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Preface

This report summarizes results of research conducted by the Federal
Integrated Biotreatment Research Consortium (FIBRC) during 1994-2001. The
Strategic Environmental Research and Development Program (SERDP)
sponsored this project under its Cleanup Thrust Area Project CU-720. The U.S.
Army Engineer Research and Development Center (ERDC) directed the FIBRC
research program, which was entitled "Biotreatment: Flask to Field Initiative."
Active membership of the FIBRC consisted of the following organizations:

ERDC Environmental Laboratory (EL), Vicksburg, MS

U.S. Army Natick Research, Development and Engineering Center,
Natick, MA

U.S. Army Engineer District, Baltimore, Baltimore, MD

U.S. Air Force Research Laboratory, Tyndall Air Force Base, Panama
City, FL

U.S. Naval Research Laboratory, Washington, DC

U.S. Naval Command, Control and Ocean Surveillance Center Research,
Development, Test and Evaluation Division (NRaD), San Diego, CA

U.S. Environmental Protection Agency (USEPA) Environmental
Research Laboratory, Athens, GA

USEPA Robert S. Kerr Laboratory, Ada, OK

Great Lakes and Mid-Atlantic Hazardous Substance Research Center
(GLMAC), Ann Arbor, MI

In addition, the following organizations also participated in the FIBRC in an
advisory capacity:

ERDC Cold Regions Research Engineering Laboratory (CRREL),
Hanover, NH

ERDC Construction Engineering Research Laboratory (CERL),
Champaign, IL :

U.S. Army Environmental Center, Aberdeen Proving Ground, MD

U.S. Department of Energy (DOE) Argonne National Laboratory,
Argonne, IL
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Summary

The Federal Integrated Biotreatment Research Consortium (Flask to Field)
represented a 7-year Strategic Environmental Research and Development
Program funded effort by several research laboratories to develop bioremediation
technologies for contaminated U.S. Department of Defense (DoD) sites. The
project was proposed as a new 6.2-level research program to enhance, but not
duplicate, the existing funded efforts in the DoD. It also complemented both the
U.S. Environmental Protection Agency and U.S. Department of Energy short-
and long-term research strategies. The primary objective of this project was to
develop the most promising biotreatment processes at the bench, intermediate,
and pilot scale in each of four thrust areas: polycyclic aromatic hydrocarbons
(PAHs), chlorinated solvents, energetics and explosives, and polychlorinated
biphenyls (PCBs).

The consortium structure consisted of a lead principal investigator or director
and four thrust area coordinators. Lead researchers at various government
installations and academic institutions carried out the individual projects in each
thrust area. Engineering groups worked closely with scientists in evaluating the
potential of the resulting technologies and in the transfer of technologies from
bench scale to field. A technical advisory committee consisting of leading
biotechnology specialists in academia, industry, consulting, and government
assisted and advised the director and reviewed individual projects for technical
merit.

Many bioremediation projects were performed within the four thrust areas
during Project CU-720. This report presents a complete list of projects and the
lead researchers associated with them. The following are highlights of the
accomplishments from each thrust area:

a. Energetics and Explosives.

(1) Bacteria able to utilize 2-nitrotoluene (2NT), 4-nitrotoluene (4NT),
2,4-dinitrotoluene (2,4DNT), and 2,6-dinitrotoluene (2,6DNT) as
sole carbon and nitrogen sources were isolated, and the degradative
pathways have been identified.

(2) Most (>98 percent) of the nitrotoluenes (NTs and DNTSs) in
contaminated groundwater from Volunteer Army Ammunition Plant,
Chattanooga, TN, were removed at a retention time of 3 hours using
a fluidized-bed reactor (FBR).
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(3) A strain of Pseudomonas was isolated and found to rapidly transform
2,4,6-trinitrotoluene into previously unknown metabolites using a
novel pathway. Two biodegradation pathways that model
nitrobenzene remediation were also elucidated.

(4) In a 5-month field study at Badger Army Ammunition Plant,
Baraboo, WI, the concentration of 2,4DNT in recirculating
groundwater dropped from 16,000 to 130 pg/L and the ratio of
2,4- to 2,6DNT changed from 50:1 to 1:5.

(5) Inregard to trinitrotoluene (TNT), some success in degradation was
achieved with a FBR charged with granulated activated carbon.
Other laboratory and field tests have not indicated that TNT is
removed effectively during aerobic degradation of DNT. However,
understanding the initial oxidative reactions of DNT-degrading
bacteria could provide the basis for metabolic engineering to develop
a new biochemical strategy for the initial attack on TNT.

b. Polycyclic Aromatic Hydrocarbons (PAHs).

(1) A bacteria strain capable of degrading high-molecular-weight PAHs
in a laboratory setting and a surfactant-producing bacterium were
isolated and characterized.

(2) Researchers developed an inoculum carrier technology using
vermiculite for bioaugmentation of contaminated soil.

(3) Results from pilot-scale field tests in land farm treatment units
(LTU) indicated PAH concentrations had decreased by 69 percent
starting from an initial value of 13,000 mg/kg. PAH reduction in a
highly contaminated soil was 86 percent and 87 percent using
biostimulation and bioaugmention, respectively.

(4) While tilling appears to enhance the biodegradation of PAHs
initially, landfarming of PAHs does not appear to be driven by soil
mixing.

c. Chlorinated Solvents.

(1) Molecular probes were developed to monitor microbial potential of
reductive dehalogenation of chlorinated solvents at contaminated
sites.

(2) Post-extraction reductive dehalogenation of dense, nonaqueous phase
liquid contamination was implemented and evaluated at a solvent
extraction field site.

(3) Comparison of core material collected prior to and following the
cosolvent-flushing test indicated removal effectiveness of
polychlorinated ethenes at 65 percent.

(4) A design guidance document for implementing and monitoring
Solvent Extraction Residual Bioremediation was written.
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d. Polychlorinated Biphenyls (PCBs).
(1) Aerobic PCB metabolism by biphenyl-degrading organisms was
characterized.
(2) Recombinant variants that metabolize PCBs were constructed.

(3) Polymerase chain reaction techniques were developed and tested for
tracking genetically engineered microcorganisms in situ.

(4) Pilot scale activities are underway to evaluate the ability of PCB-
degraders to reduce PCB concentrations in contaminated soil under
controlled conditions.

Besides accomplishments, discussions of the utility of each thrust in

remediation practice, transitional research, and technology transfer are presented.




1 Introduction

The Strategic Environmental Research and Development Program (SERDP)!
Cleanup Project CU-720 was a multiagency project titled “Flask-to-Field
Initiative” spearheaded by the Environmental Engineering Branch,
Environmental Processes and Engineering Division, of the Environmental
Laboratory, Vicksburg, MS, of the U.S. Army Engineer Research and
Development Center (ERDC) (formerly the U.S. Army Engineer Waterways
Experiment Station (WES)). This multiyear project was conducted between
Fiscal Year (FY) 1994 and 2001 under the auspices of the Federal Integrated
Biotreatment Research Consortium (FIBRC). The overall goal of the project was
to develop field-implementable, cost-effective bioremediation technologies for
contaminants of interest to the DoD. The active FIBRC membership consisted of
the following agencies:

ERDC

U.S. Army-Natick Research Development and Environment Center, Natick,
MA

U.S. Army Engineer District, Baltimore, Baltimore, MD

U.S. Air Force Research Laboratory, Tyndall Air Force Base, Panama City,
FL

U.S. Naval Research Laboratory, Washington, DC

U.S. Naval Command, Control and Ocean Surveillance Center Research,
Development, Test and Evaluation Division (NRaD), San Diego, CA

EPA Environmental Research Laboratory, Athens, GA

EPA Robert S. Kerr Laboratory, Ada, OK

Great Lakes and Mid-Atlantic Hazardous Substance Research Center
(GLMAC), Ann Arbor, M1

Work was conducted at these institutions during the project period. Lead
researchers associated with the project at each institution are listed in Table 1.

A number of these projects were possible because of the sustained funding of
research and collaborations of different scientists, engineers, practitioners,
regulators, and site managers associated with Project CU-720. The Consortium

1 SERDP is the U.S. Department of Defense’s (DoD) corporate environmental research
and development (R&D) program, planned and executed in full partnership with the U.S.
Department of Energy (DOE) and the U.S. Environmental Protection Agency (EPA),
with participation by numerous other Federal and non-Federal organizations.
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Table 1
Lead Researchers Associated with FIBRC Projects Between
FY 1994-FY 2001

Government Agency Lead Researcher
U.S. Air Force Research Laboratory Dr. Jim Spain
Tyndall Air Force Base, Panama City, FL
U.S. Army Engineer District, Baltimore Ms. Pam Sleeper
Baltimore, MD
ERDC Dr. Herbert Fredrickson
Vicksburg, MS Dr. Douglas Gunnison
Mr. Lance Hansen
Mr. Jerry Miller

Ms. Catherine Nestler
Dr. Kurt Preston

Dr. Mohammad Qasim
Dr. Jeffrey W. Talley

Dr. Altaf Wani

Dr. Mark E. Zappi
U.S. Army Natick Research and Development Center Dr. Charlene Mello
Natick, MA
EPA Dr. Guy Sewell
Ada, OK
EPA Dr. Steven C. McCutcheon
Athens, GA Dr. Lee Wolfe
NRaD Dr. Sapine Aptiz
San Diego, CA
U.S. Naval Research Laboratory Dr. P. Hap Pritchard
Washington, DC
Howard University Dr. Jim Johnson
Washington, DC
Georgia Institute of Technology Dr. Kurt Pennell
Atlanta
Michigan State University Dr. James M. Tiedje
East Lansing Dr. John F. Quensen lll
University of Michigan Dr. Walter Weber
Ann Arbor

provided the scientists with access to field samples for research and to the
practical aspects of developing new technology. The practicing engineers and
site management personnel had an opportunity to work with the scientists
developing the technology, and the interactions resulted in bidirectional flow of
information between several projects. '

In addition, the following organizations also participated in the consortium in
an advisory capacity:

U.S. Army Engineer Cold Regions Research and Engineering Laboratory,
Hanover, NH

U.S. Army Engineer Construction Engineering Research Laboratory,
Champaign, IL

U.S. Army Environmental Center, Aberdeen Proving Ground, MD

DOE Argonne National Laboratory, Argonne, IL
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Between FY1994-2001, the Consortium (FIBRC) was headed by several

directors who supervised the Project CU-720:

Dr. Mark Zappi FY 1994 - 1995
Dr. Kurt Preston FY 1995 - 1996
Dr. Jeftrey Talley FY 1996 - 1997
Dr. Rakesh Bajpai FY 1997 - 1999
Dr. Jeffrey Talley FY 1999 - 2001
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2 Project Background

It has been estimated that the DoD has over 21,000 contaminated sites
containing hazardous organic chemicals requiring some form of remediation; the
total cost of their cleanup has been estimated to be $30 billion (Table 2). The
hazardous organic chemicals on these sites can be classified in the following
categories:

a. Low-molecular-weight fuels (hydrocarbons), aldehydes, ketones,
alcohols, phenols.

b. Polycyclic aromatic hydrocarbons (PAHs).
c. Explosives and energetics (nitrotoluenes, nitroazides, perchlorates).
d. Chlorinated solvents (chloroethenes and chloroethanes).
e. Polychlorinated biphenyls (PCBs).
Table 2
Typical Costs for Remediation of Soils and Groundwater
Matrix Treatment Technology Cost
Soil Chemical extraction $110-440/ mton
Base catalyzed decomposition $220-550 / m ton
Composting $190-290 /m ton
Excavation and landfill disposal $300-510/ m ton
Incineration $470-590 / m ton
Thermal desorption $45-330/ m ton
Water Carbon adsorption $0.32-1.70/1000 L
UV/Oxidation $0.03-3.00 /1000 L

Reference: Federal Remediation Technologies Roundtable Web site (updated in 2001),

httg:l/www.frtr.qov

All hazardous chemicals have the potential to impact the environment, but
those under categories b through e are particularly problematic due to both their
potentially toxic, mutagenic, teratogenic, and/or carcinogenic effect on the
exposed receptors and their recalcitrant nature (resistance to degradation).

Environmental restoration technologies consist of nondestructive and
destructive techniques. The nondestructive technologies (air stripping, soil
washing, thermal desorption, adsorption, extraction, landfilling, containment,
stabilization) generally use physical processes either to contain the contaminant
or to transfer the contaminant from one phase or media to another, thereby at
times postponing the task of contaminant destruction. For the sake of many site
restorations, the nondestructive technologies represent the best available
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technology (BAT) at present. While these are accepted today, technologies that
destroy or recover/reuse the chemicals are more desirable and may even be
mandated in the future. As a result, the government funding and regulatory
agencies (DoD, DOE, EPA, U.S. Department of Agriculture (USDA)) have been
encouraging development of innovative destructive technologies.

The destructive technologies include thermal, chemical, and biological
transformations. Thermal and chemical technologies usually require excavation
of the contaminated material and additional material handling. These activities
result in high energy costs and potential release of the contaminant to the
environment and exposure to personnel. Bioremediation (the biological
technology for transformation/mineralization of contaminants and site clean-
up/restoration) has been successfully commercialized for treatment of low-
molecular-weight total petroleum hydrocarbons (TPH) and other easy-to-degrade
compounds; it offers potential for recalcitrant compounds, but needs further
advances for widespread commercial application.

Bioremediation takes advantage of diversity of microbial metabolism to
transform/degrade the contaminants of interest. Biological treatment methods
offer the advantage of transformation under mild conditions, environmental
friendliness, potentially in situ operation, conversion of organics to less toxic or
innocuous compounds (carbon dioxide and water in the limit), and potentially
lower costs. It can also be more toxic, e.g., generation of vinyl chloride from
degradation of polychlorinated ethenes (PCE), trichlorothylene (TCE), and
dichloroethylene (DCE). The basic premise of this technology is that the
microbial capability to metabolize the hazardous chemicals (whether
anthropogenic or natural) either already exists in nature or can be developed by
the currently available tools of molecular biology. While this is generally true,
widespread commercial application of bioremediation technology is hampered by
the following considerations:

a. Design, operation, and evaluation of bioremediation technologies require
sophisticated knowledge of microbial transformation pathways, process
control, and analysis of large number of samples. A good understanding
of the microbial metabolism of the specific hazardous compound(s) is
essential for the success of the technology. The metabolic pathway(s)
used to transform a compound, the extent of transformation, and the
degree of its completion depend on the type of microorganisms as well as
the environmental conditions present in a medium. One cannot take for
granted that the microbial transformation would always result in
formation of innocuous compounds, as previously indicated. Failure to
realize this fact may result in an inability to achieve the desired level of
cleanup, in rare cases may even exacerbate the problem, and thus
inappropriately brand the biotreatment technology inappropriately as
“unsuccessful” in spite of its potential. One example is the formation of
vinyl chloride (a known carcinogen) as an intermediate during anaerobic
microbial transformation of trichloroethylene (a suspected carcinogen).
Accumulation of vinyl chloride must be avoided by appropriate control
of the bioremediation operation.

b. Given the heterogeneity and diversity in the nature of hazardous
chemicals, the microbial population, and the subsurface geochemistry,
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one cannot make an a priori assumption that microbial capability to
degrade a given hazardous chemical will be present at a specific site.
Even in the presence of sufficient microbial capability in an
environment, physical considerations (availability of the hazardous
chemical to the microbial community and mass transfer) and/or chemical
considerations (nutrients, electron acceptors and donors) may hinder the
requisite transformation. It is well documented that some naturally
occurring microorganisms require a separate energy source (phenomenon
of cometabolism) in order to transform trinitrotoluene (TNT), high-
molecular-weight (HMW or hPAH) PAHs, polychlorinated aliphatics,
and PCBs. Sound knowledge of microbial ecology and physiology, and
interactions of nutrients and electron donors and acceptors with the
environmental matrices is necessary for successful application of
bioremediation.

¢. The technologies and processes developed by scientists and engineers at
bench scale still must overcome the issues of field-scale heterogeneity,
uncertainty, implementation, economics, robustness, and regulators’ and
vendors’ caution toward an unproven technology. This is one of the key
roadblocks to widespread use of bioremediation in site restoration.

The expertise to address these considerations encompasses many diverse
disciplines (basic sciences, engineering, program and project management,
economics, public affairs). Development of bioremediation technology for the
restoration of contaminated sites requires a multidisciplinary team approach that
must comprehensively address the issues related to microbial ecology,
metabolism, physiology, metabolic engineering, reactor analysis and
development, process scale-up, economic analysis, field implementation, and
technology promotion. Such a coordinated action has generally not been possible
under the normal framework of single institutional research and development.
Sporadic and often sparse funding, inaccessibility to actual contaminated sites,
poor communication between research and development groups, inadequate
design and application engineering input into research plans, and poor
technology transfer to applied technology user groups have severely hindered
bioremediation process development.

SERDP Cleanup Project CU-720, “Flask to Field Initiative,” was initiated in
FY 1994 to address these concerns for recalcitrant compounds. It was a multi-
year and multidisciplinary team effort. Multidisciplinary teams involving several
eminent laboratories and engineering organizations of DoD, EPA, and academia
were formed under the umbrella of a consortium led by ERDC, Vicksburg, MS.
These laboratories and remediation specialists were selected based on their
expertise in one or more of the disciplines mentioned previously, history of
cooperation, and their ability to contribute to a complete solution for specified
problems.

The project was proposed as a new 6.2-level research program to enhance,
but not duplicate, the existing funded efforts in the DoD. It also complemented
both the EPA and DOE short- and long-term research strategies. In planning this
project the following 1993 DoD user requirements were considered and later
prioritized:
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Processes to remediate groundwater contaminated with hydrocarbon
fuels.

Treatment systems for water contaminated with organic coﬁtaminants.

Treatment systems for water contaminated with chlorinated and defense
hydrocarbons.

Treatment systems for water contaminated with mixtures of chlorinated
solvents.

Treatment of Navy-relevant contaminants in salt/brackish/groundwater
matrices.

Dredged sediments area decontamination and reclamation.

Improved marine sediment remediation technologies for metals, organics,
and PCBs.

Contamination under buildings and roads.
Technologies for isolation and decontamination of sludges.
Decontamination of soils containing energetic materials.

Remedial treatment technology for soils contaminated with chlorinated
and nonchlorinated organics.

Isolation and treatment technology for contaminated surface water
impoundments.

Improved shore and open ocean hazardous materials cleanup/restoration.
Improved fate, effects, and transport models for groundwater.
Enzyme and bacterial treatment technology.

Improved cleanup procedures at locations where underground storage
tanks (UST) have leaked.

These user problems and technology requirements pertained to a large list of
remediation technologies identified by the DoD installation environmental
officers and U.S. Army Corps of Engineers Districts (users) as needing futher
investigation by DoD researchers based on the existing problems facing the users
in their efforts to remediate federal lands. These problems also represented those
experienced by environmental engineers involved with Comprehesive
Environmental Response, Compensation, and Liability Act (Superfund)
(CERCLA) and Resource Conservation and Recovery Act (RCRA) activities.

Chapter 2  Project Background




3 Goals and Objectives

The overall goal of the project was to develop field-implementable, cost-
effective bioremediation technologies for contaminants of interest to the DoD.
The specific objectives were to increase understanding of bioremediation
(metabolism, process mechanisms, and limitations) and to bring at least one
process in each problem contaminant class to field status. Priority contaminants
of interest were energetics and explosives, PAHs, chlorinated solvents, and
PCBs. The matrices of concern were soil and groundwater. Specific objectives
for each contaminant class were as follows:

a. Energetics and Explosives.

Discover microorganisms able to destroy nitroaromatic contaminants.
Characterize pathways, enzymes, and reactions.

Adopt these systems for remediation of environmental contamination
in bioreactors and scale-up.

Demonstrate bioremediation potential at pilot and field scale.
Develop technologies for in situ bioremediation of nitroaromatic
compounds.

Gain an understanding of the control and organization of degradation
pathways for nitroaromatic compounds so that organisms with an
expanded catabolic range can be metabolically engineered to degrade
more recalcitrant nitroaromatic compounds.

b. Polycyclic Aromatic Hydrocarbons.

Isolate and characterize bacteria capable of degrading HMW PAHs.
Evaluate biosurfactants for enhancing bioavailability of sorbed PAHs
and isolate/characterize bacteria producing the biosurfactants.
Develop techniques for bioaugmentation of contaminated soil.

Implement and test bioremediation of HMW PAHs in pilot-scale field
tests.

¢. Chlorinated Solvents.

Develop tools to monitor microbial potential of reductive dehalo-
genation of chlorinated solvents at contaminated sites.

Implement and evaluate post-extraction reductive dehalogenation at
a solvent extraction field site based on pre-established flask-level
potential for reductive dehalogenation at a given site.
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e Prepare a design guidance document for implementation and
monitoring of Solvent Extraction Residual Bioremediation.

d. Polychlorinated Biphenyls.

e Develop genetically engineered organisms capable of growing on
PCB:s.

e Evaluate additives (surfactants and other chemicals) to enhance PCB
dechlorination. ‘

e Implement and test PCB bioremediation in pilot-scale field tests.
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4 Technical Approach

The organizational structure of the multiteam project is shown in Figure 1,
with the Consortium Director as project leader responsible for overall project
coordination and management, and reporting to the SERDP directorate and its
Science Advisory Board (SAB). The task of biotreatment process development
was organized into four thrust areas, one for each priority contaminant class. An
eminent scientist/engineer was assigned the task of thrust area leadership. The
thrust area leader was responsible for coordinating the activities of the different
research and development teams related to the contaminant class, as well as for
reporting the activities to the Consortium Director. The membership of the thrust
areas was based on the expertise of scientists and engineers in the active
institutions of the Consortium.

A fifth thrust area, design and evaluation, was also formed in the initial years
of the project. The membership of this thrust area included engineers from the
U.S. Army Engineer District, Baltimore, and ERDC. Both of these institutions
have extensive experience in economic evaluations and field implementation of
the remediation technologies. As a result, the goal of this thrust area was to
assist the researchers in other thrust areas in periodic evaluation of impact of
their own research (and development) on the overall design and economics of
their proposed technologies. In the later years, as the projects approached the
field activity, this design and evaluation activity ceased to be a separate thrust
area and became an integral part of activities of the remaining thrust areas.

The philosophy of process development in each thrust area involved a broad
project mix during the flask phase of the project, followed by focus on selected
projects deemed to be sufficiently advanced to reach a field implementation stage
in the later years. Each of the initial projects was targeted to a specific
technology. The Consortium Director regularly evaluated progress from the
quarterly and annual projects reports and presentations at the annual project
meetings. Yearly presentations to the SERDP SAB and to the SERDP staff also
provided opportunities to get external feedback. As the projects progressed, a
Technical Advisory Committee (TAC) was formed by ERDC and the
Consortium Director to assist the Director in the selection and focusing of the
project(s) during further development. The various members of the TAC during
the course of the project are listed in Table 3. The TAC first met in May 1997
and from then on continued to meet twice a year (until December 2000) to
evaluate the continuing projects and to provide their evaluations to the
Consortium Director. TAC thus represented transformation of review process of
the consortium projects from an informal to a formal and regular review.
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Dr. Jeffrey W. Talley
Director
Phone: (219) 831-5164
Jefirey. W.Talley.2@nd.edu

Mrs. Deborah Felt
Executive Assistant =
Phone: (601) 634-3576

feltd@wes.army.mil

Dr. Jim Spain
Explosives L Air Force Research Laboratory
Phone: (850) 283-6058
jim.spain@tyndall.af.mil

Dr. P. H. Pritchard
PAHs | Naval Research Laboratory
ppr@dmu.dk

Dr. Guy Sewell

Chiorinated Solvents |~ USEPA-RSK Lab
Phone: (680) 436-8566

sewell.guy@epa.gov

Dr. James M. Tiedje
I Michigan State University

PCBs Phone: (517} 353-8021

Tiedjej@pitot.msu.edu

Figure 1. Consortium organization

The TACs provided a valuable input by evaluating the progress of research at
different stages and influencing the Consortium resources to research and
developments most likely to be field implemented. Since the advisory committee .
had a number of practicing engineers in its membership as well, the technologies
being developed by the Consortium members were broadcast to the user
community as well. A key advantage of the multiyear Consortium-type project
was the high-quality technical review of progress by the different projects on a
continuous basis and potential of sustained funding for outstanding projects.

A schematic of the biotreatment process development in the Consortium is
presented in Figure 2. The technical approach within the Consortium was to
develop the most promising biotreatment processes at the bench scale and then
validate the technology at the pilot and field scale. Engineering groups worked
closely with scientists in evaluating the potential of the resulting technologies
and in the transfer of technologies from bench scale to field. The TAC
periodically reviewed projects for technical merit. The TAC was most active
from 1997 to 2000 in assisting the Consortium Director in focusing the
Consortium resources on projects with the most potential for process engineering
and pilot/field application. As a result, several laboratory projects were
discontinued in spite of satisfactory progress, and resources were redirected to
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Table 3

TAC Members of FIBRC

Name Company Years Served
Dr. Al Bourquin Camp Dresser & McKee 1997 — 2000
Dr. Richard Brown ERM, Inc. 1997 - 2000
Mr. Glenn Celerier US Environmental Protection Agency 1997 -~ 2000
Dr. Frank Chappelle | US Geological Survey, Research and Development 2000 - 2000
Mr. Richard Conway | Union Carbide (retired) 1999 - 2001
Dr. Ron Crawford University of Idaho 1998 - 2000
Dr. Craig Criddle Stanford University 1998 — 2000
Dr. Robert Hinchee Parsons Engineering Sciences 1997 — 2000
Mr. Ron Hoeppel U.S. Navy/Naval Facilities Engineering Service Center | 1997 — 1999
Dr. Joseph Hughes Rice University 2000 - 2000
Dr. Gary Klecka Dow Chemical Company 2000 - 2000
Dr. Donna Kuroda U.S. Army Corps of Engineers 1997 — 2000
Dr. Perry McCarty Stanford University 1997 — 1998
Dr. Anna Palmisano | U.S. Department of Energy 1997 - 2000
Dr. Roger Prince Exxon 1998 — 2000
Ms. Cathy Vogel U.S. Air Force 1997 — 1998
Dr. C. Herb Ward Rice University 1997 - 2000
Dr. David White University of Tennessee 1997 - 1999
Dr. Joseph Zelibor National Research Council 1997 — 1998

f o
N el
( Process Engineering )

Y

CANDIDATES FOR DEMONSTRATION
AND VALIDATION

Figure 2. Biotreatment process development in FIBRC

projects in pilot and field stages of evaluation. This regular evaluation and
redirection of resources remained a continued activity until December 2000,
when the project moved on to the stage of final reporting.

This report focuses only on those projects that went to the pilot and/or field
evaluation stage. Detailed reports on each of these projects are included in this
final report as appendices. The following section on highlighted accomplish-
ments summarizes the achievements in each contaminant class. The
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discontinued projects were described in the annual reports to SERDP and

resulted in several peer-review publications. A list of all the projects funded by

the Consortium between FY 1994 and FY 2001 is presented in Table 4.

