta; Leon
Kochian of the U.S. Department of Agriculture Plant, Soil and Nutrition
Laboratory; Peter Kulakow of Kansas State University; Louis Licht of Eco-
loTree; Steven Link of Washington State University; Ed Mead of the U.S.
Army Corps of Engineers; Anu Ramaswami of the University of Colorado,
Denver; Paul Thomas of Thomas Consultants, Inc.; William J. (Jody) Waugh
of the U.S. Department of Energy Environmental Sciences Laboratory; Jody
Wireman of the U.S. Air Force Human Systems Centre; Keith Halford of the
U.S. Geological Survey; Paul Brantley of the U.S. Geological Survey; and
John Fletcher of the University of Oklahoma.

We also thank David Tsao of the BP Corp. for the coordination of cover-
age of the field in another publication. David edited the monograph Phyto-
remediation for the Springer-Verlag series Advances in Biochemical Engineering/
Biotechnology (vol. 78) during the time this book was being produced.

Bob Esposito of John Wiley was most helpful in organizing and maintain-
ing momentum for this effort along with Danielle Lacourciere in the final
stages. Vera Madison provided outstanding editorial and office support in
Athens that was much appreciated, especially in final stages. Most impor-
tantly, we appreciate the support of our families and colleagues during this
immense undertaking.

Finally, we find three remarkable sources of support for the international
authorship of this book. The U.S. Environmental Protection Agency Office
of Research and Development Contaminated Sites Program supported both
editors and several authors, especially through the Hazardous Substance Re-
search Centers. This program funded a 1991 proposal of Ila Raskin in which
the term phytoremediation was first defined. Next, the U.S. Strategic Envi-
ronmental Research and Development Program also has supported both
editors and several authors directly and indirectly. This program was con-
ceived in 1991 by former U.S. Senators Sam Nunn of Georgia and Al Gore
of Tennessee as an appropriate way to redirect the peace dividend of defense
technology development to the international clean up of cold war facilities in
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the U.S. and Europe. Madelyn Creedon of the Senate Defense Appropri-
ations Committee suggested the appointment of a renowned Science Advisory
Board to ensure use of the best science in developing phytoremediation and
other innovative waste management techniques. Finally, the European project
COST 837 is a wonderful organization of much needed fundamental research
on phytoremediation that has supported or aided many authors in the last
several years. Other government, industrial, and commercial support for the
field of phytoremediation has also been important and is acknowledged in the
chapters where appropriate. For example, Marmiroli and McCutcheon
(Chapter 3 this book) note the entrepreneurial and government leadership
that has occurred in making phytoremediation a useful technology.

DISCLAIMER

This contribution has been reviewed in accordance with the U.S. Environ-
mental Protection Agency peer and administrative review policies and ap-
proved for publication but reflects the views of the editors and not necessarily
those of the Agency.

Steven C. McCutcheon
Athens, Georgia

Jerald L. Schnoor
Iowa City, Iowa
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Volatile organic (Continued)
in groundwater and soil, 252-253,

635-636, 806, 912-913
mass removal, 655, 656
microbial degradation of, 288, 636,

638, 646
partitioning behavior of, 673
physical properties of, 530-531, 675
phytovolatilization, 34
plumes and hydraulic containment,

637, 638, 645, 655-656
Volatility, 34, 672-674, 832, 882
Volatilization, 209, 288, 503, 505, 512,

514, 532, 552, 561, 566-567, 571,
575-576, 578, 581-582, 590, 592,
646, 667, 671-673, 678, 732. See also
Air emissions, sampling;
Evaporation; Phytovolatilization

of cyanide, 831, 848-849, 858-859
of free cyanide from trees, 854
methyl tertiary-butyl ether

(MTBE), 805, 808, 811, 815, 817,
823-824

from plants, xv, 166, 191, 218, 237,
335, 616, 626, 649-650, 656-657,
680-681, 788

Volunteer Army Ammunition Plant
bench treatability investigations at,

460-461
pilot field investigation at, 461-462

Vose, J. M., 263

Washington. See Naval Submarine Base
Bangor

Waste generators, 94
Waste management, 5, 37

of explosives, 430-435
of nitroaromatic compounds, 134
perchlorate and, 863-866
practices in, 14
using trees, 717