Jones-Meehan

Table 4
List of Projects Funded by FIBRC
Principal
Thrust Area Investigator Title
Explosives Spain Discovery of Novel Enzymatic Reactions and
Determinations of Biodegradation Mechanisms
Sleeper Completion of FBR Pilot Demonstration for
Biodegradation of DNTs in Groundwater at VAAP
Mello Enhanced TNT Biodegradation Through Genetic
Modification
McCutcheon Phytoremediation of Munitions Contaminated Soils
and Sediments
Miller Phytoremediation of Explosives Contaminated
Groundwater using Wetland and Aquatic Plants
Qasim Enhancing TNT Biodegradability by Chemical
Transformation of TNT
hPAH Pritchard Bioremediation of HMW PAHs: Effectiveness of

Specialized Techniques in Bioaugmentation and
Bioavailabity Enhancement

Fredrickson

Bioremediation of HMW PAHs: Effects of
Contaminant Mixtures on hPAH Biotreatability

Weber

Intermittently Mixed Reactor Systems for
Enhancement of Mass Transfer and Bioavailability
in the In-Situ Treatment of DNAPL-Contaminated
Soil and Sediments

Chilorinated Solvents

Sewell

Anaerobic Bioactive Wall for In-Situ Reductive
Bioremediation of Chloroethenes using Induced
Electrical Potential

Sewell

Solvent Extraction Residual Biotreatment (SERB)

Tiedje

Distinguishing the Microbial Communities Active in
the Enhanced Anaerobic Treatment of Chlorinated
Ethenes

McCutcheon

Phytoremediation of Shallow Chlorinated Solvent
Plumes: Engineered Tree Plantations and
Constructed Wetlands

PCBs Tiedje, Pennell, Enhancing PCB Bioremediation
Fredrickson
Design Sleeper Design and Cost Evaluation
Support Talley, Bajpai Project Management, General Support to Pls and

TAC; Contingencies for Initiating Field Activities in
hPAH or PCB Thrust Areas
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5 Highlighted
Accomplishments

Energetics and Explosives

This thrust area was led by Dr. Jim C. Spain of the Air Force Research
Laboratory (AFRL), Tyndall Air Force Base, FL. A detailed summary of the
accomplishments of the group under Project CU-720 funding is provided by the
thrust area leader in Appendix A. Major contributors to the effort at the AFRL
are identified in the thrust area leader's report. In addition, Baltimore District,
Envirogen, Inc., Malcolm Pirnie, Inc., and Stone and Webster Environmental
Technology and Services also contributed to pilot and field-scale investigations.
The work conducted under the project resulted in 38 peer-reviewed publications
6 technical reports, 3 conference/symposium proceedings papers, 44 published
technical abstracts, and 8 published textbooks/chapters.

M

The following were key accomplishments in the explosives thrust area:

a. Characterization of novel metabolites formed from TNT by a nitrobenzene-
degrading strain of Pseudomonas pseudoalcaligenes. Strain JS45,
isolated for its ability to grow aerobically on nitrobenzene (NB), was
found to transform TNT rapidly into previously unknown metabolites
using a novel pathway. Nitrobenzene nitroreductase from JS45 partially
reduces nitro groups to hydroxylamines but not to amines. The enzyme
catalyzed the reduction of TNT to yield 2,4-dihydroxylamino-6-
nitrotoluene (DHANT). In whole cells, a nonspecific nitroreductase
catalyzed the conversion of DHANT to 2-hydroxylamino-4-amino-6-
nitrotoluene (2HA4ANT). 2HA4ANT was further oxidized to unknown
products that disappeared during subsequent incubation, and a major
portion of the carbon was incorporated into the cells. Identification of
the end products and evaluation of kinetics of the reaction(s) are
continuing in Dr. Spain's laboratory.

b. Pathways and genetic studies for microbial degradation of mono- and
dinitrotoluenes. Bacteria able to utilize 2-nitrotoluene (2-NT), 4-nitro-
toluene (4-NT), 2,4-dinitrotoluene (2,4-DNT), and 2,6-dinitrotoluene
(2,6-DNT) as sole carbon and nitrogen sources have been isolated and
the degradative pathways have been identified both prior to and under
the auspices of Flask to Field. Three different pathways for degradation
of 4-NT have been identified in bacteria, but only a single 2-NT
degradation pathway has been found. Several strains degrading the
DNTs have been isolated. The DNT degradation pathways found in all
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isolates to date start with an initial oxidative attack that results in the
release of one nitro group from the DNT ring. The pathways for
degradation of 2,4- and 2,6-DNT then diverge. 4-Methyl-5-nitrocatechol
formed from 2,4-DNT undergoes a monooxygenese attack at the
remaining nitro-substituted position to form 2-hydroxy-5-methyquinone
with the release of the second nitro group. The quinone undergoes ring
cleavage following conversion to 2,4,5-trihydroxytoluene by a quinone
reductase. In contrast, 3-methyl-4-nitrocatechol formed from 2,6-DNT is
attacked by an extradiol ring-cleavage-dioxygenase to yield 2-hydroxy-
5-nitro-6-0x0-2,4-heptadienoic acid. The acid is then hydrolyzed to 2-
hydroxy-5-nitro-2,4-pentadienoic acid and acetic acid. The second nitro
group is released in a subsequent reaction. The genes involved in the
pathways have been cloned and sequenced.

Bench-scale groundwater studies for ex situ bioremediation of DNT
mixtures. A small fluidized-bed reactor (FBR) with sand as carrier for
microorganisms was used to treat an artificial groundwater containing
2,4- and 2,6-DNT. Complete and simultaneous mineralization of
mixtures of DNTs was demonstrated at various DNT loading rates. The
hydraulic retention times and oxygen requirements to support
degradation were established. During the process, a “dual degrader”
capable of degrading both DNTs simultaneously was isolated. When the
artificial groundwater was replaced with contaminated groundwater from
Volunteer Army Ammunition Plant (VAAP), Chattanooga, TN,
containing mixture of NTs and DNTs, >98 percent of all the
nitrotoluenes were removed at a hydraulic retention time of 3 hours with
the exception of 2,6-DNT, for which the removal efficiency was 62
percent. When sand was replaced with granular activated charcoal
(GAC) as the cell-carrier, the mixed microbial community attached to
GAC was capable of degrading all of the nitroaromatic compounds (NTs,
DNTs, TNT), and the attached community could be recovered after
storage. However, the GAC needed to be saturated with all the
nitroaromatics before inoculation with degradative bacteria in order to
have a successful start-up of the reactor.

VAAP pilot study for treatment of groundwater contaminated with
nitrotoluenes. A pilot-scale field study based on the bench-scale studies
was conducted for 5 months in spring-summer 1998 at VAAP. The
objective was to demonstrate the feasibility of using an FBR to remediate
nitrotoluene-contaminated groundwater and to establish the parameters
for designing full-scale FBR systems for nitrotoluene remediation. The
groundwater at the site contained a mixture of mono-, di-, and trinitro-
toluenes. The groundwater required pH adjustment but no other
amendments. Temperature control was also not necessary. The removal
efficiencies for 2-NT, 3-NT, 4-NT, and 2,4-DNT were high throughout
the test period. Removal efficiencies for TNT varied between 33 and

73 percent depending on the hydraulic retention time. Removal of 2,6-
DNT was low during the initial phases of the study, but improved
dramatically after 4 months of operation. The cause for initial inhibition
of degradation of 2,6-DNT was attributed to some nonpolar organic
component present in VAAP groundwater to which the system
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acclimated after several months. Cost analysis, based on treatment rates
limited by degradation rates of 2,6-DNT, showed that the aerobic FBR
technology is more cost-effective than ultraviolet (UV)-ozone treatment
or simply GAC treatment when the total nitrotoluene removal rate
exceeds 120 Ib/day (54 kg/day). ‘

Bioremediation for treatment of a 2,4-DNT contaminated industrial site.
Preliminary studies indicated that added DNT-degrading microorganisms
rapidly mineralize DNT present in the seep water from the waste gypsum
stack of a former phosphate fertilizer plant. Indigenous DNT degraders
were isolated from the holding ponds on the site, and pH and nutrient
conditions for DNT degradation in seep water were established in the
laboratory. Artificial wetlands are being planned as the treatment
alternative for DNT contamination at the site.

Biodegradation of DNT in soil slurries. Remediation of DNT in
contaminated soil was demonstrated in bench-scale slurry reactors. Both
2,4- and 2,6-DNT were repeatedly removed from highly contaminated
soil by inoculated DNT-degrading bacteria. Forty-three to sixty percent
of radiolabeled DNT was recovered as “CO,. In studies with
contaminated soil in pilot-scale airlift reactors, coarse sand particles
needed to be removed in a preprocessing wash step. At low loading rates
of soil (continuous feed), both the DNT isomers were degraded, but the
operation was limited by the degradation rate of the more recalcitrant
isomer. Sequential treatment of 2,4- and 2,6-DNT reduced the overall
treatment time. Nitrite toxicity to 2,4-DNT degradation limited the soil
loading to 40 percent. Cost analysis showed that sequential slurry
treatment system is competitive with thermal treatment with estimated
costs of $100-200 per cubic yard.

In situ bioremediation of DNT in soil. Feasibility of in situ bioremediation of
DNT-contaminated soil was investigated with soil obtained from Badger
Army Ammunition Plant (BAAP), Wisconsin. The soils contain
indigenous populations of DNT-degrading bacteria that are adapted to
degrade DNT at high soil pH. Addition of phosphate and moisture were
sufficient to initiate DNT degradation in field-contaminated soils within
2 weeks at room temperature and within 2-3 months at normal soil
temperature of 13 °C. No other macronutrient was required for complete
degradation of DNT. Phosphate addition stimulated but was not
necessary for DNT degradation. Low temperature, lack of moisture, and
accumulation of nitrite are the main deterrents to rapid biodegradation of
DNT in the BAAP soils. A demonstration of in situ degradation of DNT
was performed by Stone and Webster Engineering for the U.S. Army
Corps of Engineers and BAAP. Air was delivered by converted soil-
vapor extraction vents, moisture and macronutrients were supplied by
groundwater recharged through infiltration pipes, temperature was
manipulated by heating the recharged groundwater, and nitrite was
destroyed in an artificially created downgradient anaerobic zone. In a
5-month study that started in April 2000, the concentration of 2,4-DNT
in recirculating groundwater dropped from 16,000 to 130 mg/L and the
ratio of 2,4- to 2,6-DNT changed from 50:1 to 1:5. Cost savings for
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cleanup of DNT-contaminated soil at BAAP using this technology has
been estimated to be $60-65 million with a time saving of 10 years.

h. Nitrobenzene (NB) degradation pathways. An oxidative pathway for
biodegradation of NB, a model nitroaromatic compound, was elucidated.
Extensive work was done to purify the enzymes and identify the genes of
both the oxidative pathway and the previously identified partially
reductive pathway in order to better understand the mechanisms by
which nitroaromatic degradation pathways evolve.

Polycyclic Aromatic Hydrocarbons

This thrust area was led by Dr. P. H. Pritchard of the Naval Research
Laboratory, Washington, DC. A detailed summary of accomplishments by this
group under the Project CU-720 funding is provided by the thrust area leader as
Appendix B. Major contributors in this effort included Dr. Joanne Jones-Meehan
and Dr. William Straube (Naval Research Laboratory), Mr. Lance Hansen
(ERDC, Vicksburg, MS), Ms. Cathy Nestler (Applied Research Associates Inc.,
Southern Division, Vicksburg, MS), and Drs. William Jones and John Hind
(Maryland Biotechnology Institute, Baltimore, MD). The work conducted under
this project contributed to 3 peer-reviewed publications, 2 technical reports (an
additional 2 reports under preparation), 4 conference/symposium proceedings
papers, 11 published technical abstracts, 2 international presentations, and 1
patent application.

The following were key accomplishments in this thrust area:

a. Isolation and characterization of bacteria capable of degrading high-
molecular-weight PAHs. Isolates capable of growing on PAHs were
obtained from PAH-contaminated soil using enrichment culture
techniques. These isolates did not grow on higher molecular weight
PAHs (pyrene and above) but demonstrated an ability to degrade these
compounds, suggesting that cometabolism was occurring. Most of the
isolates were also able to degrade low-molecular-weight PAHs. Using a
modified enrichment procedure and a plate screening technique, a variety
of cultures capable of using fluoranthene or pyrene as growth substrates
were isolated. Many of these isolates transformed other 4-, 5-, and 6-
ring PAHs as well, and belonged to Sphingomonas and Mycobacterium
spp. When the isolates were grown in the presence of supplemental
carbon sources, the rates of degradation of PAHs were faster suggesting
that the capability to degrade PAHs was not affected by alternative
growth substrates. EPA 505 was highly effective in removing 4-, 5-, and
6-ring PAHs (67 percent removal compared to 28 percent removal by the
next best strain, Mycobacterium strain PRY-1) and showed the highest
rate of removal (91 percent) of the PAHs overall. Only two or three
other isolates were able to grow on or cometabolize PAHs as well as the
Sphingomonas paucimobilis, strain EPA 505.

b. Pyrene degradation. Pyrene, a nongrowth PAH for EPA 505, is
cometabolically degraded by this strain, forming two different partial
degradation products. Both of these compounds suggested opening of an
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aromatic ring, and both indicated an inability to cleave carbon moieties
to use for growth. The ability to transform a compound by two different
actions was accredited to a very loose specificity of the dioxygenase
enzymes responsible for metabolizing phenanthrene and fluoranthene.

Phenanthrene. Phenanthrene and pyrene are cometabolized by

S. paucimobilis EPA 505, which prefers the former to the latter PAH.
Phenanthrene inhibits pyrene metabolism, but does not suppress it
completely. However, pyrene metabolism in cells pre-exposed to
phenanthrene was faster than in the cells not pre-exposed to
phenanthrene. This observation was recognized to have great
significance for the PAH degrader if it needs to be added to the soils in
order to enhance PAH biodegradation.

Chemical surfactants. The chemical surfactant Triton X-100 was found
to be toxic to PAH degraders belonging to Sphingomonas spp. and
Mycobacterium spp. The nonionic surfactant Tween 80, however, had a
stimulatory effect on the mineralization of fluoranthene by both the
microorganisms. When the degradation of a mixture of PAHs by S.
paucimobilis EPA 505 was studied in presence of Tween 80, an increase
in availability of all the PAHs to the microorganisms was observed. At
the same time, an ordered sequential degradation of phenanthrene,
fluoranthene, and pyrene was observed. The sequential degradation was
probably due to specificity of the initial dioxygenase system in the cells
to the three PAHs.

Evaluation of biosurfactants for enhancing bioavailability of sorbed
PAHs and isolation/characterization of bacteria producing the
biosurfactants. Using extraction experiments for phenanthrene and
fluoranthene, it was established that thamnolipid biosurfactant was much
more effective at emulsifying PAHs from soil than was lichenysin
biosurfactant. A rhamnolipid-producing strain, Pseudomonas
aeruginosa strain 64, was isolated in ERDC using enrichment cultures
from TNT-contaminated soil. The cell-free culture broth of P.
aeruginosa strain 64, grown on glycerol, was found to cause a significant
enhancement in solubilization of PAHs from contaminated soils (5-6
times more HMW PAHs in solution than in control). The enhancement
in solubilization of phenanthrene, fluoranthene, and pyrene by
rhamnolipid was also greater than that produced by chemical surfactant,
Triton X-100, as illustrated in Figure 3 (Figure 9 in Appendix B).

Development of carrier technology for bioaugmentation of contaminated
soil. Laboratory studies showed that vermiculite-carried P. aeruginosa
strain P64 and S. paucimobilis strain EPA 505 cells remain viable for
several months when stored on the biocarrier at room temperature. The
ability of EPA 505 to mineralize fluoranthene in soil was not affected by
immobilization of the cells on vermiculite. Dried blood fertilizer was
found to be an effective source of degradable carbon and nitrogen for

P. aeruginosa strain 64 and resulted in production of rhamnolipid
biosurfactants in liquid cultures. For soil use, the loading rate was
established at 2 percent vermiculite inoculated with P. aeruginosa (by
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weight of the soil) and 2 percent dried blood fertilizer (by weight of the
soil).

- -#- Fluoranthene + Rhamnolipid

~ M~ Flusranthene + Triton X-100
--# -« Phenanthrene + Rhamnolipid
-~ -~ Phenanthrene + Triton X-100
— # - Pyrene + Rhamnolipid

- #% - Pyrene + Triton X-100

—&— Benzo[alpyrene + Rhamnolipid
~—— Benzo[a)pyrene + Triton X-100
— #— Chrysene + Rhamnolipid

~ M~ Chrysene + Triton X-100

Solublized PAH {ug/mL)

40

Surfactant Concentration {X CMD)}

Figure 3. The solubilization of PAHs by P. aeruginosa strain 64 rhamnolipid
and Triton X-100 (a synthetic surfactant)

g Implementation and testing of bioremediation of HMW PAHs in
microcosms and pilot-scale field tests. Microcosm studies were
conducted with 100 g pentachlorophenol (PCP)- and PAH-contaminated
soil from the Popile, Inc., site, a former wood treatment facility in El
Dorado, AR (13,000 mg/kg PAHs and 1,500 mg/kg PCP). Both the
biostimulation and the bioaugmentation soil samples were mixed with
ground rice hulls as bulking agent, and dried blood fertilizer. Bioaug-
mentation was accomplished using P. aeruginosa strain 64 on vermic-
ulite carrier. All samples were placed in sterile plastic cups with tight-
fitting snap lids. Water content in the soil was maintained at 30-40
percent by weight. The cup contents were stirred thoroughly weekly to
simulate tilling of field units. A dramatic decrease (87 percent in total
PAHs and 67 percent in total Benzo(a)pyrene (BaP) equivalents) was
observed in the P. aeruginosa bioaugmented microcosms compared with
decreases of 34 percent in total PAH and 57 percent in total BaP
equivalents in cups that were simply biostimulated (i.e., supplied only
with bulking agent, dried blood fertilizer, and stirring) after 11 months of
incubation. The corresponding decreases in control cups were 23 percent
and 48 percent, respectively.

(1) Since P. aeruginosa strain 64 does not degrade phenanthrene or
HMW PAHs, the enhanced degradation of PAHs in bioaugmented
microcosms was attributed to stimulation of the autochthonous PAH-
degrading communities already present in the soil, and to an
enhanced bioavailability of the PAHs to these communities. After a
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period of 3-4 weeks, the color of the bioaugmented PAH-
contaminated soil was different from that of the biostimulated soil,
presumably due to production of pyocyanin pigment by P64 cells.
Formation of the pigment is coordinately regulated with production
of thamnolipid biosurfactant in P. aeruginosa strain 64 cells. The
soil from such microcosms, when suspended in saline solution,
showed fine particles that remained suspended in aqueous phase for
hours to days longer compared to soil from microcosms that were not
bicaugmented. Neither the biodegradation activity by the
autochthonous communities nor the growth of P. aeruginosa cells
was inhibited by the high concentration of PCP present in soil.

(2) Although strain EPA 505 was previously shown to degrade HMW
PAHs in pure culture, its addition to soil microcosms did not cause
any enhancement in PAH removal. The addition of EPA 505 to
improve PAH degradation was problematic due to its sensitivity to
soil conditions (i.e., toxic creosote components, competition with
indigenous microbial communities, etc.). No EPA 505 cells were
detected in Popile soil after a couple of days of incubation. Clearly
more research is required to make it a useful and practical tool to
increase cometabolic degradation of HMW PAHS.

Pilot-scale field tests in land treatment units (LTU): These studies were
conducted in two open trenches (20 by 4 by 1.5 ft (6 by 1.2 by 0.5 m))
containing contaminated soil to a depth of 1.0 ft (0.3 m). This two-phase
study was designed to evaluate several cultivation and management
strategies for landfarming of HMW PAHs. In both the LTUs, soil
moisture was adjusted to 50-80 percent of the field moisture capacity.
Leachate from the LTUs was collected on a regular basis. Soil was
cultivated using a rear-tine rotary cultivator. LTU1 was cultivated
initially and on day 71. LTU2 was cultivated on a bimonthly basis for
the first 6 months, and then quarterly for an additional 24 months.
Nitrogen was amended to the LTUs twice during the initial 6 months.
Maintaining nitrogen content in the desired range was difficult as even
slow-release nitrogen was easily washed out following each rain event.
As a result, biostimulation was not achieved effectively. After 30 months
of operations, the concentration of PAHs in both the units had decreased
by 69 percent starting from an initial value of 13,000 mg/kg. Disappear-
ance of PAHs in both the LTUs followed a first-order kinetic pattern,
with half-life of PAHs of 14.7 months. Respiration analysis, coupled
with reduction in heavy PAHs (4-, 5-, and 6-ring), demonstrated
significant biological activity even at the unusually high contaminant
concentrations involved.

Pilot-scale field tests in troughs: These studies were conducted in three
galvanized steel troughs (10 by 3 by 2 ft (3 by 0.9 by 0.6 m)) with 12-in.
(0.3-m) depth of contaminated soil or soil/amendment mix. The
objective of this study was to confirm, at pilot scale and under
landfarming conditions, the improved biodegradation of HMW PAHs
using both biostimulation and bioaugmentation as observed at flask
scale. In all the troughs, soil moisture was regularly checked and
adjusted to 50-80 percent of field moisture capacity and tilling was done
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using front-tine rotary cultivators. The troughs were in an environment
where temperature was not controlled. Soil temperature in winter
months (months 5-8 of the study) averaged 12 °C. Trough 1 (control)
did not receive any amendments other than adjustment of moisture.
Trough 2 (biostimulated) received powdered rice hulls (1:1 volume ratio
with the soil) and nitrogen (dried blood at 2 percent weight per weight
(w/w) of the soil). Trough 3 (bioaugmented) received vermiculite

(2 percent w/w of the soil) inoculated with P. aeruginosa strain 64, in
addition to rice hulls and dried blood. The study was conducted for

16 months. The control (Trough 1) showed only 12 percent reduction in
total PAH concentration based on initial values, and no removal of
HMW PAHs. The reduction of total PAH concentration in the biostimu-
lated (Trough 2) and bioaugmented (Trough 3) troughs was 86 percent
and 87 percent, respectively. The initial rate of biodegradation of PAHs
was higher (50 percent reduction in the first 6 months) in the bioaug-
mented trough compared to that in the biostimulated trough (50 percent
reduction in the first § months).

(1) The results of trough and LTU studies are presented in Figure 4
(Figure 37 in Appendix B). Both the biostimulated and
bioaugmented troughs achieved significantly higher removal of
PAHs than the LTUs. PAH degradation in both the pilot-scale
projects occurred in patterns, with lower molecular weight PAHs
degrading first, followed by consecutively larger molecules.
Degradation of next higher ring PAHs did not require that the lower |
ring compounds be completely degraded first. The PAH-degrading
bacteria did not appear to be sensitive to temperature changes as both
the increases in biomass and respiration activity continued
vigorously even during winter conditions.

(2) Together, the two pilot-scale projects allowed comparison of several
field treatment variations using the same contaminated soil. Trough
studies clearly indicated that both biostimulation and bioaugment-
ation are beneficial at pilot scale as well as in flasks. When properly
conducted, these can result in significant reduction in the time
required to achieve the desired reduction in PAHs.

This research has demonstrated the existence of indigenous microorganisms

for degradation of HMW PAHs. As a result, biodegradation of PAHs from
contaminated soils is dependent on the availability of these compounds to the
microorganisms. This research has also demonstrated that biosurfactant
producers can play an important role in bioremediation of PAH-contaminated
soils. When managed properly, bioaugmentation and supplementation of the soil
with nutrients would result in significant enhancements in the rates of biodegra-
dation of the contaminants.
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Figure 4. A comparison of PAH degradation between traditional land farming
units (LTUs) and enhanced land farming troughs

It is traditionally believed that, for landfarming treatment, cultivation of the
contaminated soil through intensive tilling is required for successful bioremedi-
ation. This study demonstrated that this might not always be the case. While
tilling appears to enhance the biodegradation of PAHs initially, primarily by
increasing the microbial biomass, overall, landfarming of PAHs does not appear
to be driven by soil mixing. Soil moisture content also does not seem to be as
important as previously thought. Therefore, preliminary, pilot-scale studies
should be done in order to optimize conditions favorable to the full-scale effort.
High contaminant concentration usually eliminates landfarming immediately as a
remediation option. Again, this study demonstrated that this might not be
necessary, especially if time is not a consideration. Even at the high PAH
concentrations associated with the Popile soils, successful bioremediation was
possible.

When setup costs and operation and maintenance (O&M) costs are
calculated, overall remediation expenditures could be significantly reduced if a
PAH landfarming site was treated quarterly instead of weekly. As an example,
based on 1999 cost estimates for the northeastern United States, traditional
landfarming of this soil would require a minimum $3.5 million for a single year
of treatment. One alternative, 6 months of intensive treatment followed by
6 months of minimal treatment, would require approximately $1.6 million. A
second alternative, 12 months of minimal treatment, would require less than
$500,000. Therefore, choices in landfarming options could provide significant
savings at sites where time is not a factor. As well as decreasing costs, limiting
the intervention at a site decreases the potential for human exposure to the
contaminant, the production of fugitive dust (air particulates), and the possibility
of accidental groundwater contamination.
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The significance of these positive results is further enhanced in light of the
excessive PCP cocontamination, common to wood treatment facilities, but rarely
studied in conjunction with PAH degradation in the laboratory. Biological
degradation of seemingly high concentrations of PAHs has not been successfully
demonstrated in previous efforts. As this study showed, microbiological analysis
coupled with contaminant degradation analysis demonstrated biological
degradation of the recalcitrant compounds. Biological degradation of PAHs with
previously reported inhibitory PCP concentrations is possible, and appropriate for
sites where time is available for long-term active bioremediation.

Chlorinated Solvents

This thrust area was led by Dr. Guy W. Sewell, Subsurface Protection and
Remediation Division (SPRD) of the National Risk Management Research
Laboratory (NRMRL), EPA, Ada, OK. A detailed summary of accomplishments
by this group under the Project CU-720 funding is provided by the thrust area
leader and as Appendix C. Major contributors in this effort included Ms. Susan
Mravik and Dr. Lynn Wood of NRMRL, Dr. Jim Tiedje of Michigan State
University, Dr. Michael Annable and associates from the University of Florida,
Gainesville, and Mr. Kevin Warner of LFR Levine Fricke. The work conducted
under this project contributed to 7 peer-reviewed publications, 6 technical
reports, 2 conference/symposium proceedings papers, 13 published technical
abstracts, 1 thesis, and 12 conference presentations.

A proposed pathway for biotransformation of chloroethenes is shown in
Figure 5 (Figure 1 of Appendix C). This pathway suggests serial dechlorination
of PCE to form end products of ethane and carbon dioxide.
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Figure 5. Biotransformation pathways for chloroethenes
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The following were key accomplishments in this thrust area:

a. Development of tools to monitor microbial potential of reductive
dehalogenation of chlorinated solvents at contaminated sites.

(1) Source material for evaluation of microbial ecology and molecular
probes for microorganisms capable of reductive dechlorination of
chloroethenes was obtained from a number of chloroethene-
contaminated sites. The enrichments that completely dechlorinated
PCE were further enriched on the lesser chlorinated ethenes, cis-
DCE, and vinyl chlorides separately. The resulting subcultures
completely dechlorinated their respective chlorinated ethene. The
ability to biotransform these compounds was maintained by the
subcultures for more than 10 transfers in basal salts mineral medium.
Subcultures were subjected to an analysis of the 168 ribosomal
ribonucleic acid (rRNA) genes by denaturating gradient gel
electrophoresis (DGGE) and terminal restriction fragment length
polymorphism (T-RFLP). The changes in community structure were
evaluated by PCR (polymerase chain reaction) amplification of 16S
rRNA genes from deoxyribonucleic acid (DNA) extracted from a
microbial community in which one of the primers is labeled with a
fluorescent molecule. After digesting the resulting fluorescently
labeled PCR product by restriction enzyme, the fragments are
resolved using an automated DNA sequencer. The resolved terminal
fragments provide a fingerprint of the community, and an estimate of
the number of ribotypes in a community. 16S ribosomal deoxyribo-
nucleic acid (rDNA)-based PCR methods for detection of PCE-
dechlorinating Dehalococcoides species and Desulfuromonas sp.
Strain BB were developed and used to monitor their presence in
environmental samples. The obligate hydrogenotrophic organism
Dehalococcoides ethenogenes is the only known pure culture
capable of complete reductive dechlorination of PCE to ethane using
hydrogen as the ultimate electron donor. Desulfuromonas sp. Strain
BBI is a dechlorinator that utilizes acetate as an electron donor to
support the reductive dechlorination of PCE and TCE.

(2) The pilot site material was subjected to direct and postamplification
ribosomal gene probing with probes developed from known PCE-
dechlorinating bacteria. A sample from one location at the pilot site
resulted in visible amplification in the initial PCR with the universal
primers. Nested PCR with the Dehalococcoides-targeted primers
yielded a positive signal with the sample. Presence of the
dechlorinators was confirmed using microcosm studies. Evaluation
of the initial samples from the test site indicated “inadequate” to
“limited” evidence for naturally occurring reductive dechlorination
of chlorinated solvents based on the observation of aerobic
conditions, lack of sulfate reduction or methane production, and low
levels of dechlorination products, such as chloride, ethane, and
ethene. Based on this assessment, the conclusion was that
remediation by natural attenuation had limited potential as a
significant component of the overall remedial strategy for effective
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cleanup of the site. Molecular analysis and microcosm studies using
material from the site indicated potential for complete reductive
dechlorination of PCE to ethene. Additional samples collected prior
to the cosolvent extraction test and 1 and 2 years following the test
are being analyzed to determine the changes in microbial ecology
that may have occurred. These samples are currently being analyzed
and the data are not available at this time.

b. Implementation and evaluation of postextraction reductive halogenation
at a solvent extraction field site based on preestablished flask-level
potential for ethanol-enhanced reductive dehalogenation at a given site.

(1) The cosolvent flushing pilot test activities at a former dry cleaner site
(Sage’s) in Jacksonville, FL, were completed on September 10,
1998, with the collection of posttest groundwater samples. The site
had extensive PCE contamination, and a subsection also suspected of
having separate phase dense non-aqueous phase liquids (DNAPL)
contamination was selected for pilot demonstration of Solvent
Extraction Residual Biotreatment (SERB). Schematic drawings
illustrating the application of SERB technology are shown in Fig-
ure 6. Comparison of core material collected prior to and following
the cosolvent-flushing test indicated a PCE removal effectiveness of
65 percent. The hydraulic containment system was adequate to
maintain capture within the testing zone. The cosolvent extraction
pilot at the Sage’s site was a successful demonstration of the removal
of a significant mass of DNAPL contaminant from a selected zone.

(2) The postflush assessment of the ethanol-enhanced in situ microbial
degradation of the chlorinated solvents has been going on for
2-1/2 years. The contour plots of the electron donor, ethanol, show
decreasing concentrations and downgradient movement of ethanol
over time. The data also show that a significant amount of electron
donor is still available after 2-1/2 years for subsurface microbial
activity. Hydrogen, the ultimate electron donor, has been detected at
the site. Similarly, acetic acid, an intermediate of the microbial
degradation of ethanol, has also been detected. At some locations,
acetic acid concentrations have peaked and are now decreasing,
suggesting that the microbial population at these locations is shifting
from those utilizing ethanol to those consuming acetic acid. The
contour plots of acetic acid show that a significant amount of the
ethanol is being completely degraded to carbon dioxide and
hydrogen gas.

c¢. Dissolution of DNAPL by cosolvent flushing technology. Separate and
mixed areas of DNAPL and cosolvent exist in the subsurface following
cosolvent extraction.

d. Development of bioactive zones conducive to the reductive dechlorination of

DNAPL. The formation of the daughter products of PCE at the site since
solvent flushing suggests that in situ reductive dechlorination is
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b. Dissolution of DNAPL by cosolvent flushing technology

Figure 6. Application of the SERB technology (Continued)
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c. Separate and mixed areas of DNAPL and cosolvent exist in subsurface
following cosolvent extraction

d. Development of bioactive zones conducive to the reductive dechlorination
of DNAPL

Figure 6. (Concluded)
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occurring. The process appears to have begun initially in the area where
the cosolvent extraction was conducted and later at locations
downgradient of the targeted source area.

(1) PCE concentrations began to decrease after approximately one year
of monitoring in all the injection and return wells. In general, the
downgradient monitoring wells showed an increase in PCE (from
10 to 60 mg/L) for the first 6 months following the cosolvent flush
and then a decrease in concentrations to less than 5 mg/L after
2 years of monitoring. The concentrations of TCE and cis-DCE, the
first and second daughter products of dechlorination of PCE,
increased in the groundwater following the cosolvent flushing test.
TCE concentrations increased in all wells during the first 19 months
of monitoring, up to as high as 15 mg/L, and then decreased to
relatively low concentrations (<4 mg/L). After 6 months, significant
cis-DCE (up to 4 mg/L) had formed in the area of the cosolvent
extraction and immediately downgradient. After 19 months
significant cis-DCE formation (>10 mg/L) was detected in the wells
further downgradient. Groundwater samples, analyzed for the
isomers of cis-DCE, trans-1,2-DCE and 1,1-DCE, showed that these
compounds made up less than 10 percent of the DCE analyzed.
This ratio is indicative of biological transformations, which seem to
favor cis-DCE as the predominant product under most conditions.
Vinyl chloride, the next dechlorination product after DCE and a
known carcinogen and regulated contaminant, was not detected in
any groundwater samples collected from the site during the
monitoring period. Ethylene, which is the final dechlorination
product in the biotransformation of PCE, was detected at noticeable
levels within 6 months following the cosolvent flushing test. This
confirms the activity of the obligately hydrogenotrophic organism
D. ethenogenes, which is the only known strain capable of complete
dechlorination of chloroethenes to ethylene.

(2) All locations showed a decrease in sulfate concentrations over the
monitoring period. The contour plots of sulfate concentrations give a
strong indication that sulfate-reducing bacteria are becoming active
and creating conditions conducive to the reductive dechlorination
process. Along with the removal of sulfate there was a production of
methane, which indicates that methanogenesis has been enhanced.
Methane production began approximately 6 months after flushing
was initiated and was measured in all wells. As with the sulfate
removal, methane production began in the area near the cosolvent
flushing test and concentrations downgradient increased after 14 to
19 months.

e. A design guidance document for implementation and monitoring of
Solvent Extraction Residual Bioremediation (SERB). This design
guidance document is the first draft based on the experiences with the
technology of solvent extraction residual bioremediation at Sage’s site in
Florida. It discusses the regulatory aspects of SERB, its cost
considerations, and implementation. Methods for evaluating the
potential of natural attenuation of contamination at the site and the
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suitability of subsurface ecology for sustained biotreatment have been
detailed. Cosolvent selection has been discussed from the viewpoint of
physical/chemical as well as biological considerations. The document
describes the injection/extraction network design, operation, and options
for solvent recovery. Parameters for monitoring and evaluation of
performance of SERB have been detailed in order to assist potential
users of the technology. These include mass removal of the DNAPL
during solvent extraction, estimation of residual DNAPL and cosolvent
in the subsurface at the start of bioremediation, determination of fate of
cosolvent, and the rate and extent of biodechlorination. Methods of
prediction of site closure including calculations of cosolvent electron
donor half-life, dechlorination rates, and time to achieve the maximum
contamination level (MCL) and acceptable contamination level (ACL)
values have been described. Options for performance augmentation have
also been discussed. It is anticipated that this document will be utilized
by vendors of the technology during their design and monitoring of
future SERB processes and their experiences will be incorporated in
subsequent revisions of the document.

The goal of the chlorinated solvents thrust area was to develop and demon-
strate biological remediation technologies for chlorinated solvents. This project
focused on one such technological approach for source area treatment, a subarea
for which current technologies are limited, but which must be addressed if viable,
cost-effective approaches are to be implemented at solvent-contaminated sites.
The results showed that solvent extraction removed a significant amount of
dense-phase nonaqueous phase contaminant. The electron donor left in the
contaminated soil matrix after the solvent extraction stimulated the microbial
reductive dechlorination processes where none were apparent before the solvent
extraction. The amount of electron donor left behind by the solvent extraction
was still quite sufficient to continue providing the ultimate electron donor,
hydrogen, for the reductive dechlorination process even in a situation where
competing sinks of electron donor are present. These field pilot-scale results are
very encouraging for cleaning up of DNAPL contaminations. The molecular
probes developed in this work for identification of microorganisms capable of
carrying out reductive dechlorination can be used at other locations where
chloroethene contaminations occur. The design-implementation guidance
manual prepared for the project should serve as a basis for similar activities at
other locations; and with appropriate mechanism for incorporating the
experiences at other sites into the manual, it should continue to improve as the
technology transfer occurs.

The SERB technology has several advantages for remediation of free-phase
DNAPL in the subsurface:

e Combination of an active in situ process, solvent extraction, with an
essentially passive in situ process, residual biotreatment.

e Rapid removal of large masses of DNAPL in a very short time.

¢ Cosolvent injection/extraction overcoming transport and mixing limita-
tions of standard bioremediation infiltration and injection techniques.

¢ DNAPL mass removal reducing toxicity to microbes for bioremediation.
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¢ Continued removal of dissolved contaminants following cessation of
pumping.

The ability to remove large masses of contaminant in a relatively short time
is attractive to both regulators and stakeholders, who might be reluctant to
support an extremely long natural attenuation option for the duration of natural
DNAPL dissolution (assuming that natural attenuation processes were
functioning in a sufficiently protective manner). It is also attractive to
responsible or potentially responsible parties who might otherwise have no
options other than expensive long-term and energy-intensive pumping and
treating operations for containment. The in situ treatment train approach
improves on either natural attenuation or enhanced bioremediation in the DNAPL
scenario by both removing large masses of DNAPL and reducing toxicity for
long-term biological processes to operate on the dissolved contaminants.

There are also challenges to the SERB technology, as there are for any
remediation scheme:

¢ The technique is innovative and remains to be proven at sites having a
variety of characteristics.

¢ Both cosolvent and surfactant in situ floods have the potential and are
implemented to mobilize and/or dissolve the contaminants. If
hydrodynamic control is inadequate, the potential exists for
contaminating larger volumes of the aquifer and the groundwater.

¢ The cosolvent flood itself will probably not reduce contaminant
concentrations to the needed regulatory requirements. Hence, a
successful residual biotreatment phase is very important.

» The choice of cosolvent is critical for both the solvent extraction and
residual biotreatment phases of the technique, and success or failure can
depend upon this choice. Laboratory studies must be considered before
going to field scale.

* There is considerable regulatory resistance to the injection of foreign
materials (e.g., cosolvents) into the groundwater, which may require a
significant effort, large amounts of documentation, and persuasion to
overcome.

¢ The residual biotreatment phase of SERB might still take a very long
time to come to completion following the cosolvent flooding phase,
depending upon the conditions created and the mass of contaminant
remaining at site.

The findings from this study provide ideas for addressing these challenges.

Polychlorinated Biphenyls

This thrust area was led by Professor James M. Tiedje of Michigan State
University, East Lansing, MI. A detailed summary of accomplishments by this
group under the Project CU-720 funding is provided by the thrust area leader as
Appendix D. The work was performed jointly by Michigan State University,
Georgia Institute of Technology, and ERDC, and the major contributors in this
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effort are identified in the thrust area leader’s report. The work conducted under
this project contributed to 18 peer-reviewed publications (6 submitted or under
preparation), 3 technical reports, 34 presentations at national and international
conferences/symposia, one doctoral dissertation, 1 masters thesis, and 1 patent
request.

The following were overall key accomplishments in this thrust area:

a. Characterization of aerobic PCB metabolism by biphenyl degrading
organisms. Eight o- and o + p-chlorinated PCB congeners account for
up to 80 mole% of the total Aroclor 1242 products in anaerobically
dechlorinated sediments and are primary targets for the aerobic phase
of the PCB bioremediation scheme. PCB metabolism by biphenyl-
degrading Gram-positive Rhodococcus erythreus NY05 and
Rhodococcus sp. RHA1 and Gram-negative Comamonas testosteroni
VP44 and Burkholderia cepacia LB400 were studied for the range of
substrates, rates of PCB oxidation, intermediates, dead-end products, and
specificity of biphenyl ring oxidation. Two principal and complementary
modes of PCB metabolism (preferential oxygenation of o- or p-
chlorinated ring of biphenyl moiety) were demonstrated by Rhodococcus
strains NY05 and RHA1. The consumption rates and products of
metabolism of the eight PCB congeners by strains NY05, VP44, and
LB400 were determined. Cometabolism of the targeted congeners was
studied by using defined mixtures simulating most extensive (pattern C)
and average (pattern M) anaerobic dechlorination products in PCB-
contaminated soils and sediments. Ortho-directed strains were equally
efficient in depletion of PCBs not only from the pattern C, but also from
the pattern M product.

b. Construction of recombinant variants metabolizing PCBs. The fcb-
operon for hydrolytic dechlorination of p-chlorobenzoate (isolated from
Arthrobacter globiformis strain KZT1) and the ohb-operon for oxygen-
olytic dechlorination of o-halobenzoate (isolated from P. aeruginosa
strain 142) were successfully expressed in host C. testosteroni VP44,
Recombinant strains VP44(pE43) containing the ohb DNA fragment on
plasmid pE43 and VP44(pPC3) containing the fch DNA fragment on
plasmid pPC3 were obtained. Both could grow on chlorobenzoates
(CBA) and chlorobiphenyls (CB) as sole carbon source at concentrations
as high as 10 mM. These strains grew on monochlorinated biphenyls
with short doubling times (in hours) and were able to grow on congeners
with both rings substituted as well with substantial dechlorination
depending on the substrate. In contrast, the parent strain, VP44, grew on
low concentrations of monochlorobyphenyls with accumulation of
stoichiometric amounts of chlorobenzoate and no dechlorination. The
parent strain did not grow on chlorobiphenyls containing halogen atoms
in both the rings.

A broad host range vector pRT1 (with Escherichia coli lac-promotor) was
developed for transferring dehalogenase gene cassettes into Gram-positive
Rhodococcus as well as Gram-negative strains. A plasmid pRHD34 with the
gene cassette carrying fchABC-operon capable of degradation of 4-chlorobenzoate
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(4-CBA) was constructed. Recombinant strain Rhodococcus RHA1(pHRD34)
was able to grow on 4-CBA as sole carbon source and resulted in complete
consumption of 4-CBA from the medium. The parent Rhodococcus RHA1 did
not grow on 4-CBA. The fcb-operon appeared to be stable in the Rhodococcus
strain. The 4-CBA grown cells of the recombinant strain grew well on 4-
chlorobiphenyl (4-CB) as the only carbon source also, releasing stoichiometric
quantities of chloride in solution and without accumulation of 4-CBA. When
exposed to mixture M congeners, the recombinant strain accumulated no 4-CBA
in broth. When introduced to soil systems, the fch-operon was found to be stable
in both sterile as well as nonsterile soil.

For degradation of the most environmentally important o-chlorinated PCB
congeners, ohb-operon from P. aeruginosa strain 142 was used and two plasmids
(pRO41 and pOCC1) were constructed starting from plasmid pRT1. Plasmid
pROA41 contained ohbABCR genes coding for ISPoyg, potential ABC transporter
and putative transcriptional regulator. Plasmid pOCC1 contained additionally
chlorocatechol pathway clc genes from pAC27 under control of lac-promotor.
These plasmids were introduced in strains VP44, LB400, NY05, and RHAL.
LB400(pRO41) was the best growing genetically engineered microorganism
(GEM) on 2-CBA up to the concentration of 3 mM and stoichiometric release of
chloride ions. Parent strain LB400 did not grow on 2-CBA. When precultured
on biphenyl (Bph), LB400(pRO41) caused complete mineralization of 2-CB.
History of preculturing determined the degradation of complex congeners. While
the degradation of a simple congener such as 2-CB was not affected by whether
the inoculum was grown on Bph or 2-CBA, it made a significant impact on
degradation of the higher chlorinated 2,2’-CB. Complete mineralization was
achieved only when the inoculum was grown on 2-CBA.

While strain LB400 showed no growth on any artificial or naturally
occurring PCB dechlorination products, Bph-grown LB400(pRT1) cells grew
very well on 1 mM mixture C and resulted in formation of mainly Cl-, 2-CBA,
4-CBA, 2,4-dCBA. On the other hand, 2,5-dCBA grown cells of GEM
LB400(pRO41) not only grew very well on mixture C, it resulted in nearly total
mineralization of the PCB congeners. GEM LB400(pRO41) cells grew well on
heavier mixture M as well, with higher biomass production and chloride release
and greatly diminished accumulation of CBAs and potentially toxic intermediates
such as CI-HOPDA, compared with parent strain LB400. The GEM also
sustained the high rates of PCB consumption characteristic of the host LB400.
The following are milestones for GEMs:

a. Development and testing of tools for tracking of GEMS in situ. Real-time
PCR (RTm-PCR) techniques were used to follow population dynamics
of genetically engineered Rhodococcus strain. Both the 16S rRNA gene
and the engineered 4-CBA (fcb) degradation operon were quantified with
primers designed using Primer Express Software. When the probe
specific for fcbB gene was used against total DNA from the same closely
related species, quantitative amplification of the sequence was possible
only for the strain RHA 1(fcb), indicating high specificity of the
technique. When the recombinant strain RHA 1(fch) was tested in the
background of soil community DNA, the native Rhodococcus soil
provided a response below the detection limit. A linear relation was also
observed between the probe response and the isolated colony-forming
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units (CFUs) per gram of soil, albeit with a reduced sensitivity compared
with the pure culture standard curve. The sensitivity decrease was 1.1
orders of magnitude for fch-probe and 1.3 orders of magnitude for 16S
rRNA probe. Both the probes performed equally well when the number
density of RHA1(fcb) cells per gram soil was measured against CFUs of
the rifampicin-resistant cells incubated in soil for 30 days.

b. Validation of PCB remediation strategy in soil (flask and microcosm
studies). Laboratory experiments in flasks and microcosms were
conducted to validate the two-phase anaerobic-aerobic remediation and
to determine the most effective GEMs. Using defined PCB mixtures M
and C, Aroclor toxicity, and survival of GEMs in soil microcosms, a
combination of two GEMs, a longer surviving Gram-positive
Rhodococcus RHA1(fch) and the more active PCB-tolerant Gram-
negative Burkholderia LB400(ohb), was established to be the most
effective for achieving maximum PCB degradation. An Aroclor 1242
contaminated sediment was inoculated with microorganisms eluted from
River Raisin sediment and subjected to anaerobic conditions for one year
before use in the aerobic phase. Recombinant cells, RHA1(fcb) and
LB400(ohb), were grown on Bph and 2,5-dCBA for inoculation of
sediment containing 50 percent solids. The inoculated sediment was
continuously shaken for 30 days at 30 °C at 150 rpm. PCB removal was
57 percent and 54 percent in flasks inoculated with high and low
inoculum densities, respectively. The corresponding degradation in
uninoculated flasks was 4 percent. In sediments containing 20 percent
solids, inoculation with the GEMs resulted in 73 percent PCB
degradation in 15 days.

In another experiment, enhanced anaerobic treatment using Hudson River
inoculum resulted in a shift in the congener profile from highly to lower
chlorinated congeners. When the anaerobic treatment was followed by aerobic
treatment with the aerobic GEMs, 78 percent PCB was eliminated from the
system (Figure 7; Figure 26 of Appendix D). Inoculation with GEMs was
essential for efficient PCB removal. The following are milestones for the Hudson
River Project:

a. Development of protocol for delivery of inoculum. Laboratory tests
showed that the survival of Rhodococcus sp. Strain RHA1 fcb and
Burkholderia cepacia strain LB400 ohb cells in soil was greatly
improved when vermiculite was used as the inoculum carrier. Growth of
cells took place in the presence of CB in soil with and without
vermiculite. However, the growth was an order of magnitude greater
when vermiculite was used as a carrier. A protocol for delivery of cells
to the soil was developed.

b. Compatibility of anaerobic and aerobic phases during remediation
process. Effect of FeSOy, used to enhance anaerobic reductive
dechlorination, on the two GEMs was studied. It was established that
neither of the organisms was adversely affected by FeS or FeSO,.
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Figure 7. Bench-level anaerobic-aerobic treatment of PCB-contaminated soil
used for scale-up to pilot-level demonstration

¢. Evaluation of surfactants for use in PCB bioremediation. Solubilization
capacities of two surfactants, Tween 80 and Tergitol NP-15, with respect
to 4-CB, were determined at 22 °C and at 30 °C. The capacities were
expressed as molar solubilization ratio (MSR, moles of PCB per mole of
surfactant). MSR values were 0.33 (22 °C) and 0.38 (30 °C) for Tween
80 and 0.14 (22 °C) and 0.22 (30 °C) for Tergitol. A model was
developed for predicting the effect of surfactant additions on the
distribution of PCB congeners in a solid-liquid system. Growth
experiments for strains NY05 and VP44 on the two surfactants showed
that neither surfactant was inhibitory to cell growth on Bph or on 4-CB.
The cells were able to use Tween 80 for cell growth, but not Tergitol.
The presence of surfactants in solution did not contribute to any loss of
plasmids in the GEMs, nor did they adversely influence the growth of
cells or the disappearance of PCBs.

d. Pilot-scale evaluation of bioremediation for PCB-contaminated soil.

(1) Pilot-scale activities were planned to demonstrate the flask-level
success of the PCB degraders in reducing PCB concentrations in
contaminated soils under controlled conditions. For this purpose, a
two-phase anaerobic/aerobic treatment strategy was designed. This
activity is currently ongoing due to the long treatment periods
required for the anaerobic phase of the process.

(2) Since the planned treatment involves use of genetically engineered
microorganisms, permission was obtained from the appropriate
regulatory agencies. A document, prepared for submission to the
regulatory agencies seeking permission for use of GEMs in ex situ
pilot-scale reactors for treatment of PCB-contaminated
soils/sediments, is included in Appendix D as attachment D-3.
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(3) Shaftless screw reactors used for low, medium, and high solids
mixing evaluated in this study are illustrated in Figure 8 (Figures 35,
36, and 37 in Appendix D). They were tested to evaluate their ability
to move the contaminated soil within the reactor, to study the effect
of water on conveyor performance, and to quantify mixing of
solution and solids within the matrix. It was found that these
reactors provide efficient movement and mixing of thick soil slurry
at a reasonable power input of 2-4 kW/ m’ contaminated soil.
Continued research to evaluate the frequency and duration of
agitation at pilot scale is required.

b. Medium solids reactor

a. Low solids reactor

¢. High solids reactor

Figure 8. Reactors used in PCB pilot demonstration and evaluation

These accomplishments show that several naturally occurring microorganisms
aerobically metabolize the products of anaerobic dehalogenation of PCBs, but
produce dead-end products. These dead-end products are toxic to the microbes

Chapter 5 Highlighted Accomplishments

35




36

as well. As a result, complete microbial degradation of PCBs does not occur in
nature. The researchers have, however, created aerobic GEM:s that, by utilizing a
slightly different pathway, transform the products of anaerobic dehalogenation of
PCBs to compounds that serve as growth and energy sources for the cells. Thus,
not only are the PCBs degraded to innocuous compounds, the need for a supply
of an additional carbon and energy source is alleviated easing the problems of
management of biotreatment strategy. The researchers have also shown that use
of carriers for delivery of microorganisms enhances the survival of the GEMs in
unsterile soils.

Another difficulty in developing a biotreatment technology stems from the
low solubility of PCBs in aqueous media in which the microorganisms thrive. It
has been demonstrated here that properly chosen chemical surfactants can be
used to enhance the solubility of PCBs in aqueous media without adversely
affecting the activity of the PCB degraders.

Since the genetically engineered organisms utilize only the lower chlorinated
PCBs formed in the process of reductive dehalogenation of highly chlorinated
PCBs, the treatment technology has to be a sequential two-step process. Further,
since the process involves GEMs, it would be necessary to conduct the
biotreatment under controlled conditions. Bioreactors for mixing high-solids
slurry have been developed and tested. These should allow onsite ex situ
biotreatment of PCB-contaminated soils.
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6 Conclusions

Twelve research and application groups (including five from various
universities) participated in the effort that resulted in the development of new
biotreatment technologies for several recalcitrant compounds found at military
sites. In the area of explosives and energetics, this has contributed to awareness
that microbial ability to metabolize mono- and dinitrotoluenes is widespread at
the contaminated sites. These organisms grow on the nitrotoluenes under aerobic
conditions and release nitrites in the environment as a result of the degradation
process. While the cells do not grow on trinitrotoluene (TNT), TNT is
cometabolically degraded in presence of other nitrotoluenes. Hence, the
biological treatment of contaminated soils and groundwater can be easily
conducted provided delivery of electron acceptor (oxygen) and macronutrients
can be ensured and the released nitrites can be managed. The process has been
demonstrated for treatment of contaminated groundwater in a pilot plant at a field
site and is being used to treat contaminated soil at several other locations. At one
industrial location, the research has resulted in considerations of natural
attenuation to handle the liquid waste stream containing nitrotoluenes. At one of
the sites alone, the use of bioremediation technology for treatment of
contaminated soil has been projected to yield savings of $60-65 million and
reduction of 10 years in treatment time compared with other technologies under
consideration.

Microorganisms capable of transforming 4-, 5-, and 6-ring polycyclic
aromatic hydrocarbons (PAHs) were also shown to be naturally present at the
contaminated sites. Biodegradation of PAHs by indigenous microorganisms is a
slow process. Sphingomonas paucimobilis strain EPA 505 was found to be most
effective in biodegradation of PAHs in pure cultures, and it metabolized high-
molecular-weight (HMW) PAHs in a cometabolic fashion. Prior exposure of
EPA 505 to low-molecular-weight PAHs increased the rates of degradation of
HMW PAHs, but the simultaneous presence of low- and high-molecular-weight
PAHs resulted in a reduction in HMW PAH degradation rates. In addition, when
introduced into contaminated site soil, EPA 505 failed to survive. However, the
biosurfactant-producing microorganism Pseudomonas aeruginosa strain 64 grew
well in the site soil. It was shown to enhance the solubilization of PAHs in both
aqueous medium and soil and thus increase the rate of biodegradation of PAH by
the indigenous microbial communities. Techniques to deliver the microorganisms
on carriers were developed in order to increase survivability of the added
bacteria, improve ease of handling, and decrease remediation costs. The use of
the vermiculite carrier also resulted in considerable increase in the shelf life of
the carrier-based microorganisms.
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Studies in pilot-size land treatment units demonstrated that the rate of
biodegradation is influenced neither by the intensity of soil mixing nor by the
moisture content of the soil. As a result, a passive or low-intensity landfarming
operation is advisable for treatment of HMW PAH contaminated soils if time of
treatment is not a consideration. Since the frequency of cultivation is a major
cost factor in operation of the landfarming sites, reduction of intensity of
cultivation from a normal of twice monthly year-round to normal operation for
half a year followed by passive operation for the rest of the year would reduce
the cost of operation to half. Further reduction of intensity to minimal after
initial mixing would reduce the operating costs to 17 percent of those under
normal operation. In order to enhance the rates of biodegradation by the soil
microbial community, biostimulation by delivery of nutrients and carrier-based
bioaugmentation by biosurfactant-producing microorganisms could be
recommended based on flask as well as pilot studies.

Chlorinated solvent research focused on problems caused by the dense
nonaqueous phase liquids (DNAPL) pollution sources that are difficult to treat by
conventional in situ biotreatment techniques. Since anaerobic microbial
degradation of chloroethanes has been demonstrated in the presence of electron
donors, residual bioremediation after solvent extraction of DNAPLSs was
followed at a field treatment site. Probes to monitor the microbial communities
capable of reductive dehalogenation were developed in the laboratory using
samples from the solvent (ethanol) extraction site containing carbon tetrachloride
contamination. It was demonstrated that reductive dehalogenation activity was
quickly restored at the site after solvent extraction and significant microbial
degradation of carbon tetrachloride continued over the period of operation. The
results suggested that microbial degradation of chloroethanes by reductive
dehalogenation is viable at the sites of solvent extraction and thus can
supplement the solvent extraction process. A draft design guidance manual for
the operation/monitoring of solvent extraction residual bioremediation (SERB)
was prepared for assisting those interested in this technology. Further
refinements in the technology by continued monitoring and feedback of
bioremediation from the solvent extraction sites are recommended. This
combination of technologies is anticipated to raise the expected end points in the
solvent extraction process, a region of operation marked by decreasing
efficiencies of extraction process. The combined process has potential for
reducing the costs of treatment of DNAPL-containing sites.