Waste streams
quality of, 726-727
saline, 753-761

Waste treatment, engineered wetlands
for, 15-18

Wastewater
batch investigations related to, 435-450
explosives in, 435, 445-449, 482

from Milan and McAlester Army
Ammunition Plants, 449

perchlorate-contaminated, 864-865
reuse of, 720-721
Swedish willow biomass production

using, 721-722
trinitrotoluene (TNT)-contaminated,

458
treatment of, 145-146

Wastewater irrigation, 721-722
Wastewater phytoirrigation system, 741
Water. See also Groundwater; Hydraulic

lift; Wastewater entries; Water
management

contaminant flux and, 669-671
explosives-contaminated, 445-449
phytoremediation for explosives in,

429-473
plant use and transport of, 677-678.

See also Transport, by phloem
and xylem; Xylem

removal of nonionic contaminants
from, 421

role in root growth, 237-243
trinitrotoluene-contaminated, 435—445

Water balance, 30, 376, 684, 696, 728,
733-737

Water management, 663, 666, 669-670,
683-684. See also Irrigation entries

in polycyclic aromatic hydrocarbon
(PAH) phytoremediation, 379-380

Water quality, irrigation and, 744
Water regimes, contaminant migration

and,670
Water-soluble halogenated organic

compounds, sequestration and
transformation by plants, 499-526

Watersheds, gaged, 270-271
Water storage capacity, of soils, 683
Water table, 375

drawdown of, 600, 610, 611-613
transpiration rates, 576

Water use efficiency (WUE), 838, 839
Weather station, 744
Weaver, J. W., 695
Well hydrograph, 644
Westholm, L. R., 409
Wetland design, 439-445, 463-473

excavation, 464
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explosives transformation by plants,
108, 219, 393, 409, 429, 435,
464-467

hydraulic residence time, 463, 467, 490
at Iowa Army Ammunition Plant,

488-194
topsoil seeding of, 219, 435, 489
volume of, 466-467, 900

Wetland plants, 28-29, 34, 40, 60, 90,
108, 216, 246, 463, 482, 487,
489^90, 502, 676, 712, 760, 863,
866, 868-869. See also Aquatic
plants

trinitrotoluene (TNT) phytotoxicity to,
440-441

Wetlands, 62, 90. See also Aquatic plant
lagoons; Treatment wetlands;
Wetland design

algae-dominated, 473
constructed or created, xiv-xv,

434-435, 450-451, 455-458, 502,
745, 882-883, 923

continuous flow investigations using
created, 458-463

engineered treatment, 15-18
natural wetlands, 14-15, 28, 253, 255,

272, 434-435, 468, 473, 499, 500,
502, 525, 637, 704, 706-707,
711-712

as a phytoremediation application, 3,
5-6, 10, 12-16, 18, 20-24, 34, 37,
88, 100, 102, 141,468,494,
499-500, 525, 761, 888

Wet weight, 830
Whip-tree plantations, 601-602, 604
Wind speed, 264, 266, 274
Winnike-McMillan, S. K., 805
Wisconsin. See Jones Island
Wolfe, N. L., 159, 499
Woodburn, Oregon

municipal wastewater reuse at, 720-721
tree spacing at, 730-731

wastewater phytoirrigation system at,
741

World remediation market, 98
Wrobel, J. G., 635

Xenobiotic compounds, xiv, xv, 123-147,
173, 727. See also Catabolism;
Microbial metabolism;
Phytodegradation;
Phytotransformation; Plant entries;
Rhizodegradation

definition, 4
phytotransformation and kinetics of,

xiii, 5, 14-15, 40, 43, 69, 132-134,
663

plant metabolism or detoxification of,
37-39, 41, 61, 70-74, 79, 109-110,
123-127, 129-131, 146-147,
159-161, 164, 166-168, 178,
180-181, 194, 205-206, 285-287,
299, 312, 397-398, 530, 556

and plant stress and tolerance,
128-129, 189, 192-193, 195,
198-201

plant uptake of, 287-288, 563, 802
sequestration and binding of, 29, 71,

111, 309
Xylem. See also Transport, by phloem

and xylem
defined, 60, 357-358, 766
sap concentrations, 62, 563-564, 816,

853. See also Transpiration stream
concentration factor (TSCF)

water and potential, 32, 237-239, 242

YCF1 gene and protein, 131
Yeast strains, testing, 131

Zhang, Q., 663, 805
Zhu, G., 40
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