Polychlorinated biphenyls (PCB) research focused on aerobic biodegradation
of PCB fractions commonly found at old sites where reductive dehalogenation
activity is observed. It was found that the aerobic microbial activity is commonly
present but results in toxic dead-end products. Formation of the dead-end
products was eliminated by metabolic engineering of microbial degradation
pathways in the aerobic PCB degraders. The genetically engineered
microorganisms (GEMs) thus developed showed an ability to grow on dichloro-
PCBs and completely metabolize them. These GEMs were shown to be capable
of surviving in contaminated soil systems when delivered in vermiculite carrier
particles. Biomarkers for the aerobic PCB degraders were developed, and their
effectiveness in tracking the GEMs in nonsterile contaminated soils was
demonstrated. Chemical surfactants were screened to enhance solubilization of
PCBs in aqueous phase, and effects of these surfactants on growth of
microorganisms and PCB degradation were quantified. When the GEMs were

Chapter 8 Conclusions




39

used to inoculate an aerated contaminated sample subjected previously to
reductive dehalogenation, 78 percent reduction in PCB concentration was
demonstrated. The control (uninoculated) aerated contaminated samples showed
no reduction, demonstrating the necessity of using GEMs. The anaerobic-aerobic
treatment using GEMs is currently ongoing in controlled pilot-scale bioreactors
specially developed for handling high-solids slurries.

A number of these results were possible because of the sustained funding of
research and collaborations of different scientists, engineers, practitioners,
regulators, and site managers associated with Project CU-720. The Consortium
provided the basic scientists with access to field samples for research and to the
practical aspects of developing new technology. The practicing engineers and
site management personnel had an opportunity to work with the scientists
developing the technology, and the interactions resulted in bidirectional flow of
information in several projects. The technical advisory committees provided a
valuable input in terms of evaluating the progress of research at different stages
and influencing the direction of the Consortium resources to research and
developments most likely to be field implemented. Since the advisory committee
had a number of practicing engineers as well in its membership, the technologies
being developed by the Consortium members were broadcast to the user
community as well. A key advantage of the multiyear Consortium-type project
was the high-quality technical review of progress by the different projects on a
continuous basis and potential of sustained funding for outstanding projects.
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7 Recommendations
for Future Transitional
Research

During the course of Project CU-720, researchers and engineers in FIBRC
conducted basic research as well as developed treatment processes, many of
which were scaled up to the pilot- and/or field-scale implementation. In the
course of this work, a number of research and developmental issues were
identified as worthy of following up, but were not pursued due to a desire to
move the technology with the most potential to pilot and/or field scale. The
following issues were identified in each of the thrust areas as frontiers of science
and technology in bioremediation.

Explosives and Energetics

The work conducted so far has resulted in characterization of pathways for
the bacterial degradation of 2,4-DNT, 2,6-DNT, and NB. The enzymes involved
in the pathways have been purified and characterized, and several of the genes
involved in the pathways have been identified and cloned. Preliminary field tests
for the application of bacterial degradation of DNT at contaminated sites were
conducted, but some difficulties with scale-up tests occurred due to a lack of
fundamental understanding of the induction of the pathways involved. Induction
and control mechanisms of the involved pathways need to be elucidated in order
to ensure reliable scale-up. Nonetheless, full-scale application of in situ
bioremediation of DNT has been approved for BAAP following a successful
pilot demonstration. Industrial producers of DNT have adopted bioremediation as
clean-up alternatives for contaminated sites based on discoveries made so far.

Nothing is known about the regulation of the enzymes that remove the nitro
groups from nitroaromatic compounds. Insight about the enzymes involved in
the initial oxidative attack on nitroaromatic compounds and their regulation
should lead to improved strategies for the degradation of mixtures of
nitrotoluenes and an improved basis for predicting natural attenuation of DNT.
At many sites, soil and groundwater are contaminated by mixtures of DNT and
TNT. Laboratory and field tests conducted to date with such mixtures of
contaminants have not indicated that TNT is removed effectively during the
aerobic degradation of DNT. It may be possible to develop systems that partially
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reduce TNT prior to oxidative attack. Understanding the regulation and
biochemistry of the initial oxidative reactions of the DNT-degrading bacteria can
provide the basis for metabolic engineering to develop a new biochemical
strategy for the initial attack on TNT. Research with the nitramine explosive
tetryl has demonstrated that nitroreductase enzymes can remove the nitramine
nitro group. Whether that may prove to be a universal mechanism for
degradation of nitramine explosives remains to be answered.

Little work has been published concerning the biodegradation mechanisms of
other energetic compounds such as hexahydro-trinitro-triazine (RDX),
octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), CL-20, and perchlorate.
Initiatives need to be taken to identify microorganisms capable of degrading
these compounds and understand the metabolic pathways for degradation and the
regulatory mechanisms for the enzymes and genes involved in these pathways.
Another critical research need is in the area of biomarkers for identification/
quantification of indigenous microbial capability to degrade energetic
compounds.

Polycyclic Aromatic Hydrocarbons

In theory, soils contaminated with PAHs may be treated utilizing various
clean-up strategies. However, many proposed strategies have significant
economic and feasibility problems. What is needed is an effective technology
that supports the economics of disposal, eliminates adverse contaminant impacts,
and supports the reuse of treated contaminated soils. Regardless of whether the
biotreatment system is passive (augmented natural attenuation) or engineered (in-
place treatment), a pragmatic solution is to focus active biotreatment on the
available contaminant fraction. Research is needed to identify the factors
affecting the bioavailability of PAHs on soil and how this affects treatment rates
and acceptable toxicological end points. Research is then needed to use the
bioavailability information to develop a technical base for enhancing natural
recovery processes involved in in situ biotreatment of PAH-contaminated soils.
Such research could result in guidelines for the assessment and prediction of the
bioavailability of PAHs for in situ biotreatment.

Beyond availability, the issue of residual contamination is still unresolved in
the case of biological treatment of PAHs where an understanding of the complex
interactions between hydrophobic organic contaminants and soil is key to
establishing realistic risk assessment criteria. Cleanup criteria based only on the
chemical properties of the contaminant lead to an overprediction of the risks
associated with the contamination. However, leaving an immobile, bound
residue in the soil after cleanup needs to be justified scientifically. On the other
hand, if residuals are released, the rate should be sufficiently slow to allow
consumption by the microbial community. Thus, an alternative environmental
end point (clean-up level) may be appropriate, rather than basing decisions solely
on total concentration of contaminant in the soil or sediment. Thermal
programmed desorption (TPD) is one new technology available to study the first
of these issues, the mechanism of PAH binding to the soil, the process that
affects their bioavailability in the environment.

Phytoremediation (defined as the use of green plants to remove, contain, or
decrease toxicity) is a cost-effective technology with many advantages over
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highly engineered solutions, including public acceptance. It is only in the last
decade that research has been conducted on phytoremediation of PAHs. Recent
studies have shown that plants are capable of removing not just the smaller
molecular weight PAHs, such as anthracene, but also HMW compounds, such as
chrysene and benzo(g,h,i)pyrene. In contrast to phytoremediation of metals,
which is an extraction process, large organic compounds like the PAHs are
degraded in the rhizosphere (root zone) of the plant. The rhizosphere comprises
the top 3-6 ft (0.9-1.8 m) of soil. Various elements of the rhizosphere appear to
play a role in the degradation. First, the soil around the roots is very different in
chemistry and physical structure from the bulk soil. The root system of the plant
is a moist, aerobic environment, which promotes microbial activity. Secondly,
an exudate is released from the roots into the surrounding soil. The exudate is
composed of simple sugars, amino acids, enzymes, aliphatic and aromatic
compounds, and vitamins, and has been shown to increase the dissipation of soil-
bound PAHs when applied to soil as a single treatment. Third, active microbial
and fungal communities are associated with the root system. These are enhanced
by the root exudate in ways that are not completely understood. Growth, with the
development of biomass, is certainly one response, but in some plant species the
exudate appears to favor selection of microorganisms that degrade the
contaminant.

Plants can be incorporated into current treatment strategies in several ways.
The most recent development is an alternative agricultural technique, plant-based
biotechnology. The goal of this “molecular farming” is to produce large
quantities of root exudate to be used as a soil amendment. As these exudates
vary between species and soil conditions, a systematic study needs to be
undertaken before this technology is feasible.

The most promising method of incorporating phytoremediation into soil PAH
remediation is to develop a new paradigm of treatment that utilizes rhizospheric
degradation as part of a treatment train. Once a contaminated soil has been
treated by landfarming, for example, a plant cover would be established. This
method has the following advantages:

¢ Plant cover reduces both wind and water erosion from the treated soil.
¢ The improved soil structure allows continued bioremediation.

* Naturally occurring nitrogen-fixing microorganisms reduce the need for
chemical fertilizers, reducing costs.

e The roots establish an optimal environment and furnish energy for
growth of microorganisms.

¢ The exudate contains oxidative enzymes that contribute to PAH
degradation.

Current research indicates that the establishment of plants on contaminated
sites may be an economic, effective, low-maintenance approach to complete soil
PAH remediation.

Chapter 7 Recommendations for Future Transitional Research



Chlorinated Solvents

The SERB technology developed under this Consortium has been
specifically targeted for contamination at sites containing separate-phase
DNAPLs. Molecular probes for two microorganisms capable of reductive
dechlorination of chloroethenes have been developed.. The experience over the
last two decades with recalcitrant compounds suggests that there are perhaps
many more microorganisms in nature capable of reductive dechlorination that
have so far not been discovered. The techniques developed and described herein
can be used to continue to search for such potential microorganisms and for their
isolation, cultivation, and monitoring.

Since chloroethenes are still commonly used, the potential for fresh spills and
environmental contaminations exists. These being mostly man-made chemicals,
the fresh sites are not likely to possess extensive dechlorination capability. In
such cases, it may be desirable to deliver known dechlorinators in the environ-
ment. In order to ensure successful introduction of the microbes in the surface
and confidently utilize the SERB technology, it.is necessary to develop a better
understanding of methods of delivery of the microorganism in the desired
locations. Understanding of the movement and survival of augmented micro-
organisms in the subsurface needs improvement as well.

Pilot-scale and full-scale demonstrations at different sites are needed to
refine the techniques developed and presented in the design guidance manual.
The design guidance document that describes the SERB technology should be
promoted among technology vendors and the user community. It is suggested
that this be done using the Air Force model for the promotion and improvement
of in situ bioventing technology. The following additional considerations need
attention:

e Further characterization of shifts in microbial ecology in response to
SERB.

e Evaluation of mixtures of optimal cosolvent/electron donor solutions.

® Modeling of impact of source removal on long-term economics for site
remediation costs.

Polychlorinated Biphenyls

Metabolic engineering of pathways involved in aerobic biodegradation of
mono- and dichlorinated PCBs has shown that genetically stable GEMs capable
of growing on PCBs can be generated. Such organisms have been found to be
able to survive in contaminated soils for a considerable time, especially when
delivered in a suitable carrier. Biomarkers for these GEMs have also been
developed for tracking them in engineered systems. The metabolic engineering
approach that produces microbial strains that thrive on complex recalcitrant
contaminants, rather than strains that transform contaminants using cometabolism,
is very interesting. The ability of GEMs to extract energy from recalcitrant
compounds simplifies management of treatment strategies for such contam-
ination. This approach should be pursued for other more complex PCBs.
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Anaerobic dechlorination of highly chlorinated PCBs is a very slow process,
requiring several years; and it is a major bottleneck in any demonstration project.
The microbial strains capable of doing anaerobic dechlorination have not been
isolated and characterized. Their isolation from the contaminated sites and
maintenance in laboratories/culture collections are highly desirable in order to
promote this technology. Similarly, the GEMs generated in the present work
should also be registered with suitable culture collections in order to make them
more widely available to potential users. Due to the slow nature of the
degradation process, pilot demonstration of the technology has been lagging.
Validation of this technology should be more extensively demonstrated.
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8 Recommendations
to Facilitate Technology
Transfer

The major contribution of the work described in this report is the discovery
that many recalcitrant compounds including certain nitroaromatics and
explosives are biodegradable. The understanding of the mechanisms, strategies,
and requirements for biodegradation provides the basis for a variety of field
applications. Several bench- and field-scale demonstrations have shown that the
principles apply in field-scale applications as well. The major payoff of the work
will come in the future when bioremediation based on the principles described
here will be used routinely for cleanup of sites contaminated with explosives,
PCBs, PAHs, and chlorinated solvents. Further technology efforts will facilitate
this broader use. :

An effective example of technology transfer is the organization in September
1999 by AFRL of an International Symposium on the Biodegradation of
Nitroaromatic Compounds and Explosives. The symposium was funded by the
Air Force Office of Scientific Research and the Defense Threat Reduction
Agency. The work funded under the Flask to Field program was showcased at the
symposium. In a related effort, the work on biodegradation of explosives for the
past 5 years was critically reviewed in Spain, Hughes, and Knackmuss.! The
book comprises peer-reviewed chapters by a group of international experts who
not only analyzed ongoing work in their areas of expertise, but also identified areas
where important questions remain. A summary of the consensus on areas where
additional research is needed was provided to SERDP and other funding
agencies. Similar activities in other thrust areas are highly recommended.

| An important way to transfer technology is to develop and publish testing
protocols. Site-specific laboratory testing is essential prior to selection and
design of a bioremediation system. Key issues for laboratory tests include
(a) appropriate chemical and physical conditions; (b) verification of the presence
of bacteria capable of mineralizing the major contaminants; (c) presence of
indigenous bacteria capable of removing or converting excess inorganic nitrogen
compounds to environmentally acceptable forms; and (d) acceptability of

B achievable end points in terms of toxicity and risk. Laboratory tests may also be

needed to estimate degradation rates, to establish maximum contaminant

\

1J. C. Spain, . B. Hughes, and H.-J. Knackmuss, ed. (2000). Biodegradation of nitroaromatic
compounds and explosives. Lewis Publishers, Boca Raton, FL.
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concentrations that can be biodegraded, and to design strategies to biodegrade
mixtures of compounds to optimize the efficiency of the remediation system.
Examples of protocols developed are given in each thrust area discussed.

Another technology transfer thrust involves devices. For example, a device to
monitor microbial respiration during bioremediation and natural attenuation was
designed, tested, and submitted for patent during this study. This device is a low-
cost, low-technology means to decrease the costs associated with the operation
and maintenance of landfarming facilities without sacrificing human health and
safety. More devices should be identified from this work, refined, and made
available.

Technologies for bioremediation and natural attenuation of organic com-
pounds have developed dramatically over the past 15 years due to extensive
programs carried out in the United States and in Europe. The possible breadth of
application of bioremediation continues to be inhibited by significant data gaps in
the ability to apply the principles of biotechnology to chemical contamination. A
considerable amount of field experience is available and protocols have been
developed for the bioremediation of easily degradable compounds such as
petroleum hydrocarbons and chlorinated aliphatic solvents. However, until now,
the development of similar state-of-the-art protocols for bioremediation of the
more recalcitrant PAHs (particularly at high concentrations) has continued to lag.
One such document has been developed for SERB technology. It is desirable to
develop and promote similar documents dealing with other contaminant classes
as well among vendor and user communities.

Demonstrating improved bioremediation of these more toxic, HMW PAHs
through bioaugmentation and biostimulation has enhanced the potential for more
frequent and successful use of biotreatment as a viable option for PAH cleanup.
The combination of the use of known surfactant-producing bacteria in
conjunction with vermiculite-carried bioaugmentation, enhanced nutrient
delivery, and appropriate bulking agent application provides the basis for a
variety of field applications on higher concentrations of toxic PAHs not
previously thought possible. The advances described herein allow the vast body
of knowledge and experience in bioremediation and natural attenuation to be
extended to hydrophobic organic compounds previously thought recalcitrant,
such as the PCBs and pesticides. An application manual, such as that developed
for the SERB process, would enhance the usage of these findings.

This research has provided a succinct progression of bench- and pilot-scale
demonstrations that applied sound scientific principles and assessed practical
engineering issues in the development of enhanced parameters for contaminant
remediation. The major payoff of the work will come in the future when
successful bioremediation based on the success described herein is used routinely
to enhance cleanup of sites contaminated with PAHs, PCBs, nitroaoromatics,
chlorinated ethenes, and other recalcitrant compounds. A book is being prepared
to tie all of this together for wider distribution.

The environmental challenge posed by separate phase chlorinated solvents
in the subsurface is a problem found at a large number of both military and
industrial sites. The application of the SERB technology could have a significant
effect on cleanup efforts for both DoD and private industry. Subsurface
restoration practitioners should be able to make direct use of the results of the
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laboratory and field investigation. The results are also directly applicable to the
needs of the regulatory community and should promote the acceptance of
innovative technologies for subsurface remediation. The SERB project was
focused on a controlled field test, which demonstrated the capabilities of a

treatment train technology that incorporated both active and passive remediation.

The reports and presentations from this work will provide technical guidance as
to the feasibility for implementation at full scale. The field demonstration was
conducted in conjunction with an ongoing collaborative field research project,
which involved the State of Florida Department of Environmental Protection,
University of Florida, LFR Levine Fricke (site operations contractor), EPA
Technical Innovation Office, and the EPA NRMRL. The involvement of this
diverse group of collaborators should facilitate technology transfer efforts.

The SPRD of the NRMRL, Ada, OK, houses the Superfund Technology
Support Center (TSC), which provides a mechanism for technical assistance and
technology transfer to move research results to the private sector. The TSC has
provided technical assistance on over 300 Superfund sites since 1987 and has
conducted numerous technology transfer seminars for EPA regional personnel,
state personnel, and private contractors who are responsible for subsurface
remediation at hazardous waste sites. The TSC provides a very effective means
for transferring the results of this research to the user community.

A very effective approach for technology transfer is the “tool-kit” approach
the Air Force used to promote and improve in situ bioventing technology and
natural attenuation. Protocols and case histories were developed and widely
publicized. For new test sites, feedback of results was solicited. All were
assembled in a tool kit that was available upon request.

Another approach is to form groups of persons working in a given

technology who meet regularly under the sponsorship of a governmental agency.

Work groups can be established from researchers, consultants, users, and
providers (vendors).

The work funded under SERDP described in this report already has been
showcased in many venues, including national and international conferences
focusing on recalcitrant compounds, bioremediation, and microbiology, and in
peer-review journals and technical reports. These are listed in Table 5.
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Table 5
Technology Transfer Products Resulting from SERDP Project CU-720

Explosives

Peer-Reviewed Journals

An, D., D. T. Gibson, and J. C. Spain. 1994. Oxidative release of nitrite from 2-nitrotoluene by a three-component enzyme
system from Pseudomonas sp. strain JS42. J. Bacteriol. 176:7462-7467.

Davis, J. K., Z. He, C. C. Somerville, and J. C. Spain. 1999. Genetic and biochemical comparison of 2-aminophenol-1,6-
dioxygenase of Pseudomonas pseudoalcaligenes JS45 to meta-cleavage dioxygenases: divergent evolution of 2-aminophenol
meta-cleavage pathway. Arch. Microbiol. 172:330-339.

Davis, J. K., G. C. Paoli, Z. He, L. J. Nadeau, C. C. Somenville, and J. C. Spain. 2000. Sequence analysis and initial
characterization of two isozymes of hydroxylaminobenzene mutase from Pseudomonas pseudoalcaligenes JS45. Appl. Environ.
Microbiol. 66(7):2965-2971.0

Fiorella, P. D., and J. C. Spain. 1997. Transformation of 2,4,6-trinitrotoluene by Pseudomonas pseudoalcaligenes JS52. Appl.
Environ. Microbiol. 63:2007-2015.

Goodall, J. L., S. M. Thomas, J. C. Spain, and S. W. Peretti. 1998. Operation of mixed-culture immobilized cell reactors for the
metabolism of meta- and para-nitrobenzoate by Comamonas sp. JS46 and Comamonas sp. JS47. Biotechnol. Bioeng. 59:21-27.

Haigler, B. E., G. R. Johnson, W.-C. Suen, and J. C. Spain. 1999. Biochemical and genetic evidence for meta-ring cleavage of
2,4,5-trihydroxytoluene in Burkholderia sp. strain DNT. J. Bacteriol. 181:3965-3972.

Haigler, B. E., S. F. Nishino, and J. C. Spain. 1994. Biodegradation of 4-methyl-5-nitrocatechol by Pseudomonas sp. strain DNT.
J. Bacteriol. 176:3433-3437.

Haigler, B. E., W.-C. Suen, and J. C. Spain. 1996. Purification and sequence analysis of 4-methyl-5-nitrocatecho! oxygenase from
Burkholderia sp. strain DNT. J. Bacteriol. 178:6019-6024..

Haigler, B. E., W. H. Wallace, and J. C. Spain. 1994. Biodegradation of 2-nitrotoluene by Pseudomonas sp. Strain JS42. Appl.
Environ. Microbiol. 60:3466-3469

He, Z., J. K. Davis, and J. C. Spain. 1998. Purification, characterization, and sequence analysis of 2-aminomuconic 6-
semialdehyde dehydrogenase from Pseudomonas pseudoalcaligenes JS45. J. Bacteriol. 180:4591-4595.

He, Z., L. J. Nadeau, and J. C. Spain. 2000. Characterization of hydroxylaminobenzene mutase from pNBZ139 cloned from
Pseudomonas pseudoalcaligenes JS45. A highly associated SDS-stable enzyme catalyzing an intramolecular transfer of hydroxy
groups. Eur. J. Biochem. 267:1110-6.

He, Z., and J. C. Spain. 1999. Comparison of the downstream pathways for degradation of nitrobenzene by Pseudomonas
pseudoalcaligenes JS45 (2-aminophenol pathway) and by Comamonas sp. JS765 (catechol pathway). Arch. Microbiol. 171;309-
316.

He, Z,, and J. C. Spain. 1998. A novel 2-aminomuconate deaminase in the nitrobenzene degradation pathway of Pseudomonas
pseudoalcaligenes JS45. J. Bacteriol. 180:2502-2506.

He, Z., and J. C. Spain. 2000. One-step production of picolinic acids from 2-aminophenols catalyzed by 2-aminophenol 1,6-
dioxygenase. J. Ind. Microbiol. Biotechnol. 25:25-28.

He, Z., and J. C. Spain. 1999. Preparation of 2-aminomuconate from 2-aminophenol by coupled enzymatic dioxygenation and
dehydrogenation reactions. J. Ind. Microbiol. Biotechnol. 23:138-142.

He, Z., and J. C. Spain. 2000. Reactions involved in the lower pathway for degradation of 4-nitrotoluene by Mycobacterium strain
HL 4-NT-1. Appl. Environ. Microbiol. 66(7):3010-2971.

He, Z,, and J. C. Spain. 1997. Studies of the catabolic pathway of degradation of nitrobenzene by Pseudomonas

pseudoalcaligenes JS45: removal of the amino group from 2-aminomuconic semialdehyde. Appl. Environ. Microbiol. 63:4839-
4843.

Jain, R. K., J. H. Dreisbach, and J. C. Spain. 1994. Biodegradation of p-nitrophenol via 1,2,4-benzenetriol by an Arthrobacter sp.
Appl. Environ. Microbiol. 60:3030-3032.

Johnson, G. R., R. K. Jain, and J. C. Spain. 2000. Properties of the trihydroxytoluene oxygenase from Burkholderia cepacia R34:
an extradiol dioxygenase from the 2,4-dinitrotoluene pathway. Arch. Microbiol. 173:86-90.

Kadiyala, V., B. F. Smets, K. Chandran, and J. C. Spain. 1998. High affinity p-nitrophenol oxidation by Bacillus sphaericus JS905.
FEMS Microbiol. Lett. 166:115-120.

Kadiyala, V., and J. C. Spain. 1998. A two-component monooxygenase catalyzes both the hydroxylation of p-nitrophenol and the
oxidative release of nitrite from 4-nitrocatechol in Bacillus sphaericus JS905. Appl. Environ. Microbiol. 64:2479-2484,

Lendenmann, U., and J. C. Spain. 1996. 2-Aminophenol 1,6-dioxygenase: a novel aromatic ring cleavage enzyme purified from
Pseudomonas pseudoalcaligenes JS45. J. Bacteriol. 178:6227-6232.

Lendenmann, U., J. C. Spain, and B. F. Smets. 1998. Simultaneous biodegradation of 2,4-dinitrotoluene and 2,6-dinitrotoluene in
an aerobic fluidized-bed biofilm reactor. Environ. Sci. Technol, 32:82-87.

Nadeau, L. J.,, Z. He, and J. C. Spain. 2000. Production of 2-amino-5 phenoxyphenol from 4-nitrobiphenyl ether using

nitrobenzene nitroreductase and hydroxylaminobenzene mutase from Pseudomonas pseudoalcaligenes JS45. J. Ind. Microbiol.
Biotechnol. 24:301-305.

(Sheet 1 of 8)

48 Chapter 8 Recommendations to Facilitate Technology Transfer



Table 5 (Continued)

Nadeau, L. J., and J. C. Spain. 1995. Bacterial degradation of m-nitrobenzoic acid. Appl. Environ. Microbiol. 61:840-843.

Nishino, S. F., G. Paoli, and J. C. Spain. 2000. Aerobic degradation of dinitrotoluenes and pathway for bacterial degradation of
2,6-dinitrotoluene. Appl. Environ. Microbiol. 66:2139-2147

Nishino, S. F,, and J. C. Spain. 1995. Oxidative pathway for the biodegradation of nitrobenzene by Comamonas sp. strain JS765.
Appl. Environ. Microbiol. 61:2308-2313.

Nishino, S. F., J. C. Spain, H. Lenke, and H.-J. Knackmuss. 1999. Mineralization of 2,4- and 2,6-dinitrotoluene in soil slurries.
Environ. Sci. Technol. 33:1060-1064.

Schenzle, A., H. Lenke, J. C. Spain, and H.-J. Knackmuss. 1999. 3-Hydroxylaminophenol mutase from Ralstonia eutropha
JMP134 catalyzes a Bamberger rearrangement. J. Bacteriol. 181:1444-1450.

Shah, M. M., and J. C. Spain. 1996. Elimination of nitrite from the explosive 2,4,6-trinitrophenyimethylnitramine (Tetryl) upon its
reduction by ferredoxin NADP oxidoreductase from spinach. Biochem. Biophys. Res. Comm. 220:563-568.

Smets, B. F,, R. G. Riefler, U. Lendenmann, and J. C. Spain. 1999. Kinetic analysis of simultaneous 2,4-dinitrotoluene (DNT) and
2,6-DNT biodegradation in an aerobic fluidized-bed biofilm reactor. Biotechnol. Bioeng. 63:642-653.

Somerville, C. C., S. F. Nishino, and J. C. Spain. 1995. Purification and characterization of nitrobenzene nitroreductase from
Pseudomonas pseudoalcaligenes JS45. J. Bacteriol. 177:3837-3842.

Spain, J. 1997. Synthetic chemicals with potential for natural attenuation. Bioremed. J. 1:1-9.

Spain, J. C. 1995. Biodegradation of nitroaromatic compounds. Ann. Rev. Microbiol. 49:523-555.

Spiess, T., F. Desiere, P. Fischer, J. C. Spain, H.-J. Knackmuss, and H. Lenke. 1998. A new 4-nitrotoluene degradation pathway
in 2 Mycobacterium strain. Appl. Environ. Microbiol. 64:446-452.

Suen, W.-C., B. E. Haigler, and J. C. Spain. 1996. 2,4-Dinitrotoluene dioxygenase from Burkholderia sp. strain DNT. similarity to
naphthalene dioxygenase. J. Bacteriol. 178:4926-4934.

Vorbeck, C., H. Lenke, P. Fischer, J. C. Spain, and H.-J. Knackmuss. 1998. Initial reductive reactions in aerobic microbial
metabolism of 2,4,6-trinitrotoluene. Appl. Environ. Microbiol. 64:246-252.

Zhang, C., S. F. Nishino, J. C. Spain, and J. B. Hughes. 2000. Slurry-phase biclogical treatment of 2,4- and 2,6-dinitrotoluene:
role of bioaugmentation and effects of high dinitrotoluene concentrations. Environ. Sci. Technol. 34:2810-2816.

Technical Reports

Nishino, S. F., and J. C. Spain. 2001. Technology status review: bioremediation of dinitrotoluene (DNT). Internet Report.
http://Avww.estcp.org/documents/techdocs/DNT_Report.pdf

Nishino, S. F., and J. C. Spain. 2001. Technology status review: bioremediation of dinitrotoluene (DNT). Internet Report.
hitp:/iwww.estcp.org/documents/techdocs/DNT_Report.pdf

Nishino, S. F., and J. C. Spain. 2001. 2,4-DNT degradation in a fluidized bed reactor fed with waste water from ICI Canada Inc.
AFRL/MLQL.

Nishino, S. F., and J. C. Spain. 1999. 2,4-DNT degradation in soil from Badger Army Ammunition Plant: preliminary studies.
AFRL/MLQR.

Nishino, S. F., and J. C. Spain. 2000. 2,4-DNT degradation in wastewater from IC| Canada Inc.: preliminary studies. AFRL/MLQL.

Nishino, S. F,, and J. C. Spain. 2000. DNT degradation in groundwater from Air Products industrial sites: preliminary studies.
AFRL.

Nishino, 8. F., and J. C. Spain. 2001. DNT degradation in soil from Badger Army Ammunition Plant: Final Report. AFRL/MLQL.

Conference/Symposia Proceedings Papers

Spain, J., and S. Nishino. 1999. Oxidative pathways for biodegradation of nitroaromatic compounds. In M. Hofman (ed.), CD-
ROM Proceedings Ninth European Congress on Biotechnology. Branche Belge de la Société de Chemie Industrielle, Brussels,
Belgium.

Spain, J. C., S. F. Nishino, M. R. Green, J. E. Forbert, N. A. Nogalski, R. Unterman, W. M. Riznychok, S. E. Thompson, P. M.
Sleeper, and M. A. Boxwell. 1999. Field demonstration of FBR for treatment of nitrotoluenes in groundwater, p. 7-14. in B. C.
Alleman and A. Leeson (ed.), Bioremediation of Nitroaromatic and Haloaromatic Compounds. Battelle Press, Columbus, OH.

Nishino, S. F., and J. C. Spain. In Press. Identification of bottlenecks to the in situ bioremediation of dinitrotoluene. In situ and on-
site bioremediation: the Sixth International Symposium, June 4-7, 2001.

An, D., D. T. Gibson, W. Wallace, and J. C. Spain. 1994. Oxidative release of nitrite from 2-nitrotoluene by a three-component
enzyme system from Pseudomonas sp. strain 2NT. Annual Meeting, American Society for Microbiology.

Cuffin, S. M., P. M. Lafferty, P. N. Taylor, J. C. Spain, S. F. Nishino, and K. A. Williams. 2001. Bioremediation of dinitrotoluene
isomers in the unsaturated/saturated zone. Sixth International In Situ and On-Site Bioremediation Symposium.

Davis, J. K., C. C. Somerville, and J. C. Spain. 1996. Cloning of hydroxylaminobenzene mutase from Pseudomonas
pseudoalcaligenes JS45. Annual Meeting American Society for Microbiology.

Davis, J. K., C. C. Somerville, and J. C. Spain. 1997. Pseudomonas pseudoalcaligenes JS45 possesses two genes encoding
hydroxylaminobenzene mutase. Annual Meeting of the American Society for Microbiology.

Davis, J. K., C. C. Somerville, and J. C. Spain. 1997. Cloning and characterization of the genes for 2-aminophenol 1,6-
dioxygenase from Pseudomonas pseudoalcaligenes JS45. Annual Meeting American Society for Microbiology.

(Sheet 2 of 8)

Chapter 8 Recommendations to Facilitate Technology Transfer 49




Table 5 (Continued)

Driesbach, J., S. Nilsen, C. Shelley, and J. Spain. 1996. Biodegradation of 4-halophenols by Arthrobacter sp. Annual Meeting
American Society for Microbiology.

Fiorella, P. D, and J. C. Spain. 1996. Transformation of TNT by Pseudomonas pseudoalcaligenes JS45. Annual Meeting
American Society for Microbiology.

Haigler, B. E., C. C. Somerville, and J. C. Spain. 1997. Sequence analysis differences between the 2 4-dinitrotoluene degrading
genes of Burkholderia sp. strain R34 and strain DNT. Annua! Meeting American Society for Microbiology.

Haigler, B. E., and J. C. Spain. 1995. Purification and characterization of 4-methyl-5-nitrocatechol oxygenase from
Pseudomonas sp. strain DNT. Annual Meeting American Society for Microbiology.

He, Z,, J. K. Davis, and J. C. Spain. 1998. Purification, characterization, and sequence analysis of 2-aminomuconic-6-
semialdehyde dehydrogenase from Pseudomonas pseudoalcaligenes JS45. Annual Meeting American Society for Microbiology.

He, Z., L. Nadeau, and J. C. Spain. 1999. Characterization of hydroxylaminobenzene mutase from Pseudomonas
pseudoalcaligenes JS45. Annual Meeting American Society for Microbiology.

He, Z., and J.C. Spain. 1997. Final steps in the pathway for biodegradation of nitrobenzene by Pseudomonas pseudoalcaligenes
JS45. Annual Meeting American Society for Microbiclogy.

Johnson, G. R, B. E. Haigler, R. K. Jain, and J .C. Spain. 1998. Cloning and characterization of genes encoding enzymes for
degradation of 2 4-dinitrotoluene from Burkholderia cepacia R34. Annual Meeting American Society for Microbiology.

Johnson, G R., and J. C. Spain. 1997. Phylogenetic analysis of nitrotoluene dioxygenases. Annual Meeting American Society for
Microbiology.

Johnson, G R, and J. C. Spain. 1999. Evolutionary origins of the pathway for 2,4-dinitrotoluene degradation. Second
International Symposium on Biodegradation of Nitroaromatic Compounds and Explosives.

Lendenmann, U., B. F. Smets, and J. C. Spain. 1997. Biodegradation of 2,4-DNT and 2,6-DNT in a fluidized bed reactor with a
mixed bacterial culture. Annual Meeting American Society for Microbiology.

Lendenmann, U., and J.C. Spain. 1996. 2-Aminophenol 1,6-dioxygenase: a novel aromatic ring-cleavage enzyme purified from
Pseudomonas pseudoalcaligenes JS45. Annual Meeting American Society for Microbiology.

Nadeau, L. J., and J .C. Spain. 1994. The bacterial degradation of m-nitrobenzoic acid. Annual Meeting, American Society for
Microbiology.

Nadeau, L. J,, Z He, and J. C. Spain. 1999. The biosynthesis of 2-amino-5-phenoxyphenal from 4-nitrobiphenyl ether using two
enzymes, a nitroreductase and hydroxylaminobenzene mutase, from Pseudomonas pseudoalcaligenes JS45. Second
International Symposium on Biodegradation of Nitroaromatic Compounds and Explosives.

Nishino, S. F,, and J. C. Spain. 1994. Oxidative pathway for the degradation of nitrobenzene by a gram-positive bacterium.
Annual Meeting, American Society for Microbiology.

Nishino, S. F., and J. C. Spain. 1995. The effect of 2,6-dinitrotoluene on 2,4-dinitrotoluene degradation. Annual Meeting Society
for Environmental Toxicology and Chemistry.

Nishino, §. F., and J. C. Spain. 1995. Degradation of mixtures of nitroaromatic compounds by a Gram-positive bacterium.
Annual Meeting American Society for Microbiology.

Nishino, 8. F., and J. C. Spain. 1996. Degradation of 2,6-dinitrotoluene by bacteria. Annual Meeting American Society for
Microbiology.

Nishino, S. F,, and J. C. Spain. 1997. Ring cleavage of 3-methy!-4-nitrocatechol by 2,6-dinitrotoluene degrading bacteria. Annual
Meeting American Society for Microbiology.

Nishino, 8. F,, and J. C. Spain. 1998. Mineralization of 2,4- and 2,6-dinitrotoluene in soil slurries by pure cultures of DNT-
degrading bacteria. Annual Meeting American Society for Microbiology.

Nishino, S. F., and J. C. Spain. 1999. 2,4-DNT degradation in soil from Badger Army Ammunition Plant. Second International
Symposium on Biodegradation of Nitroaromatic Compounds and Explosives.

Nishino, S. F,, and J. C. Spain. 2000. In situ biodegradation of 2,4- and 2,6-dinitrotoluene. Annual Meeting American Society for
Microbiology.

Paoli, G. C., S. F. Nishino and J. C. Spain. 1989. Metabolism of 3-methyl-4-nitrocatecho! by 2,6-dinitrotoluene degrading bacteria.
Second International Symposium on Biodegradation of Nitroaromatic Compounds and Explosives.

Shah, M. M., and J. C. Spain. 1995. Reduction of the explosive 2,4,6-trinitrophenylmethyInitramine (tetryl) catalyzed by oxygen
sensitive nitro reductase enzymes. Nitration Symposium, National Meeting American Chemical Society.

Smets, B. F,, J. C. Spain, and R. J. Mueller. 1998. Desorption and aerobic biodegradation of dinitrotoluenes in aged
contaminated soils. Battelle Conference on Remediation of Chlorinated and Recalcitrant Compounds.

Somerville, C. C., S. F. Nishino, and J. C. Spain. 1994. Purification and characterization of nitrobenzene reductase from
Pseudomonas pseudoalcaligenes, JS45. Annual Meeting, American Society for Microbiology.

Somerville, C. C., and J. C. Spain. 1996. Purification of a novel nitroreductase from Pseudomonas pseudoalcaligenes JS45.
Annual Meeting American Society for Microbiology.

Spain, J. C. 1998. Biotreatment of dinitrotoluenes from munitions manufacturing sites. US/Germany Environmental Technology
Data Exchange Meeting.

Spain, J. C., and J. C. Cornette. 1998. Biotreatment of nitroaromatic compounds. US/Canada/UK TTCP Workshop on
Environmental Aspects of Energetic Materials. Quebec, Canada.

(Sheet 3 of 8)

50 Chapter 8 Recommendations to Facilitate Technology Transfer



Table 5 (Continued)

Spain, J. C., S. F. Nishino, C. Zhang, and J. B. Hughes. 1999. DNT degradation in soil from Badger Army Ammunition Plant.
Partners in Environmental Technology Technical Symposium and Workshop.

Spiess, T., F. Desiere, J. Spain, H.-J. Knackmuss, and H. Lenke, 1997. Degradation of 4-nitrotoluene by a Mycobacterium sp.
strain. Annual Meeting of the German Association of Microbiology-Hamburg.

Suen, W.C., B. E. Haigler, and J. C. Spain, 1994. 2 4-Dinitrotoluene dioxygenase genes from Pseudomonas sp. strain DNT.
Annual Meeting, American Society for Microbiology

Venkateswarlu, K., and J. C. Spain, 1997. Nitrophenol biodegradation by Bacillus sphaericus JS905 expressing a soluble
monooxygenase. Annual Meeting American Society for Microbiology.

Vorbeck, C., H. Lenke, J. C. Spain, and H.-J. Knackmuss, 1994. Initial steps in aerobic metabolism of 2,4 6-trinitrotoluene (TNT)
by a Mycobacterium sp. Annual Meeting, American Society for Microbiology.

Zhang, C., J. B. Hughes, R. Daprato, S. F. Nishino, and J. C. Spain. 2001. Stoichiometry of dinitrotoluene mineralization in a pilot-
scale slurry-phase bioreactor system. In situ and on-site bioremediation: Sixth International Symposium.

Zhang, C., S. F. Nishino, J. B. Hughes, and J. C. Spain. 1999. Aerobic biodegradation of 2,4-dinitrotoluene and 2,6-dinitrotoluene
in a pilot-scale sequential slurry reactor system. Second International Symposium on Biodegradation of Nitroaromatic
Compounds and Explosives.

Books/Chapters

Nishino, S .F., and J. C. Spain. 1996. Biodegradation and transformation of nitroaromatic compounds, p. 776-783. In C. J. Hurst,
G. R. Knudsen, M. J. Mcinerney, L. D. Stetzenbach, and M. V. Walter (ed.), Manual of Environmental Microbiology. ASM Press,
Washington, D.C. - ) 5

Nishino, S. F., and J. C. Spain. In Press. Biodegradation, transformation and bioremediation of nitroaromatic compounds. Manual
of Environmental Microbiology, 2nd Edition. ASM Press, Washington, D.C.

Nishino, S. F.,, and J. C. Spain. 1999. Strategies for aerobic biodegradation of dinitrotoluenes, p. 47-57. In R. Fass, Y. Flashner,
and S. Reuveny (ed.), Novel Approaches for Bioremediation of Organic Pollution. Kluwer Academic/Plenum Publishers, New
York.

Nishino, S. F,, J. C. Spain, and Z. He. 2000. Strategies for aerobic degradation of nitroaromatic compounds by bacteria: process
discovery to field application, p. 7-61. In J. C. Spain, J. B. Hughes, and H.-J. Knackmuss (ed.), Biodegradation of nitroaromatic
compounds and explosives. Lewis Publishers, Boca Raton.

Spain, J. C. 1995. Bacterial degradation of nitroaromatic compounds under aerobic conditions, p. 19-35. In J. C. Spain (ed.),
Biodegradation of nitroaromatic compounds. Plenum Publishing Corp., New York.

Spain, J. C. (ed.). 1995. Biodegradation of nitroaromatic compounds. Plenum Publishing Corp., New York.

Spain, J. C., J. B. Hughes, and H.-J. Knackmuss (ed.). 2000. Biodegradation of nitroaromatic compounds and explosives. Lewis
Publishers, Boca Raton.

Ward, C. H., M. Alexander, J. A. Ryan, and J. C. Spain. 1999. Transformation, p. 187-201. In W. C. Anderson, R. C. Loehr, and
B. P. Smith (ed.), Environmental availability of chlorinated organics, explosives and metals in soils. American Academy of
Environmental Engineers, Annapolis.

Patents

Spain, J. C., S. F. Nishino, and U. Lendenmann. 2001. Process for the biodegradation of dinitrotoluene. United States patent
6,248,580.

Polycyclic Aromatic Hydrocarbons

Peer- Reviewed Journals
Hansen, L. D., Nestler, C., and Ringelberg, D. Extended Bioremediation of PAH/PCP Contaminated Soils from the POPILE
Wood Treatment Facillity. submitted to Chemosphere, May, 2001.

Pritchard, P. H., J. Jones-Meehan, W. Straube, and J. G. Mueller. 1999. Bioremediation of high molecular weight PAHs:
Application of techniques in bioaugmentation and bioavailability enhancement, p. 157-169. In Novel Approaches for
Bioremediation of Organic Pollution, Rass et al. (eds.), Kluwer Academic/Plenum Publishers, New York.

Straube, W. L., J. Jones-Meehan, P. H. Pritchard, and W. R. Jones. 1999. Bench-scale optimization of bioaugmentation
strategies for treatment of soils contaminated with high molecular weight polyaromatic hydrocarbons. Resources, Conservation
and Recycling 27:27-37.

Technical Reports

Hansen, L., Nestler, C., Channell, M., Ringelberg, D., Fredrickson, H., and Waisner, S. 2000. Bioremediation treatability study
for remedial action at POPILE, Inc,, site, El Dorado, Arkansas. ERDC/EL TR-00-08, U.S. Army Engineer Research and
Development Center, Vicksburg, MS.

Hansen, L .D., Nestler, C. C., and Ringelberg, D. 2001. Extended bioremediation study of the Popile, Inc., site, El Dorado,
Arkansas. ERDC\EL TR-01-12, U.S. Army Engineer Research and Development Center, Vicksburg, MS.

Nestler, C. C., Hansen, L. D., Ringelberg, D., Jones-Meehan, J. and Pritchard, H. Remediation of high molecular weight
polycyclic aromatic hydrocarbons (hPAHs) through landfarming with enhanced bioaugmentation. In preparation, U.S. Army
Engineer Research and Development Center, Vicksburg, MS.

Nestler, C. C., Hansen, L. D., and Waisner, S. W. Monitoring bioremediation through in situ soil respiration. In preparation, U.S.
Army Engineer Research and Development Center, Vicksburg, MS.

(Sheet 4 of 8)

Chapter 8 Recommendations to Facilitate Technology Transfer 51




Table 5 (Continued)

Conference/Symposia Proceedings Papers

Hansen, L. D., Nestler, C., Ringelberg, D, Pritchard, H. and Jones-Meehan, J. 2000. Bioremediation of PAH/PCP contaminated
soil from POPILE Wood Treatment Facility, In G. B. Wickramanayake, A. R. Gavaskar, J. T. Gibbs, and J. L. Means (ed.), Case
Studies in the Remediation of Chlorinated and Recalcitrant Compounds, C2-7: 145-152, Battelle Press, Columbus, Ohio.

Nestler, C. C., Hansen, L. D, Ringelberg, D., and Talley, J.W. 2001. Remediation of soil PAH: Comparison of biostimulation and
bioaugmentation, in V. S. Magar, A. Leeson (Eds.), Ex Situ Biological Treatment Technologies, Battelle Press, Columbus, Ohio.

Nestler, C. C., Hansen, L. D., Waisner, S., and Talley, J. W. 2001. Monitoring bioremediation through in-situ soil respiration, In V.
S. Magar, A. Leeson (Eds.), Innovative Methods in Support of Bioremediation, Battelle Press, Columbus, Ohio.

Straube, W. L., J. Jones-Meehan, P. H. Pritchard, and W. R. Jones. 1998. Bench-scale optimization of bioaugmentation
strategies for treatment of soils contaminated with high molecutar weight polyaromatic hydrocarbons (PAHs). Published in the
Proceedings of the 4th International Symposium of the International Society for Environmental Biotechnology (ISEB), 22-27 June
1998, Queen's University of Belfast, Northern Ireland, U.K.

Technical Abstracts/Poster Presentations

Hansen, L., C. Nestler, D. Ringleberg, P. H. Pritchard, and J. Jones-Meehan. Bioremediation of PAH/PCP contaminated soils
from POPILE Wood Treatment Facility. Abstract at In Situ and On-Site Bioremediation: 5th International Symposium in San
Diego, CA, 4-7 June 2000.

Hind, J., J. Jones-Meehan, and W. Jones. Effect of biosurfactants on growth of a microbial phenanthrene degrading consortium.
Abstracts of the American Society of Microbiology Meeting, Session 170-Q, Poster Q-200, May 1997, Miami Beach, FL.

Hind, J. 8. M., J. Lang, M. Do, J. Jones-Meehan, and W. Jones. Effect of carbon source on production of a bioemulsifier by
Acinetobacter calcoaceticus NAV2, Abstract Q-258, p. 431. American Society of Microbiology Meeting, Session 191, May 1996,
New Orleans, LA.

Lang, J., J. Jones-Meehan, and J. S. M. Hind. Comparison of bioemulsifiers produced by Acinetobacter calcoaceticus RAG-1
and NAV2 by dot blot analysis and ELISA. AbstractQ-32, p.390. American Society of Microbiology Meeting, Session 20, May
1996, New Orleans, LA.

Nestler, C., Hansen, L., Ringelberg, D., and Talley, J. 2001. Remediation of soil PAH: Comparison of biostimulation and
bioaugmentation. Sixth International Symposium on In Situ and On-Site Bioremediation, June 2001, San Diego, CA.

Nestler, C., Hansen, L., Waisner, S. and Talley, J. 2001. Monitoring bioremediation through in-situ soil respiration. Sixth
International Symposium on In Situ and On-Site Bioremediation, June 2001, San Diego, CA.

Robinson, E. V., J. S. Hind, W. R. Jones, and J. Jones-Meehan. Comparison of biosurfactants in the removal of phenanthrene
from laboratory contaminated soil components. Abstracts of the American Society of Microbiology Meeting, Session 240-N,
Poster N-148, May 1997, Miami Beach, FL.

Straube, W. L., J. Jones-Meehan, P. H. Pritchard, and W. R. Jones. Bench-scale optimization of bioaugmentation strategies for
treatment of soils contaminated with high molecular weight polycyclic aromatic hydrocarbons (HMW PAHSs). Abstract at the
Fourth International Society for Enviranmental Biotechnology Symposium, 28 June 1998 in Belfast, Ireland.

Straube, W. L., J. Jones-Meehan, P. H. Pritchard, C. Martin, and W. R. Jones. Surfactants produced by Pseudomonas
aeruginosa strain 64 increase the aqueous solubility of high molecu!ar weight polyaromatic hydrocarbons in contaminated soils.
Abstract Q-114 in Environmental & General Applied Microbiology, p. 555, 99th General Meeting of the American Society for
Micriobiology, 31 May 1999, Chicago, IL.

Platform Presentations

Jones-Meehan, J., H. Pritchard, D. Gunnison, H. Fredrickson, and R. Bajpai. Management of biological treatment methods for
HMW PAHSs through enhanced bioavailability. Abstract at the Fourth International Society for Environmental Biotechnology
Symposium, 28 June 1998 in Belfast, Ireland.

Pritchard, P. H., and J. Jones-Meehan. Bioremediation of high molecular weight PAHs: Effectiveness of specialized technigues in
bioaugmentation and bioavailability enhancement, p. 19. Abstract at the 42nd OHOLO Conference, Novel Approaches for
Bioremediation of Organic Poliution in Eliat, Israel, 3-7 May 1998.

Patents

Hansen, L. D., and Nestler, C.C. Soil Pore Gas Sampling Cell. COE application number 525. Submitted to USACE Patent Office
March 16, 2001.

Chlorinated Solvents

Peer-Reviewed Journals

Loffler, F. E., Q. Sun, J. Li, and J.M. Tiedje. 2000. 16S rRNA gene-based detection of tetrachloroethene-dechlorinating
Desulfuromonas and Dehalococcoides species. Appl. Environ. Microbiol. 66:1369-1374.

Flynn, S. J., F. E. Léffler, and J. M. Tiedje. 2000. Microbial community changes associated with a shift from reductive
dechlorination of PCE to reductive dechlorination of cis-DCE and VC. Environ. Sci. Technol. 34:1056-1061.

Jawitx, J. W, R. K. Sillan, M. D. Annable, P. S. C. Rao, and K. Warner. 2000. In-situ alcoho! flushing of a DNAPL source zone at
a dry cleaner site. Environ. Sci. Technol. 34: 3722-3729.

Gibson, S. A, and G W. Sewell. 1992. Stimulation of reductive dechlorination of tetrachloroethene in anaerobic aquifer
microcosms by addition of short-chain organic acids or alcohols. Appl. Environ. Mirobiology 58(4): 1392-1393.

(Sheet 5 of 8)

52 Chapter 8 Recommendations to Facilitate Technology Transfer



Table 5 (Continued)

Loffler, F. E., J. E. Champine, S. J. Flynn, and J. M. Tiedje. Evaluation of soil, aquifer and sediment materials for
tetrachloroethene-dechlorinating activity. Manuscript in preparation.

Mravik, S. C., G. W. Sewell, R. K. Sillan, and A. L. Wood. Solvent extraction residual biotreatment (SERB) demonstration of a
DNAPL source.zone at a dry cleaner site. Manuscript in preparation.

Technical Reports

LFR Levine Fricke Inc. 1998. Cosolvent Flushing Pilot Test Report, Former Sages Dry Cleaner. Prepared for the Florida
Department of Environmental Protection (December 4, 1998). FDEP Facility Identification Number: 169600614. FDEP Module
Number: D006. LFR Project Number: 6006.10-08.

LFR Levine-Fricke Inc. 2000. Addendum: Contaminant Assessment Report, Former Sages Dry Cleaner. Prepared for the
Florida Department of Environmental Protection (February 28, 2000). FDEP Facility Identification Number: 169600614. FDEP
Module Number: D006. LFR Project Number: 6006.19

Morse, J. J., B. C. Alleman, J. M. Gosset, S. H. Zinder, G. W. Sewell, and C. M. Vogel. 1998. A treatability test for evaluating the
potential applicability of the reductive anaerobic biological in-situ treatment technology (RABITT) to remediate chloroethenes.
US-Airforce Protocol. (In Review/Testing)

Chattopadhyay, Devamita. 2001. Response of the subsurface microbial community to ethanol. Project Report to USEPA-ORD-
NRMRL-SPRD (Work Assignment Manager-Dr. Guy Sewell).

Acree, S. D. 2000. Electromagnetic borehole flowmeter survey. Summary Results to Dr. Guy Sewell.

Helton, R. R. 2000. Microbial community analysis of a tetrachloroethene (PCE)-contaminated aquifer after solvent extraction
remediation biotreatment (SERB). Project Report to Dr. J. M. Tiedje, Michigan State University. (PDF file sent separately).

Books

Russell, H. H., and G. W. Sewell. 1998. Anaerobic bioremediation of chlorinated ethenes. In Encyclopedia of Analysis and
Remediation. John Wiley and Sons. New York, NY. 2:1035-1055.

Conference/Symposia Proceedings Papers

Mravik, S. C., G. W. Sewell, and A. L. Wood. 2000. Cosolvent-based source remediation approaches. Proc. of the 2nd
International Conference on Remediation of Chlorinated and Recalcitrant Compounds, May 22-25, Monterey, CA, Battelle Press,
Physical and Thermal Technologies C2-5: 269-276.

Sewell, G W, S. C. Mravik, and A. L. Wood. 2000. Field evaluation of Solvent Extraction Residual Biotreatment (SERB). Proc.
of the 7th International FZK/TNO Conference on Contaminated Soil (ConSoil 2000), Sept. 18-22, Thomas Telford Publishing,
Contaminated Soil 2000, Vol. 2: 982-988.

Technical Abstracts/Poster Presentations

Helton, R. R., F. E. Léffler, G. W. Sewell, and J. M. Tiedje. 2000. Microbial dynamics in a SERB treated tetrachloroethene (PCE)-
contaminated aquifer. In Abstracts of the General Meeting of the Hazardous Substance Research Centers Research
Symposium, Asilomar, CA. :

Helton, R. R., F. E. Léffler, G. W. Sewell, and J. M. Tiedje. 2000. Characterization of the microbiota in a tetrachloroethene
(PCE)-contaminated aquifer following solvent extraction remediation biotreatment. In Abstracts of the 100th General Meeting of
the American Society for Microbiology, Los Angeles, CA.

Sewell, G. W, S. C. Mravik, F. Beck, and A .L. Wood. 2000. Design and testing of second generation bioremediation
technologies for chlorinated solvent contaminated sites. Society for Industrial Microbiology Annual Meeting, July 23-27, San
Diego, CA.

Fathepure, B. Z, F. E.Léffler, Q. Sun, P. Adriaens, and J. M. Tiedje. 1999. Dechlorination activity of bioaugmented
chlororespiring organisms in continuously-fed aquifer columns, abstr. Q-25, In Abstracts of the 99th General Meeting of the
American Society for Microbiology 1999. American Society for Microbiology, Chicago, IL.

Fathepure, B. Z, F. E.L&ffler, M. Dollhopf, J. M. Tiedje, and P. Adriaens. 1999. In-situ bioremediation of chloroethene
contaminated groundwater using halorespiring bacteria--A pilot evaluation, abstr P2 In Abstracts of the 4th International
Symposium on Subsurface Microbiology 1999. ISSM, Vail, CO.

Flynn, S. J., R. R. Helton, F. E. Loffler, G. W. Sewell, and J. M. Tiedje. 1999. Distinguishing microbial communities active in the
enhanced anaerobic treatment of chlorinated ethenes. EPA-HSRC poster presentation, Baltimore, MD.

Helton, R. R., S. J. Flynn, F. E. Léffler, G W. Sewell, and J. M. Tiedje. 1999. Feasibility of residual bioremediation strategy for a
chlorinated soivent contaminated aquifer following solvent extraction remediation biotreatment, abstr. TU2A, In Abstracts of the
4th International Symposium on Subsurface Microbiology 1999. ISSM, Vail, CO.

L 6ffler, F. E., B. Z. Fathepure, P. Adriaens, and J. M. Tiedje. 1999. Evidence for the presence of chlororespiring bacteria in a
chloroethene contaminated aquifer, abstr. In Platform abstracts for the 5th International Symposium, In Situ and On-Site
Bioremediation, 1999, San Diego, CA.

Léffler, F. E., Q. Sun, and J. M. Tiedje. 1999. Detection of chloroethene-respiring organisms in environmental samples using
specific 16S rDNA primers, abstr. Q-47, In Abstracts of the 99th General Meeting of the American Society for Microbiology 1999.
American Society for Microbiology, Chicago, IL.

Mravik, S. C., G. W. Sewell, and A. L. Wood. 1999. Field evaluation of the Solvent Extraction Residual Biotreatment technology.
TU2A, in Abstracts of the 4th International Symposium on Subsurface Microbiology 1999. ISSM, Vail, CO.

Flynn, S. J. , F. E. Loffler, and J. M. Tiedje. 1998. Differences detected by DGGE and T-RFLP in communities enriched on PCE
versus cis-DCE or VC. Eighth International Symposium on Microbial Ecology 1998. Halifax, Nova Scotia.

(Sheet 6 of 8)

Chapter 8 Recommendations to Facilitate Technology Transfer 53




Table 5 (Continued)

Platform Presentations

Fathepure, B. Z, F. E.L6ffler, M. Dollhopf, J. M. Tiedje, and P. Adriaens. 1999. In-situ bioremediation of chloroethene
contaminated groundwater using halorespiring bacteria--A pilot evaluation, abstr P2 In Abstracts of the 4th International
Symposium on Subsurface Microbiology 1998. ISSM, Vail, CO.

Fathepure, B. Z, F. E.Léffler, Q. Sun, P. Adriaens, and J. M. Tiedje. 1999. Dechlorination activity of bioaugmented
chlororespiring organisms in continuously-fed aquifer columns, abstr. Q-25, In Abstracts of the 93th General Meeting of the
American Society for Microbiology 1999. American Society for Microbiology, Chicago, IL.

Flynn, 8. J.,, R. R. Helton, F. E. Léffler, G. W. Sewell, and J. M. Tiedje. 1999. Distinguishing microbial communities active in the
enhanced anaerobic treatment of chlorinated ethenes. EPA-HSRC poster presentation, Baltimore, MD.

Flynn, 8. J., F. E. Loffler, and J. M. Tiedje. 1998. Differences detected by DGGE and T-RFLP in communities enriched on PCE
versus cis-DCE or VC. Eighth International Symposium on Microbial Ecology 1998. Halifax, Nova Scotia.

Helton, R. R., 8. J., Flynn, F. E. Léffler, G. W. Sewell, and J. M. Tiedje. 1999. Feasibility of residual bioremediation strategy for a
chlorinated solvent contaminated aquifer following solvent extraction remediation biotreatment, abstr. TU2A, In Abstracts of the
4th International Symposium on Subsurface Microbiology 1999. ISSM, Vail, CO.

Léffler, F. E., B. Z. Fathepure, P. Adriaens, and J. M. Tiedje. 1999. Evidence for the presence of chlororespiring bacteria in a
chloroethene contaminated aquifer, abstr. In Platform abstracts for the 5th International Symposium, In Situ and On-Site
Bioremediation, 1999, San Diego, CA.

Léffler, F. E., Q. Sun, and J. M. Tiedje. 1999. Detection of chioroethene-respiring organisms in environmental samples using
specific 165 rDNA primers, abstr. Q-47, In Abstracts of the 99th General Meeting of the American Society for Microbiology 1999.
American Society for Microbiology, Chicago, IL.

Mravik, S. C., G W. Sewell, and A. L. Wood. 1999. Field evaluation of the Solvent Extraction Residual Biotreatment technology.
TU2A, in Abstracts of the 4th International Symposium on Subsurface Microbiology 1999. ISSM, Vail, CO.

Mravik, S. C., G W. Sewell, and A. L. Wood. 2000. Co-solvent-based source remediation approaches. Remediation of
Chlorinated and Recalcitrant Compounds, 2nd Intl. Conference, May 22-25, Monterey, CA.

Sewell,G. W. 1998. Development and testing of the Solvent Extraction Residual Biotreatment (SERB) comprehensive site

remediation approach. Partners in Environmental Technology 98 Technical Symposium & Workshop. Dec 1- Dec 3. Arlington, VA.
(invited)

Sewell, G W, S. C. Mravik, and A. L. Wood. 2000. Field evaluation of Solvent Extraction Residual Biotreatment (SERB). 7th
International FZK/TNO Conference on Contaminated Soil (ConSoil 2000), Sept. 18-22, Leipzig, Germany

Implementation Manual for the Solvent Extraction Residual Biotreatment (SERB) Technology. 2001. (Table of Contents as
Attachment C-2 of this report.)

Theses

Helton, Rebecca R. 2000. Assessment of the microbial communities derived from two tetrachloroethene (PCE)-contaminated
aquifers. Master of Science Thesis, Michigan State University.

Polychlorinated Biphenyls

Peer-Reviewed Journals

Best, E. P. H., M. Zappi, and H. L. Fredrickson. 1997. Fate of TNT and RDX in aquatic and wetland-based systems during
treatment of contaminated groundwater. in: R. Bajpai and M. E. Zappi (eds.), Bioremediation of Surface and Subsurface
Contamination, Annals of the New York Academy of Science , Vol. 829.

Harvey, 8. D., H. L. Fredrickson, M. E. Zappi, and D. O. Hill. 1997. Evaluation of bioslurry ecosystems for removal of TNT from
contaminated Soil. In: R. Bajpai and M. E. Zappi (ed.), Bioremediation of Surface and Subsurface Contamination, Annals of the
New York Academy of Science , Vol. 829.

Hrywna, Y, T. V. Tsoi, O. V. Maltseva, J. F. Quensen Ill, and J. M. Tiedje. 1999. Construction and characterization of two
recombinant bacteria that grow on ortho- and para-substituted chlorobiphenyls. Appl. Environ. Microbiol. 65(5):2163-2169.

Howell, D .P,, K. D. Pennell, and, J. M. Tiedje. Biological compatibility of selected nonionic surfactant with PCB-degrading
bacteria. (Manuscript in preparation).

Gunnison, D., H. Fredrickson, D. L. Kaplan, C. M. Mello, J. E. Walker, G. Myrick, and M. Ochman. 1997. Application of
continuous culture technology for the development of explosives-degrading microorganisms, In: R. Bajpai and M. E. Zappi (eds.),
Bioremediation of Surface and Subsurface Contamination, Annals of the New York Academy of Science , Vol. 829, pp. 230-241.

Maltseva, O. V., T. V. Tsoi, J. F. Quensen lll, M. Fukuda, and J. M. Tiedje. 1999. Degradation of anaerobic reductive
dechlorination products of Aroclor 1242 by four aerobic bacteria. Biodegradation 10:363-371.

Pennell, K. D., A. M. Adinolfi, L. M. Abriola, and M. S. Diallo. 1997. Solubilization of dodecane, tetrachloroethylene and 1,2-
dichlorobenzene in micellar solutions of ethoxylated nonionic surfactants. Environmental Science and Technology 31:1382-1389.

Rodrigues, J. L. M., O. V. Maltseva, T. V. Tsoi, R. R. Helton, J. F. Quensen Ili, M. Fukuda, and J. M. Tiedje. 2001. Development of
a Rhodococcus recombinant strain for degradation of products from anaerobic dechlorination of Aroclor 1242. Environ. Sci.
Technol. 35:663-668.

Rodrigues, J. L. M., M. R. Aiello, John W. Urbance, T. V. Tsoi, and J. M. Tiedje. Quantification of the PCB degrader Rhodococcus
sp. strain RHA1(fcb) in soil by real time PCR. (Manuscript submitted to App!. Environ. Microbiol.)

(Sheet 7 of 8)

54 Chapter 8 Recommendations to Facilitate Technology Transfer



Table 5 (Concluded)

Romanov, V., and R. Hausinger. 1996. NADPH-dependent reductive ortho dehalogenation of 2,4-dichlorobenzoate in
Corynebacterium sepedonicum KZ4 and coryneform bacterium strain NTB-1 via 2,4-dichlorobenzoyl coenzyme A. J. Bacteriol.,
176(9):2656-2661.

Speakman, R., and K. D. Pennell. An economic analysis of surfactant enhanced aquifer remediation systems. (submitted to
Ground Water Monitoring and Remediation)

Tsoi, T. V., E. G. Plotnikova, J. R. Cole, W. F. Guerin, M. Bagdasarian, and J. M. Tiedje. 1999. Cloning, expression and nucleotide
sequence of the Pseudomonas aeruginosa strain 142 ohb genes coding for oxygenolytic ortho-dehalogenation of halobenzoates.
Appl. Environ. Microbiol. 65 (5):2151-2162. '

Tsoi, T. V., J. R. Cole, E. G. Plotnikova, S. Rech, B. Sun, J. Davis, O. V. Maltseva, J. L. M. Rodrigues, and J. M. Tiedje. Multiple
aryl reductive ortho-dehalogenases cloned and found functional in Nocardioides sp. Strain KZ4. (Manuscript in preparation).

Yeh, D. H,, K. D. Pennell, and S. G. Pavlostathis. 1998. Toxicity and biodegradability screening of nonionic surfactants using
sediment-derived methanogenic consortia. Wat. Sci. Technol. 38: 55-62.

Yeh, D. H.,, K D. Pennell, and S. G. Pavlostathis. 1999. Effect of Tween surfactants on methanogenesis and microbial reduction
dechlorination of hexachlorobenzene. Environ. Tox. Chem.. Accepted. ]

Ye, D.; J. F. Quensen, J. M. Tiedje, and S. A. Boyd. 1999. 2-Bromoethanesulfonate, sulfate, molybdate, and ethanesulfonate
inhibit anaerobic dechlorination of polychlorobiphenyls by pasteurized microorganisms. Appl. Environ. Microbiol. 65:327-329.

Books/Chapters

Description of Genetically Engineered Organisms (GEMs) to be used in PCB bioreactor studies. Guidance manual prepared
January 2001. (see Attachment D-3 of Appendix D herein)

Patents

Patent on “Mixing Performance of SSR” in draft

(Sheet 8 of 8)

Chapter 8 Recommendations to Facilitate Technology Transfer 55




Appendix A
Explosives Biodegradation:
Novel Enzymatic Reactions,
Mechanisms, and Pathways

- for Nitroaromatic Compounds

Appendix A Explosives Biodegradation A1




Strategic Environmental
Research and Development
Program

Explosives Biodegradation: Novel Enzymatic
Reactions, Mechanisms and Pathways
for Nitroaromatic Compounds

By Shirley F. Nishino and Jim C. Spain

Air Force Research Laboratory
Tyndall AFB, FL

Draft report

Appendix A Explosives Biodegradation




Contents

LISt OF FIGUIES ...vrrencreirciiciitititet ittt escnneasa st s sasasesaesesats e sbesnsnesasnsonssssssonsss iv
LSt OF TaIES....eeiieiereeceiesteieeeeere ettt sttt s s e e e st e a st s st e e s s sasosa e s nesasonesanansessestsanes v
PLETACE ...ttt sttt s et bt bbb vii
T—IItEOAUCTHION .t rereee et e rete st e e et s e et e seese e eesesne et ebee e sneaessaseeseesmesnsnssean 1
2 ODJECLIVES ...euveuirueereeerirneeseeesnreesneesessessssesnnsesesasereesessensenesnsenesassssnestranessssesssssenessessestenessensrasen 4
2.1 Potential for biological treatment of explosives and nitroaromatic compounds ............. 4

2.2 2,4,6-TrNIOTOIUETIC ...veeuvierieciierieceeireenreesiessnseseesste s e ssseesasessnensnsssesessnessersassseessasssesnes 4

2.3 Mono- and DinitrotOlUENES. ....cccceerevirieeeeieeiereteneeter et eteeeee st etessee e seesesseesesesseseensenes 5

2.4 NILTODENZENE ....ueeoueeierieeeeseeneeererstetenereereseesesaeesaeseretassesstastessssasssteseeesesneeseesassaessessasasenes 5
3—Technical APProach..........ciiiinniniciniiiniciiiitenictreet s esrse e seesseneas 6
3.2 Characterization of pathways, enzymes, and reactions ...........ccceeeeerereerseresceeescrcreencnes 6

3.3  Applications in bioreactors and SCale-Up......ccccvrriniciiiniiniiiniinne s 7
4—Project ACCOMPLSHIMENLS ......cocerriieiriaeeiiriinirnieti ettt ss st st s b et st nsssesatan 8
4.1 2,4,6-TrinIitrOtOIUENE .....coeceeiireiiereieeeiee st eesecesererteee e sssvesesseesetasssesassserassessasessseesasnenns 8
1T OVEIVIEW..cuirieieereeceeeeeteni et et eteesee st st esaaesesatesesessesbenesasentasseenesnesasensrnsentont 8

4.1.2 Survey of nitroaromatic-degrading strains/enzyme activities..........cccocereerreeenene 8

4.1.3 Reduction of TNT by JS45 and production of novel metabolites. ..........c.ccun..... 9

42  Mono- and dinitrOtOIUETIES ........eeeeeuerereieirireereinetetererte e sree e et seee e st e seeseestessesase e eaes 9
4.2.1 Pathways and genetic StUAIes.........cceverveerrerrerereererirrerenrenererresssennssresssssnssssressssserns 9

42.2 Ex situ bioremediation of DNT miXtures. ........ccceceereeeererseerencesrentesersesserersensenees 10

423 Insitu degradation Of DNT.....cccocniviiininininiinninienincieinccrcneecescteenseees 14

4.3 NITODEINZENE .....eovieeeiueriieceeserteceeereesersersteserateessessesesestasteseeesesatenssesesnesssesssensessensensensens 18

4.4 Nitraming EXPIOSIVES ...cc.coviieeeeririircrenieterei s ienrncees e sreseeese s e eseeestssesssessesssasssasestonnes 18

B 111111 11F:1 o OSSR PRPRPTO 20
6—Recommendations for Transitional Research........ccoccovievieiiriinieniennniiceerinreerreeeeeeee e 22
7—Conclusions Regarding Utility in Remediation...........ccecveeiererveeereseenienerseerenesreseereseeseeseesens 23
8—Technology TTANSTET ....couirieeeeireee ettt et sat et ee st e st an e s sasensane 24
RETETEICES ...ttt ettt st se e st s e st st e e e st ste e s e satesane e s s e e naenane 26
Attachment A.Technical Publications Produced Under Flask to Field .........cccccevevervcrecvrnereenernne 43

Attachment B. Future Research Topics Identified at the 2nd International Symposium on
Biodegradation of Nitroaromatic Compounds and EXplosives .......ccocceceerverenune 49

Appendix A Explosives Biodegradation

A3




A4

List of Figures

Figure 1.
Figure 2.

Figure 3.

Figure 4.
Figure 5.

Figure 6.
Figure 7.

Figure 8.
Figure 9.

Figure 10.
Figure 11.
Figure 12.

Figure 13.

Figure 14.

Figure 15.
Figure 16.

Figure 17.
Figure 18.

Figure 19.

Typical TNT production line at VAAP

Biological reactions with TNT include A) reduction, B) oxidation

of the methyl group, and C) formation of a Meisenheimer complex ................... 34
Pseudomonas pseudoalcaligenes JS45 attacks TNT to produce 2,4-
dihydroxylamino-6-nitrotolUENE ............eceurruerererereeerrereee e sereeee 35
Pathways for biodegradation 0f 4-NT .........ccccevueuerereeeereniieeienereiee oo 36
Pathway for biodegradation of 2-NT by Pseudomonas sp. JS42

(Haigler €t al., 1994D) ..ottt e s ee e s e 36
Pathways for biodegradation of (A) 2,4-DNT (Spanggord et al., 1991),

and (B) 2,6-DNT (Nishino et al., 2000a). ...........coooouiviimeeceeeeeeereeeeeeeeseeseenns 37
Schematic of bench scale FBR. Feed, air, acid and base are controlled
independently of the recirculation rate............cceeveeeieueerreeecseeeceee e 38
Steady state removal of DNT by the bench scale FBR. .......c.ccoooevveeeemeereerrennnn.. 39
Extended aeration of the effluent from the pilot-scale FBR completed

degradation 0f 2,6-DINT. .......ccoeerereueerereeeene et 40
2,4-DNT degradation in pH adjusted seep water from an industrial site. ............ 41
Mineralization of DNT in field contaminated soils (Nishino et al., 1999)........... 42
Biodegradation of DNT in soil slurries in pilot scale air lift reactors

(Nishino et al., 2000b). ......cc.ceueurermmrrerrererieirieeesetes s sessee s sssessssensnne 43
2,4-DNT degrading bacteria were isolated from DNT-contaminated water
AEBAAP. ... e 44
Degradation of DNT in soil columns with (A) 50 mM phosphate buffer,

and (B) BAAP Sroundwater. ...........ccovueieeerreereuesiesereee s scseeesseeseessenees s 45
Degradation of 2,4-DNT in soil columns incubated at 13 °C. ..........ccooeereuruenn..... 46

2,4-DNT degradation (as measured by nitrite release) by cultures of bacteria

enriched from BAAP soil and incubated over a range of pH values.................... 47
Effect of ortho phosphate on DNT degradation. .........cccccvvevevereveeercnerieeiceenne. 48
Effect of temperature on 2,4-DNT degradation in 10% BAAP soil slurries

N GOUNA WALET.......cocctrverieieiereriieeceretese et tes oo sesaene e e sesstenssesssseseseens 49
Microcosms constructed with BAAP soil, inoculated with DNT-degrading
bacteria, and moistened with varying strength phosphate buffer released

the same amount of nitrite before DNT degradation ceased. .........c.oeeeveeereeennen. 50

Appendix A Explosives Biodegradation




Figure 20. The pilot scale treatment system at BAAP was constructed in Waste Pit 1
at the Propellant Burning Ground. .............coueceriveeencninrirnncnenenessenenrensenessseesenes 51
Figure 21. The ratio of 2,4-DNT/2,6-DNT dissolved in the ground water at BAAP
decreased during the operation of the pilot scale treatment system. .................... 52
Figure 22. Pathways for biodegradation of NB (Nishino et al., 2000b). ..........cccoeeveverrerrenunne 53
Figure 23. The enzymes of the partial reductive pathway for NB degradation can be
exploited to produce novel and specialty chemicals. ......ccocccoverceniecrccrnenennennenenn. 54
Figure 24. RDX and HMX are the two most widely used nitramine explosives................... 55
Figure 25. Proposed scheme for elimination of nitrite from tetryl by ferredoxin NADP
oxidoreductase under anaerobic conditions (Shah and Spain, 1996). .................. 55
List of Tables
. Table 1 Sequence analysis for 2,4-DNT dioXygenase Zenes..........coceveererreerereereresrenseens 56
Table 2 Removal of nitrotoluenes from ground water by FBR..........cccooveveeverirvnenrnnnenen. 56
Table 3 Characteristics of VAAP and BAAP soils (Zhang et al., 2000).............cccucen...... 56
Table 4 DNT degradation rates in Eimco airlift reactors. .......cccccceecereenrvernervcnrecencnennene 56
Table 5 Composition of single base gun propellants...........cccceceereveecereninreerrrriererreenneene 57
Table 6 Nitrobenzene-degrading bacteria (Nishino and Spain 1995). ......cccverveeveenncne. 57
A

Appendix A Explosives Biodegradation

AS5




A6

Preface

PERFORMING ORGANIZATION:
Air Force Research Laboratory, MLQL
139 Bames Dr., Ste. 2

Tyndall AFB, FL 32403-5323

Principal Investigator:
Jim Spain, Chief Environmental Biotechnology
Phone: (850)283-6058, FAX: (850)283-6090, E-mail: Jim.Spain@tyndall.af.mil

Investigators:

Billy Haigler, 1994-1997, Government Scientist

Glenn Johnson, 1995-2001, Government Scientist

Lloyd Nadeau, 1994-2001, Government Scientist

Shirley Nishino, 1994-2001, Government Scientist

Charles Somerville, 1994-1997, Government Scientist

John Davis, 1994-1997, Post-Doctoral Associate

Paul Fiorella, 1994-1996, Post-Doctoral Associate

Zhonggi He, 1995-2000, Post-Doctoral Associate

Rakesh Jain, 1994, Post-Doctoral Associate

Urs Lendenmann, 1994-1997, Post-Doctoral Associate

George Paoli, 1997-2001, Post-Doctoral Associate

Manish Shah, 1994-1995, Post-Doctoral Associate

Venkateswarlu Kadiyala, 1995-1997, Sri Krishnadevaraya University, NRC Senior Fellow
Michael LaBare, 1995, US Army, West Point, Summer Faculty

Barth Smets, 1996, 1997, University of Connecticut, Summer Faculty
Joseph Hughes, 1999, Faculty, Rice University, Collaborator

Chunlong Zhang, 1999, Post-Doctoral Associate, Rice University, Collaborator
Frank Desiere, 1994, University of Stuttgart, Graduate Student

Randy Mueller, 1997, University of Connecticut, Graduate Student
Andreas Schenzle 1995-1996, University of Stuttgart, Graduate Student
Claudia Vorbeck, 1994, University of Stuttgart, Graduate Student

vi

Appendix A Explosives Biodegradation




1 Introduction

Contamination by explosives is an enormous problem at ammunition production and handling
facilities in the U.S. and worldwide. The estimated cost for cleanup of defense sites in the U.S.
alone is $2.66 billion. Explosives contamination at active installations is estimated to include
750,000 cubic yards of soil and 530 billion gallons of groundwater (Annual Report to Congress
for Fiscal Year 1995). Because much explosives contamination occurred during the
manufacturing process, cleanup of contaminated sites frequently also deals with starting
materials, solvents, production intermediates, and byproducts.

We have recently reviewed the basic research and practical applications of aerobic bacterial
degradation of nitroaromatic compounds (Nishino et al., 2000b) in the context of an overview of
biodegradation of nitroaromatic compounds and explosives (Spain et al., 2000) and will therefore
largely confine this report to investigations that have been pursued under the Flask to Field
initiative funded by the Strategic Environmental Research and Development Program (SERDP).

The most common explosive used by the U.S. military has been 2,4,6-trinitrotoluene (TNT). The
production of TNT involves the nitration of toluene to form mononitrotoluenes and
dinitrotoluenes (DNT) in turn prior to the final nitration step. As a result, 35 active and 23
formerly used TNT manufacturing facilities are extensively contaminated with mono-, di-, and
trinitrotoluenes. To date, there is inadequate evidence to evaluate TNT for its carcinogenicity in
either humans or animals (International Agency for Research on Cancer, 1997a), but a
considerable variety of acute and chronic toxic effects to humans and animals have been reported
(Hazardous Substances Data Bank, 1985). As a consequence, TNT is the most widespread
explosive contaminant of interest to DoD. A considerable amount of work in a number of
laboratories worldwide has led to the development of a wide range of strategies for the
cometabolism of TNT (Ahmad and Hughes, 2000; Bruns-Nagel et al., 2000; Burken et al., 2000;
Fritsche et al., 2000; Lenke et al., 2000). DNT is a second major environmental contaminant that
resulted from the production of TNT, but many of the cometabolic strategies developed for the
bioremediation of TNT have proved to be much less effective for DNT.

Although TNT has only limited solubility in water, dissolved TNT is transformed under aerobic,
anaerobic or alkaline conditions, by biological and abiological processes, to complex mixtures of
TNT and reduced products (Honeycutt et al., 1996; Lenke et al., 2000). TNT has not been
produced in the U.S. since the end of the Vietnam war, but DNT isomers are also major
production intermediates for the manufacture of the toluenediamines that are precursors to
toluene diisocyanate. Small amounts of toluene diisocyanate are used in the manufacture of
adhesives, sealants and coatings, but the majority is used in the production of the ubiquitous
polyurethane foams that go into furniture, car seats, carpeting underlays, insulating and packaging
materials. Currently, the annual worldwide DNT production is 2.7 billion pounds. Exposure to
DNT results in acute and long term toxicity and possible low level carcinogenicity (International
Agency for Research on Cancer, 1997b). Both 2,4-DNT and 2,6-DNT are listed as U.S. EPA
priority pollutants in the Clean Water Act, the Safe Drinking Water Act, the RCRA, and the
CERCLA (Environmental Statutes).
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Environmental contamination at TNT manufacturing sites is very common. During TNT
production 2,4- and 2,6-DNT are produced in a ratio of 4:1. TNT manufacturing plants are often
contaminated with di- and trinitrotoluenes and the original 4:1 ratio of 2,4- and 2,6-DNT persists
at contaminated sites long after the manufacture of DNT or TNT has ceased. This suggests that
DNT is not being effectively degraded at such sites. Volunteer Army Ammunition Plant (VAAP)
is one of numerous sites in the US and Europe that are extensively contaminated with DNT.
There is also extensive DNT contamination at the BLM Sparks site in Nevada, at Badger Army
Ammunition Plant (BAAP), at West Virginia Ordnance Works, at Weldon Spring Ordnance
Works in Missouri, and at a number of firing ranges and EOD sites where DNT was used as a
propellant in howitzer ammunition. Several sites in Germany including Werke Tanne have large
areas of DNT contamination. Radford Army Ammunition Plant currently handles large quantities
of DNT and the waste treatment system suffers periodic problems with effluent treatment.

Two of the nitramine explosives hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX) and octahydro-
1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX) are frequently found as co-contaminants with TNT,
either as a result of the manufacture of both explosives at the same production plant, or because
they were used as ingredients in mixtures of explosives known as compositions. Various mixtures
of TNT and RDX were used in cyclotols and composition B type explosives, while mixtures of
TNT and HMX made up the octols. The result is that cleanup and remediation schemes for

explosives contaminated sites often have to deal with the two common nitramine explosives as
well as with TNT.

Contaminated material at former explosives manufacturing sites is currently treated either by
incineration or by composting. In some cases treatment has not begun and contaminated soils
have been warehoused pending installation of treatment systems. Costs for incineration are
estimated at $400-600/yd’ of soil (Griest et al., 1998), and for composting only slightly less at
$404-467/yd’ of soil (Kruchoski, 1997), although economies of scale may reduce those costs
considerably (Jerger and Woodhull, 2000). Costs for cometabolic bioslurry treatment of TNT
contaminated soil are estimated at $290-350/yd’ (Manning et al., 1996). All currently accepted
biological treatment strategies for explosives remediation rely on cometabolic processes which
require the addition of primary growth substrates and complex control strategies (Jerger and
Woodhull, 2000). Such systems include various composting schemes (Bruns-Nagel et al., 2000;
Jerger and Woodhull, 2000), anaerobic reactors (Lenke et al., 2000), phytoremediation (Burken et
al., 2000), and fungal treatments (Fritsche et al., 2000).

All the cometabolic systems also generate large amounts of product that must eventually be
landfilled. In the cases of composting and phytoremediation, the volume of product to be
landfilled is increased substantially. In composting, no more than 10 to 30% of the compost pile
can be made up of contaminated soil (Bruns-Nagel et al., 2000; Sims, 1990), with the bulk made
up of primary carbon and nitrogen sources, and materials to promote aeration. In contrast to
cometabolic strategies, strategies that rely on mineralization of contaminant compounds are self-
sustaining and can lead to significant cost savings. Over the last 20 years it has become apparent
that nitroaromatic compounds in the environment create intense selection pressure that has led to
the evolution of microorganisms able to degrade a growing number of nitroaromatic compounds.
Our initial effort under the Flask to Field initiative focused on the examination of bacteria able to
grow on simple nitroaromatic compounds. The novel enzymes discovered in the biodegradative
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pathways were screened for the ability to transform TNT. Later efforts focused on the discovery
of bacteria that mineralize DNT, the catabolic pathways involved, and the exploitation of the
pathways for bioremediation and waste minimization. Major effort was directed towards
development of pilot and field scale systems for degradation of mixtures of nitrotoluenes.
Another critical component of the research has also been to elucidate the bottlenecks that inhibit
efficient DNT degradation in above ground reactor systems as well as in situ field applications.
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2 Objectives

2.1 Potential for biological treatment of explosives and nitroaromatic compounds

The overall objective of our research has been to discover and understand biological systems able
to destroy nitroaromatic contaminants with the ultimate goal of adapting such systems for
remediation of environmental contamination, minimization of wastes in conventional
manufacturing processes, and for the development of novel biocatalysts that are both more cost
effective and have fewer deleterious environmental consequences than traditional chemical
processes.

Research into biodegradation of explosives dates back to the 1970s (Bringmann and Kiihn, 1971;
Carpenter et al., 1978; Isbister et al., 1984; Kaplan and Kaplan, 1982; McCormick et al., 1978;
McCormick et al., 1981; McCormick et al., 1976; Naumova et al., 1984; Naumova et al., 1982;
Nay et al., 1974; Parrish, 1977; Won et al., 1974) (Bringmann and Kiihn, 1971; Carpenter et al.,
1978; Isbister et al., 1984; Kaplan and Kaplan, 1982; McCormick et al., 1978; McCormick et al.,
1981; McCormick et al., 1976; Naumova et al., 1984: Naumova et al., 1982; Nay et al., 1974;
Parrish, 1977; Won et al., 1974) when a number of workers identified reduced transformation
products of explosives that appeared to be as toxic as the parent compounds, and resistant to
further biological breakdown. The early results discouraged the hope that biodegradation would
be a useful tool to remediate explosives contamination, but breakthroughs in research on the
degradation of other toxic aromatic compounds spurred new research efforts with nitroaromatic
compounds and explosives. New strategies including anaerobic reduction, composting, sequential
anaerobic-aerobic treatment, phytoremediation, and fungal-based treatment have all gained
acceptance (Spain et al., 2000). During the last decade microorganisms that can use a variety of
nitroaromatic compounds (Lenke et al., 2000; Nishino et al., 2000b; Russ et al., 2000), nitrate
ester explosives (Williams and Bruce, 2000), and nitramine explosives (Hawari, 2000) as carbon
or nitrogen sources or both have been identified.

2.2 2,4,6-Trinitrotoluene

Because TNT was the most widely produced and used military explosive in an era when
environmental regulations did not exist, environmental contamination from the manufacture and
subsequent processing of TNT has caused extensive and worldwide contamination. TNT is the
primary explosive contaminant of concern to DoD, therefore the early efforts under the Flask to
Field initiative involved screening of bacterial isolates able to degrade simpler nitroaromatic
compounds for their activity against TNT. Bacterial strains that produced novel metabolites from
TNT were identified (Fiorella and Spain, 1997), however; no isolate that was identified was able
to use TNT as a primary growth substrate.
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2.3 Mono- and Dinitrotoluenes

Direct selection for aerobic TNT-degrading bacteria was unsuccessful, therefore a strategy was
adopted to search for organisms that could degrade the mono- and dinitrotoluene precursors to
TNT in order to exploit the possibility of expanding the catabolic potential of such bacteria to
include TNT. Equally important was the fact that in many areas of TNT manufacturing plants,
mono- and dinitrotoluenes are the predominant contaminants because they are more soluble in
water than TNT. Contaminated material at former TNT manufacturing sites is not, but could be
segregated according to which nitrotoluenes are the major contaminants. The basis for the work
was the idea that a cost effective treatment strategy for destruction of mono- and dinitrotoluenes
in appropriate areas could greatly reduce the total cost of cleanup. The major advance was the
discovery of bacteria able to use mono- and dinitrotoluenes as growth substrates. We elucidated
the degradation mechanisms and demonstrated the effectiveness of the aerobic mineralization
strategy. Subsequent work led to pilot and field scale studies that demonstrated the utility of the
strategy for both ex situ and in situ applications.

The work has ultimately led to the full scale application of in situ bioremediation of DNT in
waste pits at BAAP, and to feasibility studies for the use of natural attenuation of DNT at BAAP
as well as at industrial DNT manufacturing sites in Texas and Florida. A wetlands system for
biodegradation of DNT has been designed for a phosphate fertilizer manufacturing site in Canada
based upon the finding of DNT degrading bacteria in the DNT contaminated holding ponds on
the site.

2.4 Nitrobenzene

Nitrobenzene was adopted as a model compound because it is the simplest of the nitroaromatic
compounds, industrially important, and a hazardous substance in its own right. Work has focused
on the evolution and genetic organization of the nitrobenzene degradation pathways as well as for
that of 2,4-DNT. The objective was to understand how bacteria able to degrade nitroaromatic
compounds have evolved so that we might predict the occurrence and distribution of such
bacteria. Further work on the purification and characterization of the enzymes involved in the
catabolic pathways has led to studies involving application of the novel enzymes to the
inexpensive production of monomers and end-capping materials for composite materials useful to
DoD. A final objective has been to determine possible reactions that may be recruited to engineer
a pathway for mineralization of TNT.
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3 Technical Approach

3.1 Discovery of novel organisms

The basis for much of the work done under Flask to Field was the discovery of bacteria able to
use nitroaromatic compounds as growth substrates under aerobic conditions. Standard enrichment
and selection techniques were used for isolation of bacteria able to degrade nitroaromatic
compounds (Nishino and Spain, 1996), but the successful inocula predominantly came from
contaminated explosives manufacturing sites or waste treatment plants operated specifically for
nitroaromatic compounds rather than more general municipal or industrial waste treatment plants
(Nishino et al., 2000a; Nishino and Spain, 1995). Various enrichment cultures were provided
nitroaromatic compounds as sole carbon sources, sole carbon and nitrogen sources, or as sole
nitrogen sources. For nitrobenzene, mononitrotoluenes, and dinitrotoluenes, only their use as sole
carbon and nitrogen sources yielded isolates able to grow on nitroaromatic compounds.

Isolates were obtained from enrichment cultures by plating onto both selective and non-selective
media, then testing individual colonies for the ability to grow on the desired nitroaromatic
compound. The release of either nitrite or ammonia from cultures provided with the nitroaromatic
compound as the sole carbon and nitrogen source along with the disappearance of the
nitroaromatic compound from culture fluid was taken as proof of mineralization. For selected
isolates, the accumulation of “CO, from cultures provided with "“C-U-ring labeled nitroaromatic
growth substrates confirmed mineralization (Nishino and Spain, 1995; Nishino et al., 1999).

3.2 Characterization of pathways, enzymes, and reactions

Degradative pathways were worked out using standard techniques including oxygen uptake
assays in resting cells, assays with crude cell extracts, and purification and identification of
pathway intermediates (Haigler et al., 1994a; Haigler et al., 1994b; He and Spain, 1997; He and
Spain, 2000b; Jain et al., 1994; Nadeau and Spain, 1995; Nishino et al., 2000a; Nishino and
Spain, 1995; Spiess et al., 1998; Vorbeck et al., 1998). Individual enzymes were purified and
characterized with regard to size, sequence, structure, substrate range, inhibitors, cofactors, and
possible reaction mechanisms (An et al., 1994; Haigler et al., 1999; Haigler et al., 1996; He et al.,
1998; He et al., 1999; He et al., 2000; He and Spain, 1998; Kadiyala and Spain, 1998;
Lendenmann and Spain, 1996; Somerville et al., 1995). Clones carrying structural pathway genes
and specific probes for nitroaromatic dioxygenases furthered our understanding of the evolution
and control of nitroaromatic degradation pathways and enabled detailed study of specific steps
and reaction mechanisms of each pathway (Davis et al., 1999; Davis et al., 2000; Haigler et al.,
1999; He et al., 2000; Johnson et al., 2000; Suen and Spain, 1993).
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3.3 Applications in bioreactors and scale-up

Specific strains able to degrade nitroaromatic compounds were tested in bioreactors (chemostats,
airlift reactors, fixed bed, and fluidized bed reactors) for the ability to continuously degrade
artificial and authentic waste streams (Goodall et al., 1998; Lendenmann et al., 1998; Reardon
and Spain, 1993; Smets et al., 1999). Slurry reactor systems were also tested for the degradation
of nitroaromatic compounds in soils (Nishino et al., 1999). Pilot and field scale tests for the
degradation of mixtures of mono- and dinitrotoluenes were conducted in the laboratory and field
to develop the engineering parameters and the cost analyses necessary to develop full scale
remediation systems for ground water (Spain et al., 1999) and soil (Zhang et al., 2000).

Bench scale treatability studies (Nishino and Spain, 2001b) have also resulted in the development
of first a pilot field system (Cuffin et al., 2001a) and now a full scale system for in situ
biodegradation of DNT at BAAP.
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4 Project Accomplishments

4.1 2,4,6-Trinitrotoluene

4.1.1 Overview

TNT was manufactured by sequential nitrations of toluene. The first nitration produced almost
equal amounts of 2-nitrotoluene (2-NT) and 4-nitrotoluene (4-NT) due to the ortho- and para-
directing methyl group. The second nitration, also ortho- and para-directed, primarily resulted in
2,4- and 2,6-DNT depending upon which carbon was still available for nitration. The third
nitration filled the remaining ortho or para ring position. For reasons of safety, the three separate
nitration steps were normally carried out in different reactors housed in separate buildings, and
the buildings were often built in low lying areas between hills so that the hills between the
reactors could direct accidental explosions upwards and away from other buildings (Fig. 1). The
result is that soil contamination at explosives manufacturing sites is patchy and heterogeneous. In
many areas, the large amounts of nitric and sulfuric acid used in the TNT manufacturing process,
have lowered the pH of the soil and helped to preserve the nitrotoluene contaminants from
biological activity.

Known biological reactions with TNT (Fig. 2) include reduction of one or more nitro groups
under both aerobic and anaerobic conditions (Rieger and Knackmuss, 1995), oxidation of the
methyl group (Bruns-Nagel et al., 1999), and reduction of the aromatic ring to form a
Meisenheimer complex with the subsequent spontaneous release of nitrite (Vorbeck et al., 1994;
Vorbeck et al., 1998). Under anaerobic conditions, TNT can be used as a sole nitrogen source
(Boopathy and Kulpa, 1992; Esteve-Niifiez and Ramos, 1998) and as a terminal electron acceptor
(Esteve-Nufiez et al., 2000). Nonetheless, mineralization has not been reported as the major result
of such transformations, and the aromatic ring generally remains untouched.

The commonly identified transformation products (Kaplan, 1990) include: 4-hydroxylamino-2,6-
dinitrotoluene (4HADNT), 4-amino-2,6-dinitrotoluene (4ADNT), 2-amino-4,6-dinitrotoluene
(2ADNT), 2,4-diamino-6-nitrotoluene (24DANT), and under strict anaerobic conditions 2,4,6-
triaminotoluene (Hwang et al., 2000; Preuss et al., 1993). The azoxy compounds, 2,2’°,6,6’-
tetranitro-2,2’azoxytoluene and 4,4’,6,6’-tetranitro-2,2’azoxytoluene are believed to result from
nonenzymatic reactions of the hydroxylaminodinitrotoluenes (Haidour and Ramos, 1996;
McCormick et al., 1976), but recent evidence suggests that the tetraamino analogs are produced
from triaminotoluene by biological activity (Hawari et al., 1998). All the above compounds are
considered dead end products of TNT transformation.

4.1.2 Survey of nitroaromatic-degrading strains/enzyme activities

Bacteria able to attack the aromatic ring of TNT and add hydroxyl groups preparative to ring
cleavage have been elusive, but during the past decade a number of strains able to completely
degrade aromatic compounds with only one or two nitro groups have been discovered. Bacterial
isolates that degrade nitrobenzene (NB) (Nishino and Spain, 1993; Nishino and Spain, 1995),
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4-nitrophenol (Spain and Gibson, 1991), 2-NT (Haigler et al., 1994b), 4-NT (Haigler and Spain,
1993), 2,4-DNT (Spanggord et al., 1991) and 2,6-DNT (Nishino et al., 2000a) through oxidative
pathways were tested for their ability to degrade or transform TNT after growth with and without
the nitroaromatic substrate that they had been selected to degrade. The strategy was to identify
any activity that led to other than reduced products. With a single exception, rigorous mass
balances indicated that all of the cultures stoichiometrically transformed TNT to the common
reduced products. The studies also demonstrated that the unique nitroarene oxygenases possessed
by the strains were not involved in TNT transformation. Rather the metabolites identified were
the products of nonspecific nitroreductase activity. As a result we discontinued screening for
oxygenase enzymes that catalyze novel transformations of TNT.

4.1.3 Reduction of TNT by JS45 and production of novel metabolites

Pseudomonas pseudoalcaligenes strain JS45 grown on NB catalyzed the rapid transformation of
TNT to previously unknown metabolites (Fiorella and Spain, 1997). Strain JS45, isolated for its
ability to grow aerobically on NB, uses a novel pathway that begins with a partial reduction of the
nitro group to the hydroxylamine level (Nishino and Spain, 1993; Somerville et al., 1995). The
hydroxylaminobenzene is subsequently converted to 2-aminophenol by a novel mutase (Davis et
al., 2000; Davis et al., 1997; He et al., 1999; He et al., 2000) and ring fission is catalyzed by an
unusual dioxygenase (Davis et al., 1999; Lendenmann and Spain, 1996).

Rather than the sequential reductions of TNT to amino derivatives seen in other systems, strain
JS45 reduced two nitro groups sequentially to the hydroxylamine level (Fig. 3). 4HADNT, the
first product to appear, is converted directly to 4ADNT in a number of bacterial, plant and fungal
systems (Hawari et al., 1999; Khan et al., 1997; Michels and Gottschalk, 1994; Pavlostathis and
Jackson, 1999; Van Aken et al., 1997), but in the JS45 system a second partial reduction yielded
2,4-dihydroxylamino-6-nitrotoluene (DHANT). Experiments with purified nitrobenzene
nitroreductase made it clear that the nitrobenzene nitroreductase catalyzed the reactions and was
unable to reduce the hydroxylamino groups to amines. In whole cell experiments, a nonspecific
nitroreductase catalyzed conversion of 4HADNT directly to 4ADNT, and DHANT to 2-
hydroxylamino-4-amino-6-nitrotoluene (2HA4ANT). 2HA4ANT was oxidized to unidentified
products that disappeared during subsequent incubation and a major portion of the carbon became
associated with the cells. The unusual transformation pathway could provide the basis for a TNT
treatment process and further research has begun to identify the end products of the reaction and
evaluate the kinetics with the overall goal of developing strategies that will lead to cleavage of the
aromatic TNT ring (Hughes, 2001).

4.2 Mono- and dinitrotoluenes

4.2.1 Pathways and genetic studies

The major contaminants found at many TNT manufacturing sites include the mono- and
dinitrotoluene intermediates that lead to TNT, largely 2-NT, 4-NT, 2,4-DNT and 2,6-DNT. Only
traces of 3-nitrotoluene, 2,3-dinitrotoluene and 3,4-dinitrotoluene were generated during the
manufacture of TNT, and such compounds are rare at contaminated sites. Bacteria able to utilize
2-NT (An et al., 1994; Haigler et al., 1994b), 4-NT (Haigler and Spain, 1993; He and Spain,
2000b; Spiess et al., 1998), 2,4-DNT (Haigler et al., 1999; Haigler et al., 1994a; Spanggord et al.,
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1991), and 2,6-DNT (Nishino et al., 2000a) as sole carbon and nitrogen sources have been
isolated and the degradative pathways determined. Multiple pathways for 4-NT degradation, all
involving an initial reduction, have been identified (Haigler and Spain, 1993; Rhys-Williams et
al., 1993; Spiess et al., 1998) in three different bacteria (Fig. 4). To date only a single 2-NT
degrading strain has been reported (Haigler et al., 1994b). It attacks 2-NT via an initial oxidation
at the 2-nitro position (Fig. 5). A number of strains able to degrade 2,4-DNT or 2,6-DNT have
been isolated (Nishino et al., 2000a; Spanggord et al., 1991). The degradative pathways (Fig. 6)
used by all the isolates have been the same, although the genes and gene organization may vary
considerably among the strains (Johnson et al., 2000). Degradation of 2,4-DNT and 2,6-DNT
begins via an initial oxidative attack on the aromatic ring that results in the formation of a
methylnitrocatechol and the release of one nitro group. The two pathways diverge at that point
(Nishino et al., 2000a). The 4-methyl-5-nitrocatechol formed from 2,4-DNT undergoes a
monooxygenase attack at the remaining nitro-substituted position to form 2-hydroxy-5-
methylquinone with the release of the second nitro group. A quinone reductase converts the
hydroxymethylquinone to 2,4,5-trihydroxytoluene which then undergoes ring cleavage. In
contrast, the 3-methyl-4-nitrocatechol formed from 2,6-DNT is attacked by an extradiol ring
cleavage dioxygenase to yield 2-hydroxy-5-nitro-6-ox0-2,4-heptadienoic acid which is then
hydrolyzed to 2-hydroxy-5-nitro-2,4-pentadienoic acid plus acetic acid. The second nitro group is
released as nitrite in a subsequent reaction.

A number of the genes involved in the pathways have been cloned and sequenced (An et al.,
1994; Haigler et al., 1999; Haigler et al., 1997; Johnson et al., 2000; Johnson and Spain, 1997,
Suen and Spain, 1993). Genetic analysis has shown that the initial dioxygenase that attacks 2,4-
DNT at the 4-position is closely related to naphthalene dioxygenase (Table 1) (Suen et al., 1996),
but an expanded survey of the small ISP subunits from a number of nitroarene dioxygenases and
naphthalene dioxygenases showed that the nitroarene dioxygenases and naphthalene
dioxygenases cluster separately (Johnson and Spain, 1997). The closely related nitroarene
dioxygenase ISP subunits are distributed throughout both the gram negative and gram positive
bacteria suggesting that the initial dioxygenase evolved once and has spread horizontally through
bacterial communities at contaminate sites (Nishino et al., 2000b).

4.2.2 Ex situ bioremediation of DNT mixtures

The isolation of specific mono- and dinitrotoluene degrading bacteria allowed the development of
strategies for ex situ remediation of mixtures of mononitrotoluenes and DNT. Early research
conducted before the start of Flask to Field, focused on treating 2,4-DNT with pure cultures in
bioreactors. The studies showed that complete and rapid removal of 2,4-DNT depended on
retention of the slow-growing 2,4-DNT-degrading biomass within the bioreactor (Heinze et al.,
1995; Reardon, 1992). After the start of Flask to Field, our program concentrated on developing
strategies for treating ground water and soil contaminated with mixtures of nitrotoluenes. Much
of the work described in the following sections has been incorporated into U.S. Patent 6,248,580
(Spain et al., 2001) describing bioremediation systems for DNT. A technology status review for
bioremediation of DNT is available on the ESTCP web site (Nishino and Spain, 2001c).

Bench scale ground water studies. An artificial ground water containing 2,4- and 2,6-DNT was
used to feed a mixed culture of 2,4- and 2,6-DNT degrading bacteria in a bench scale fluidized
bed reactor (FBR, Fig. 7) throughout a series of experiments spanning a 6 month period
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(Lendenmann et al., 1998; Smets et al., 1999). Sand was used as the biomass carrier so that
rigorous mass balances could be determined. The bench scale tests demonstrated the complete
and simultaneous mineralization of mixtures of DNT at various DNT loading rates and hydraulic
retention times (Fig 8). Minimum oxygen requirements to support complete DNT degradation
were determined. A nitrite oxidizing population that converted most of the excess nitrite to nitrate
became established during the first month of the reactor operation. Federal regulatory standards
for nitrate in drinking water are 10 mg/L vs. 1 mg/L for nitrite, making nitrate the more desirable
form for discharge.

During the course of the bioreactor experiments, it became possible to isolate bacteria able to
degrade both isomers of DNT. No such strains were found in initial samples, less than 1% of
isolates obtained after 2 months of operation could degrade both DNT isomers, and 98% of the
isolates obtained after 4 months of operation could degrade both 2,4- and 2,6-DNT. How such
“dual degraders” arose and the specific pathways by which they degrade the two DNT isomers
are currently under investigation.

The artificial ground water was replaced by contaminated ground water from VAAP containing
2-NT and 4-NT in addition to the DNT. A 7-day acclimation period was required before 2,4-DNT
removal rates returned to >98% at a 6 hr hydraulic retention time. The hydraulic retention time
was reduced to 3 hr, and after an additional 12 days, the removal of rates of the nitrotoluenes
were > 98% with the exception of 2,6-DNT for which the removal rate was 62% (Lendenmann et
al., 1998).

Field study at VAAP. The bench scale tests established the parameters necessary to design a pilot
scale system for tests in the field at VAAP. The field demonstration was a combined effort of
AFRL, Envirogen, Inc., Malcolm Pimie, Inc., and the USACE Baltimore District (Envirogen Inc.,
1999; Spain et al., 1999). A FBR was operated with ground water at VAAP for 5 months during
1998 to determine the feasibility of using a FBR inoculated with specific nitrotoluene-degrading
bacteria to remediate ground water contaminated with mixtures of mono-, di- and trinitrotoluene.
Additional objectives were to characterize removal efficiencies and rates, and to establish
operating costs and the necessary parameters for designing full scale FBR systems for
nitrotoluene degradation.

Because the FBR at VAAP was to use granular activated carbon (GAC) rather than sand as the
biomass carrier, experiments were conducted in the laboratory to determine how the strong
sorption of nitroaromatic compounds by GAC affects the bioavailability of nitroaromatic
compounds. It was not known whether bacteria remained active and viable in the absence of their
substrates. We designed experiments to evaluate the effect of various strategies for saturation of
the GAC and inoculation. Three assays were developed to distinguish biodegradation from
sorption. The first compared contaminant concentrations in the FBR influent and effluent. The
second strategy measured oxygen depletion, and the third measured nitrotoluene degradation in
batch experiments. The results demonstrated that a mixed microbial community attached to GAC
is capable of degrading all of the nitroaromatic compounds and that the community can be
recovered from storage. However, it is essential that the GAC be saturated prior to inoculation
with degradative bacteria. The most sensitive populations were the 2,6-DNT degraders which
may be lost or inactivated if unsaturated carbon is used. Saturation of the GAC also occurred at
different times for each compound in the mixture of chemicals. That is, saturation of GAC with
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2,4-DNT did not also mean that the GAC was saturated for 2,6-DNT. An early misstep during the
field study was inoculation with the degradative bacteria before the GAC was saturated by all the
nitrotoluenes. As a consequence, the bacteria starved and the FBR had to be reinoculated with
active cultures before biodegradation began.

After reinoculation, removal efficiencies for 2-NT, 3-NT, 4-NT, and 2,4-DNT were high
throughout the test period (Table 2). Removal efficiency for TNT varied between 33 and 73%
depending upon the hydraulic retention time. 2,6-DNT removal was low during the initial phases
of the study, but improved dramatically after 4 months of operation. Because the slow
degradation of 2,6-DNT limited the overall efficiency of the system, a simple tank for extended
aeration of FBR effluent was tested in the laboratory. There was no pH or temperature control,
and no agitation other than that supplied by an air stone. Effluent was added to the tank in 2.5 to 3
gallon batches and replaced with fresh effluent when 2,6-DNT was degraded (Fig. 9). The time
required for the degradation of 2,6-DNT in successive batches of effluent became shorter, due in
part to the lower concentration of 2,6-DNT in later batches of effluent. The lower concentration
was due to the improvement in 2,6-DNT degradation in the FBR. The results demonstrate clearly
that 2,6-DNT can be degraded rapidly during extended aeration.

The specific causes of the initial inhibition of 2,6-DNT degradation are unknown. A number of
tests with artificial ground water containing the nitrotoluenes in the concentrations found in the
VAAP ground water failed to show any effect of the presence of any combination of 2-NT, 4-NT,
3-NT, 2,4-DNT, or TNT on 2,6-DNT degradation. Addition of lead, copper, and zinc, the metals
found in the highest concentrations in ground water from VAAP had no effect, nor did high
concentrations of nitrate, also present in the ground water at VAAP. Onlt the total removal of
organic compounds from VAAP ground water with a C,, solid phase extraction column, and
addition of the extracted organic compounds back to the eluate inhibited 2,6-DNT degradation.
An artificial mixture of nitrotoluenes added to the eluate at the concentrations originally found in
the ground water failed to inhibit 2,6-DNT degradation. The result suggests that some non-polar
organic component of the VAAP ground water was responsible for the observed inhibition of 2,6-
DNT degradation. Despite the initial inhibition, the acclimation of the system at the termination
of the field study and the lack of any undesired metabolic or transformation products in the
reactor effluent demonstrated the feasibility of the technology for mixed nitrotoluene
remediation. A steady state for 2,6-DNT degradation was not achieved during the final days of
operation of the FBR. The concentration of 2,6-DNT in the effluent was still trending downwards
when the FBR was shut down. With continued operation, it is likely that high 2,6-DNT removal
rates could have been achieved at shorter hydraulic retention times. It is clear that the FBR could
have been optimized for 2,4-DNT degradation if a second reactor in series had been operated for
2,6-DNT degradation. The extended aeration experiment demonstrated that the second reactor
could have been as simple as the addition of aeration to the effluent holding tank.

Cost analysis showed that the aerobic fluidized bed reactor technology is more cost effective than
UV/Ozone treatment or granular activated carbon treatment when the total nitrotoluene removal
rate exceeds 120 Ib/day (Envirogen Inc., 1999; Spain et al., 1999). Because the cost analysis was
based on treatment rates that were limited by the degradation rate for 2,6-DNT, it is expected that
costs would be lower in a treatment system that has adapted to rapidly degrade both isomers of
DNT. The U.S. Army has estimated the cost for remediation of contaminated ground water at five
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sites (Volunteer AAP, West Virginia Ordnance Works, Cornhusker AAP, Iowa AAP, Longhorn
AAP) to be one quarter of the total cleanup cost at the sites (Annual Report to Congress for Fiscal
Year 1995).

Bioremediation as a clean up alternative for an industrial site. The gypsum waste stack of a
former phosphate fertilizer plant owned by Imperial Chemical Industries, Canada, is the source of
about 1 M gallons of DNT-contaminated water. Seep water is extremely acidic as it exits the
gypsum stack. The seep water is treated with lime to raise the pH to 11 in order to precipitate
fluoride and drive off ammonia. Following lime treatment, the water is sent to a series of holding
ponds for several years. The current remediation permit will expire in a year and a permanent
solution is required by the Canadian regulatory agency. Preliminary studies indicated that added
DNT-degrading strains will mineralize the DNT in the water once the pH is adjusted to neutral
(Fig. 10.) (Nishino and Spain, 2000a). Based on the results of the preliminary studies, ICI Canada
made the decision to use bioremediation for cleanup of the site. A CRADA (USAF, 2000) was
negotiated between AFRL/MLQL and ICI Canada to support the bioremediation project.

Studies under the CRADA found that DNT-degrading bacteria have developed in some of the
holding ponds on the ICI site (Nishino and Spain, 2001a), and further tests determined the pH and
nutrient requirements for the DNT-degrading enrichments. The initial objective of the studies was
to elucidate the necessary physical conditions to support DNT degradation in seep water from the
gypsum stack in a field scale FBR and a permit was obtained from the Canadian authorities to
operate such a reactor. The discovery, however, of rapid DNT degradation in the holding ponds
has convinced ICI to create artificial wetlands for DNT degradation. The design for the artificial
wetlands is currently being finalized, but it is expected to consist of a liming cell followed by a
series of settling ponds and possible limestone filters prior to the actual deep water marsh and
shallow water marsh treatment cells (Conestoga-Rovers & Associates, 2000). The wetland
treatment cells will be planted with emergent plants to remove residual phosphate and ammonia,
and to provide attachment sites for the DNT-degrading microbial biomass.

Biodegradation of DNT in soil slurries. We extended our research on mineralization of DNT to
soil slurries and soil to address the problem of the large amounts of contaminated soil at U.S.
defense sites. Remediation of DNT in soil slurries was demonstrated in bench scale studies of
soils contaminated over 50 years ago with 9.6 g-DNT/kg-soil (Nishino et al., 1999). Draw and fill
slurry reactors inoculated with DNT-degrading bacteria repeatedly removed both 2,4-DNT and
2,6-DNT from the field contaminated soil. Mineralization studies showed that from 43 to almost
60% of radiolabeled DNT was recovered as "‘CO, (Fig. 11).

The success of the bench scale study led to supplemental SERDP funding to conduct scale up
studies of DNT mineralization in soil slurries (Zhang et al., 2001; Zhang et al., 2000). DNT
contaminated soils were obtained from VAAP and BAAP. The soils were dried, powdered, and
passed through a 20 mesh sieve, and mixed. The composite soils were extracted with acetonitrile
and analyzed for 2,4-DNT and 2,6-DNT (Table 3). Weighed amounts of soil were treated in a hot
water wash prior to use in the 75-L Eimco reactors. The airlift design of the reactors prevented
direct use of sandy soil in the reactors. The hot water wash removed better than 99% of the DNT
from the heavier sand. The DNT-contaminated wash water and the light clay components were
treated in the Eimco reactors. The reactors were inoculated with a mixed culture of 2,4-DNT and
2,6-DNT degrading bacteria that had been grown on a mixture of 2,4- and 2,6-DNT. The reactors
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were run in both continuous feed and in batch modes in a series of experiments designed to
determine the most effective operating conditions for DNT degradation.

2,4-DNT was degraded immediately and rapidly in both soils at concentrations up to 11 mM, but
2,6-DNT degradation in the presence of high concentrations of 2,4-DNT was inhibited.
Continuous feeding of low volumes of soil wash was used to achieve degradation of both DNT
isomers, but forced the reactors to be operated at a rate geared to degradation of the minor
contaminant. Protocols were developed for sequential treatment of 2,4- and 2,6-DNT, thereby
reducing the overall treatment time (Fig. 12). Nitrite release was stoichiometric with 2,4-DNT
degradation. At high soil loading rates, accumulated nitrite both lowered the pH of the slurry and
eventually inhibited 2,4-DNT degradation. The pH was adjusted with concentrated NaOH, but
nitrite toxicity to 2,4-DNT degradation limited the soil loading rate to 40%. Nitrite did not inhibit
2,6-DNT degradation, but the high background of nitrite in the second reactor prevented the use
of nitrite as a simple monitor for 2,6-DNT degradation. The DNT degradation rates achieved in
the sequential batch reactors increased with higher DNT concentrations (Table 4).

The study demonstrated that highly contaminated soils can be treated without extensive dilution.
That in turn allows for smaller reactors and lower volumes of residual materials for treatment and
disposal. Although the airlift reactors were quite effective when the heavy sand was removed
from the treatment system, the soil wash step could be eliminated through the use of other reactor
designs. Cost analysis showed that the sequential slurry treatment system is competitive with
thermal treatment with estimated costs of $100 to $200 per cubic yard (Zhang et al., 2000).

4.2.3 In situ degradation of DNT

In situ remediation has several potential advantages over traditional ex situ technologies all
related to the fact that the contaminated material, whether soil or water, does not have to be
removed from the site for treatment and disposal. That offers potentially huge cost savings for
handling, transport, and disposal, particularly when large volumes of materials are involved.
Minimal handling and transport also reduces the potential for accidental contamination of
additional equipment and sites exposed to the contaminated materials. In spite of these
advantages, few in situ technologies have been developed for non-volatile, non-dissolved
contaminants. That is largely due to the difficulties in: 1) establishing precisely where and how
much contaminated material must be cleaned up, 2) determining the presence and activity of
indigenous degradative microbial populations, 3) developing effective delivery systems for
amendments and nutrients, 4) predicting and controlling undesired side effects of the remediation
technology.

Engineered approach for in situ bioremediation at BAAP. It is clear that bacteria able to degrade
DNT are present at many DNT-contaminated sites. The finding raises questions about the reasons
for persistence of DNT at such sites, and what can be done to encourage in situ degradation of
contaminants by the native bacteria. We conducted preliminary microcosm experiments to
determine the feasibility of in situ DNT degradation at BAAP which is located near Baraboo, W1.
BAAP has two sites that were formerly used to dispose of wastes from the processing of single-
base gun propellants and deterrents which consist of various mixtures of nitrocellulose, 2,4-DNT,
dibutylphthalate, and diphenylamine (Table 5). The propellant residues were dissolved in organic
solvents like benzene then disposed of in large in-ground waste pits. In some areas of the waste
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pits, the soil contains up to 28% 2,4-DNT by weight (Stone & Webster Environmental
Technology & Services, 1998).

Treatability studies. Soil from waste pits at two BAAP sites, the Propellant Burning Ground
(PBG) and the Deterrent Burning Ground (DBG), were found to contain indigenous populations
of DNT-degrading bacteria (Fig 13). At room temperature, the addition of phosphate and
moisture was sufficient to initiate DNT-degradation in field contaminated soils within 2 weeks
(Fig. 14). At normal soil temperatures, a year-round 13°C in the subsurface, degradation began in
2 months (Nishino and Spain, 1999)(Fig 15). The bacteria are uniquely adapted to degrade DNT
at the high soil pH (8.5-9.3) at BAAP (Fig 16). The information was used as the basis for design
of pilot scale in situ treatment systems for DNT-contaminated waste pits at the PBG.

Further bench scale treatability studies were conducted during the start up and operation of the
pilot field study in order to define the critical parameters that affect in situ DNT degradation
(Nishino and Spain, 2001b). Lack of DNT degradation can be attributed to a number of factors.
We demonstrated the presence of indigenous bacteria with ability to grow on DNT in the
preliminary studies and thus focused on physical conditions and potential inhibitors. Physical
conditions can include such factors as soil pH, temperature, moisture, oxygen, and inorganic -
nutrients. Potential inhibitors are the presence of nitrite, or other compounds such as competing
carbon sources that can cause catabolite repression.

Soil pH was eliminated as a limiting factor when it was demonstrated that the indigenous bacteria
were most active at the soil pH. Starvation for oxygen at BAAP could not be addressed in the
laboratory because only direct measurement of soil oxygen levels in the field can establish
whether sufficient oxygen is present for DNT degradation. We had, however, previously
established the minimum oxygen requirements for DNT degradation in bioreactor studies
(Lendenmann et al., 1998) and provided that standard to Stone & Webster for monitoring
purposes at the pilot study site. In addition to oxygen, bacteria require nitrogen and phosphorus as
macronutrients. Tests in shake flasks with uncontaminated BAAP soil and ground water indicated
that no macronutrient other than phosphorous had an effect on DNT degradation. Soil columns
amended with ortho phosphate showed more rapid DNT degradation than columns without the
amendment, but phosphate addition was not required for complete degradation of DNT (Fig. 17).
Temperature effects were studied in shake flasks and columns. Initiation of DNT degradation was
delayed in cultures incubated at the BAAP soil temperature of 13°C (Fig. 18), requiring up to 3
months before degradation began. :

Previously, we found inhibition of 2,4-DNT degradation when nitrite concentrations exceed 20
mM (Nishino et al., 2000b). We constructed microcosms of PBG soil that was moistened with
deionized water or phosphate buffer (10, 100, and 1000 mM) to varying percentages of field
capacity (25, 50, and 100%). The headspace was approximately 4 times the volume of soil. The
microcosms were inoculated with DNT-degrading bacteria and the microcosms were incubated at
30°C. Sets of microcosms were extracted and analyzed periodically. DNT degradation stopped in
all microcosms at nitrite concentrations between 20 and 40 mM (Fig. 19) or the equivalent of 3 —
6 % of the DNT in the soil.

Small columns were constructed with PBG soil, and flushed twice weekly with one column
volume of 20 mM phosphate buffer. Half the columns were inoculated with DNT degrading
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bacteria. The columns were incubated at room temperature. The eluate was collected and
analyzed. Nitrite was released immediately from the inoculated columns and after 2 weeks in the
uninoculated columns. DNT was washed out of all the columns, but degraded in each eluate that
contained nitrite. After 250 days, DNT was no longer detected in the eluate. Twice during the
experiment, one of the twice weekly flushes was omitted and the columns dried out. In each
instance there was a lag period before DNT degradation resumed.

The results of the treatability studies suggest that in the BAAP soils low soil temperatures, lack of
moisture and accumulation of nitrite have the greatest impacts on DNT degradation. Moisture is

not only necessary for bacterial activity, but also serves as a mechanism for removal of excess
nitrite.

In situ treatment system. Stone & Webster Engineering designed, built and operated an in situ
treatment system (Cuffin et al., 2001b)(Fig. 20) in one of three 30 ft diameter x 100 ft deep waste
pits at the PBG under a cleanup initiative funded by the US Army Corps of Engineers, Omaha
District. Ground water was pumped from the bottom of the waste pit into a holding tank on the
surface. Water from the holding tank was returned to the waste pit through infiltration piping laid
at the top of the waste pit. DNT-degrading bacteria were added to ground water during the early
stages of the pilot test. Provision was made to heat the ground water in the holding tank and to
add nutrients if necessary to stimulate DNT degradation. Existing soil vapor extraction vents were
converted to deliver air to 5 levels within the waste pit. An anaerobic zone designed to destroy
the nitrite released by DNT degradation was created down gradient from the waste pit by
pumping an easily degradable carbon source, initially propylene glycol and subsequently ethanol,
into the vadose zone. Initial tests of the treatment system began in early April, 2000 and ran
through August, 2000. Several parameters indirectly indicate the success of the system. The
concentration of 2,4-DNT in the recirculating ground water dropped from 16,000 to 130 pg/L
between April 5 and July 17 and nitrate accumulation accompanied start up of the system.
Oxygen became depleted in the ground water exiting the bottom of the waste pit. Finally, the
initial ratio of 2,4-DNT to 2,6-DNT changed from 50:1 in the untreated soil to 1:5 in the treated
water over the 4 month trial (Fig 21). The extreme shift in the ratios reflects the rapid removal of
the 2,4-DNT .

Approval has been given to extend the treatment to the other two waste pits at the site. Costs for
cleanup of DNT contaminated soil at BAAP using excavation to 110 ft below the surface and
incineration were estimated to be $75 million per waste pit. Cost savings for successful in situ
bioremediation is expected to be $60-65 million with a time savings of 10 years. If the technology
is successful at Badger it can be expected to be applied at other sites in DoD and in civilian
applications.

Validation studies. While results of the pilot-scale work were promising, the data gathered did not
provide the information required to insure the successful use of the full scale systems and did not
provide the information needed for site-specific analysis of in situ DNT bioremediation at other
contaminated sites. A rigorous evaluation of the contribution of biodegradation to the overall
decline in DNT contamination at BAAP could not be performed with the data collected during
the pilot study because of the inability to conduct a mass balance on the DNT in that system.
Questions that remain from the work at BAAP include: 1) the rates of DNT degradation, and how
degradation may influence the longevity of the DNT source, 2) the level of 2,4-DNT degradation
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that must be achieved before 2,6-DNT degradation begins, 3) the need/benefit of
bioaugmentation — or other strategies to minimize DNT washout before rapid degradation begins,
4) the limits of treatment and whether they will meet remedial objectives. In order to resolve
these questions, and determine the potential for widespread applications, highly controlled studies
are needed in vadose-zone simulation systems where rigorous material balances can be
performed.

In on-going experiments at Rice University the overall process implemented at BAAP is
simulated in a scale where mass balance of DNT isomers is achievable and optimization of
operational parameters can be tested. The soils used were obtained previously from contaminated
areas at BAAP. The soil has been thoroughly characterized and packed in columns (4 in. IL.D. x 6
in. length). Water (55.6 ml) and air (560 ml) are provided daily through metering pumps at
volumes scaled from the BAAP process, and effluents analyzed for DNT isomers, nitrite, nitrate,
and pH. Currently, four columns are in operation. Two receive sodium azide as an inhibitor of
microbial activity. Effluent is not recycled in current studies.

Results to date have shown high levels of DNT washout with no statistical difference between
systems that do and do not receive azide. The average DNT concentrations in the column eluates
range between 844 and 903 pM for 2,4-DNT and between 371 and 396 pM for 2,6-DNT. Initial
samples from systems without azide showed elevated nitrite levels (~100pM) that dropped to near
detection limits after approximately 10 days. No significant nitrite production has been observed
in the azide-treated controls. The dominant form of nitrogen leaving the active systems is nitrate
at levels similar to that initially observed as nitrite. The columns are currently being run at room
temperature, but additional columns will be run at the BAAP soil temperature.

Natural Attenuation. The occurrence of indigenous DNT-degrading bacteria is being used in
support of monitored natural attenuation of a DN'T-contaminated ground water plume also
located at BAAP as well as at two commercial manufacturing sites for DNT. Air Products Inc.,
the world’s largest commercial producer of DNT has two sites that are contaminated with several
DNT plumes. Air Products requested that MLQL conduct the preliminary studies to identify the
presence of indigenous DNT-degrading populations at the industrial sites in order to evaluate the
contribution of natural attenuation to the cleanup strategy for the sites. Natural attenuation refers
to the destruction, in situ, of contaminants by physical, chemical or biological means without
human intervention. It has become clear that biological processes play the predominant role in
natural attenuation (Williams et al., 1997), and the presence of active DNT-degrading bacteria at
contaminated sites suggests that natural attenuation may play a role in the clean up of DNT
contaminated sites. The U.S. Environmental Protection Agency recommendations define
biological degradation processes directly demonstrated in contaminated site material to be
sufficient evidence to propose monitored natural attenuation as a remediation alternative (US
Environmental Protection Agency, 1999). When our studies made it clear that there are active
DNT-degrading bacterial populations at both of the contaminated industrial plants (Nishino and
Spain, 2000b) Air Products decided to have a remediation proposal designed to incorporate
natural attenuation for DNT.
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4.3 Nitrobenzene

NB has long served as a model compound, being the simplest of nitroaromatic compounds. It is
also a widely used industrial chemical that serves as the starting material for a number of
important industrial processes. We isolated NB degrading strains from a number of contaminated
industrial sites and treatment plants (Table 6) (Nishino and Spain, 1995) and described two
different NB degradation pathways (Fig. 22). The most widespread pathway, is the partial
reductive pathway first described in Pseudomonas pseudoalcaligenes 1845 (He and Spain, 1997;
Nishino and Spain, 1993), the organism described above with the ability to transform TNT to
novel metabolites. A second oxidative pathway was found in Comamonas sp. JS765 which uses
nitrobenzene dioxygenase to convert NB to catechol with the loss of nitrite. Catechol is then
degraded via a meta-cleavage pathway (He and Spain, 1999a; Nishino and Spain, 1995).

When the partial reductive pathway in JS45 was described, only 4-nitrobenzoate (Groenewegen
et al., 1992; Groenewegen and de Bont, 1992) and 4-NT (Haigler and Spain, 1993; Rhys-
Williams et al., 1993) were known to be degraded via partially reductive pathways, but whereas
those pathways involved eventual conversion to a catechol/protocatechuate, the NB pathway
utilized a novel mutase to convert hydroxylaminobenzene to ortho-aminophenol. Since then

partial reduction has been found in pathways for several other nitroaromatic compounds (Nishino
et al., 2000b).

Extensive work has been done to purify the enzymes and identify the genes of both pathways,
particularly for the partial reductive pathway (Davis et al., 1999; Davis et al., 2000; He et al.,
1998; He et al., 1999; He et al., 2000; He and Spain, 1998; Lendenmann and Spain, 1996;
Somerville et al., 1995). The genetic studies and comparisons of the two pathways have been
done in order to better understand the mechanisms by which nitroaromatic degradation pathways
might have evolved. Understanding such processes can help us to understand where and when we
might expect such pathways to evolve in nature.

The novel reactions catalyzed by the enzymes of the partial reductive pathway have been
exploited to produce novel ortho-aminophenols (Nadeau et al., 2000), picolinic acids (He and
Spain, 2000a; Lendenmann and Spain, 1996), and other specialty chemicals (He and Spain,
1999b) (Fig. 23).

4.4 Nitramine Explosives

Nitramine explosives are compounds which have a nitro group attached to a nitrogen atom.
Although RDX and HMX are the two most widely distributed nitramine explosives we began our
work on tetryl (2,4,6-trinitrophenylmethylnitramine) a nitramine that also incorporates a
nitrosubstituted aromatic ring, and thus has structural similarities to TNT (Fig 24). Enrichment
cultures inoculated with soil from tetryl contaminated sites yielded some bacteria which could
slowly grow on tetryl as a sole carbon and nitrogen source; however, the cultures could not be
made to grow on tetryl concentrations greater than 25 pM and the experiments were discontinued.
A metabolite that accumulated in tetryl fed cultures was identified as N-methylpicramide and had
been previously described as a tetryl metabolite found in soil (Fellows et al., 1992). The
commercially available ferredoxin NADP oxidoreductase from spinach was found to catalyze the
same reaction at the nitramine nitro group to also produce N-methylpicramide (Shah and Spain,
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1996). A mechanism was proposed for the nitroreductase mediated reaction with the suggestion
that similar mechanisms should be investigated to determine whether they might lead to the
elimination of nitrite from other nitramine compounds (Fig. 25).
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5 Summary

The Explosives thrust of the Flask to Field initiative focused on the examination of bacteria able
to grow on nitroaromatic compounds. We discovered bacteria that are able to mineralize 2,4-
DNT, 2,6-DNT and nitrobenzene. The catabolic pathways used by the bacteria for growth on the
above nitroaromatic compounds involve many novel reactions. The enzymes found in the
pathways have been purified and characterized, and many of the genes involved in the pathways
have been identified and cloned. The novel enzymes discovered in the biodegradative pathways
were screened for the ability to transform TNT. Previously unidentified metabolites of TNT
resulted from transformation by purified enzymes and whole cells of the nitrobenzene-degrading
strain JS45.

Major effort was directed towards development of pilot and field scale systems for degradation of
mixtures of nitrotoluenes. Bench scale studies established the parameters necessary to design a
fluidized bed reactor for a five-month field test of ground water remediation at Volunteer Army
Ammunition Plant. 2,4-DNT, 2-NT and 4-NT were degraded efficiently at all residence times.
Removal efficiency for TNT varied between 33 and 73% depending on hydraulic retention time.
2,6-DNT removal was low initially but improved after four months of operation. Cost analysis
showed that this technology was more cost effective than UV/ozone or granular activated carbon
treatment when the total nitrotoluene removal rate exceeded 120 Ib/day.

Other bench scale studies established the effectiveness of biodegradation of mixtures of DNT in
soil slurry systems. Pilot scale studies demonstrated that 2,4-DNT degraded immediately and
rapidly in up to 40% soil slurries where the soil contained 12 g/kg DNT, but nitrite toxicity is
limiting to 2,4-DNT degradation. At high 2,4-DNT concentrations, 2,6-DNT degradation must be
separated from 2,4-DNT degradation to optimize the overall process. Cost analysis showed that
sequential soil slurry bioremediation systems are competitive with thermal treatment.

Another emphasis of the explosives research was on development of in situ pilot and field scale
systems for degradation of mixtures of DNT in soil. A critical component of the research has
been to elucidate the bottlenecks that inhibit efficient DNT degradation in above ground reactor
systems as well as in situ field applications. Bench scale treatability studies using soil from
Badger Army Ammunition Plant (BAAP) indicated that soil contains indigenous populations of
DNT-degrading bacteria. Based on that finding, a pilot scale treatment system designed to
stimulate the degradative activity of the indigenous bacteria was implemented at BAAP. The 2,4-
DNT concentrations dropped from 16,000 to 130 pg/L during the first three months of the field
test. Full scale application of in situ bioremediation of DNT has been approved for BAAP
following the successful pilot demonstration. Cost savings per waste pit at the site is expected to
be $60-65 million with time savings of 10 years. Industrial producers of DNT have also adopted
bioremediation as clean up alternatives for contaminated sites based on the discoveries pursued
under Flask to Field.

The Explosives thrust research has resulted in 38 peer-reviewed publications, 44 technical
abstracts, and 8 book chapters. A technology status review of bioremediation of DNT has been
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research pursued under Flask to Field.

published on the ESTCP website at http://www.estcp.org/documents/techdocs/DNT_Report.pdf.
United States patent 6,248,580 “Process for the biodegradation of dinitrotoluene” is based on the
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6 Recommendations for Transitional Research

Nothing is known about the regulation of the enzymes that remove the nitro groups from
nitroaromatic compounds. Insight about the enzymes involved in the initial oxidative attack on
nitroaromatic compounds and their regulation should lead to improved strategies for the
degradation of mixtures of nitrotoluenes and an improved basis for predicting natural attenuation
of DNT. At many sites, soil and groundwater are contaminated by mixtures of DNT and TNT.
Laboratory and field tests conducted to date with such mixtures of contaminants have not
indicated that TNT is removed effectively during the aerobic degradation of DNT. It may be
possible to develop systems that partially reduce TNT prior to oxidative attack. Understanding
the regulation and biochemistry of the initial oxidative reactions of the DNT-degrading bacteria
can provide the basis for metabolic engineering to develop a new biochemical strategy for the
initial attack on TNT. Research with the nitramine explosive tetryl has demonstrated that
nitroreductase enzymes can remove the nitramine nitro group. Whether that may prove to be a
universal mechanism for degradation of nitramine explosives remains to be answered.

Other needed research that was identified at a recent symposium on nitroaromatic compounds and
explosives is presented in Attachment A.
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7 Conclusions Regarding Utility in Remediation

We have demonstrated that nitroaromatic compounds are readily degraded by specific bacteria
that are widespread at contaminated sites. The bacteria, when supplied with appropriate nutrients
and environmental conditions are capable of completely destroying the nitroaromatic
contaminants more rapidly and cost effectively than traditional technologies. Because aerobic
degradation strategies rely on bacteria that use nitroaromatic substrates as primary growth
substrates, selection is direct and the degradation process is self-sustaining. Mineralization of the
nitroaromatic compounds completely destroys the compound leaving only inorganic nitrogen,
CO,, and bacterial biomass. No additional growth substrates are necessary to support cometabolic
processes, and undesired metabolites do not accumulate. We have also shown that when
appropriate bacteria are not present at a contaminated site, bioaugmentation of soil or ground
water with specific degradative bacteria is an effective treatment.

2,4-DNT is more easily degraded than 2,6-DNT, and sequential treatment systems may be needed
to treat soil or water containing both isomers. TNT is far less biodegradable than these DNT
isomers, and the presence of TNT may make bioremediation more difficult or expensive.

In situ bioremediation is possible at sites where: 1) aerobic conditions are present or can be
engineered; 2) appropriate organisms are present or can be introduced effectively; 3) the potential
for nitrite or nitrate accumulation can be managed. Ex situ bioremediation is more expensive but
may be needed at sites that do not meet the above criteria. Fluidized bed reactors have been
demonstrated for treatment of DNT in water, and soil slurry reactors are effective for
contaminated soils.
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8 Technology Transfer

The technology for bioremediation and natural attenuation of organic compounds has developed
dramatically over the past 15 years due to extensive programs carried out in the US and in
Europe. There is a considerable amount of field experience and protocols are available for the
bioremediation of petroleum hydrocarbons and chlorinated aliphatic solvents. The technology for
remediation of such compounds can, therefore, be considered mature with the possible exception
of strategies for treatment of dense non aqueous phase liquids in source zones.

In contrast, there has been little work on bioremediation or natural attenuation of other synthetic
organic compounds of commercial or military importance. The major contribution of the work
described in this report is the discovery that many nitroaromatic compounds and explosives are
biodegradable. The understanding of the mechanisms, strategies, and requirements for
biodegradation provides the basis for a variety of field applications. The discoveries described
here allow the vast body of knowledge and experience in bioremediation and natural attenuation
to be extended to include nitroaromatic compounds. We have provided several bench- and field-
scale demonstrations that the principles apply in practical applications. The major payoff of the
work will come in the future when bioremediation based on the principles described here is used
routinely for cleanup of sites contaminated with nitroaromatic compounds. Technology transfer
activities during the conduct of the research are described in Attachment B.

In September 1999 AFRL organized an International Symposium on the Biodegradation of
Nitroaromatic Compounds and Explosives. The symposium was funded by the Air Force Office
of Scientific Research and the Defense Threat Reduction Agency. The work funded under the
Flask to Field program was showcased at the symposium. In a related effort, the work on
biodegradation of explosives for the past 5 years was critically reviewed in a book that was
published in June, 2000 (Spain et al., 2000). The book comprises peer reviewed chapters by a
group of international experts who not only analyzed ongoing work in their areas of expertise, but
also identified areas where important questions remain. A summary of the consensus on areas
where additional research is needed was provided to SERDP and other funding agencies
(Appendix B).

Transition of biodegradation for clean up of DNT has begun. An in situ system for remediation of
DNT is under construction at BAAP. ICI Canada has adopted biodegradation as the clean up
alternative in a passive wetland treatment system for DNT-contaminated seep water at a former
industrial site. Air Products is exploring natural attenuation as the clean up alternative for two
DNT-contaminated industrial sites. First Chemical Corporation has recently made inquiries as to
the feasibility of using natural attenuation for remediation of nitrobenzene at an industrial site.

Significant effort must be spent on the engineering design to ensure that treatment will be
successful and cost-effective, particularly when mixtures of nitroaromatic compounds are present,
the normal case at DNT contaminated sites. Site-specific laboratory testing is essential prior to
selection and design of a bioremediation system. Key issues for laboratory tests include: 1)
appropriate chemical and physical conditions; 2) verification of the presence of bacteria capable
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of mineralizing the major contaminants; 3) presence of indigenous bacteria capable of removing
or converting excess inorganic nitrogen compounds to environmentally acceptable forms; and 4)
whether achievable endpoints are acceptable in terms of toxicity and risk. Laboratory tests may
also be needed to estimate degradation rates, to establish maximum contaminant concentrations
that can be biodegraded, and to design strategies to biodegrade mixtures of nitroaromatic
compounds to optimize the efficiency of the remediation system.
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Figure 2. Biological reactions with TNT include A) reduction, B) oxidation of the methyl group,
and C) formation of a Meisenheimer complex

34

A40 Appendix A Explosives Biodegradation



NADPH Napr*
Nitrobenzene nitroreductase
NHOH
NADPH
TNT Nitrobenzene
nitroreductase 3
NADF*

CH, CH,
O.N NHOH O.N NO
Yellow & 2 2 2
Metabolite
DHANT iy 4ADNT NH,
' NADFH
- - NADPt /
CH3 NADPH CH
O,N NO| —> O,N NHOH
-~
"% JHA4ANT
i NH, NH,

Figure 3. Pseudomonas pseudoalcaligenes JS45 attacks TNT to produce 2,4-dihydroxylamino-
6-nitrotoluene
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Figure 5. Pathway for biodegradation of 2-NT by Pseudomonas sp. JS42 (Haigler et al 1994b)
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Figure 6. Pathways for biodegradation of (A) 2,4-DNT (Spanggord et al., 1991), and (B) 2,6-
DNT (Nishino et al., 2000a)
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Figure 7.

Schematic of bench scale FBR. Feed, air, acid and base are controlled independently

of the recirculation rate
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Figure 8. Steady state removal of DNT by the bench scale FBR
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Figure 9. Extended aeration of the effluent from the pilot-scale FBR completed degradation of
2,6-DNT
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Figure 10. 2,4-DNT degradation in pH adjusted seep water from an industrial site
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Figure 11. Mineralization of DNT in field contaminated soils (Nishino et al. 1999)
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Figure 12. Biodegradation of DNT in soil slurries in pilot scale air lift reactors (Nishino et al.
2000b)
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Figure 13. 2,4-DNT degrading bacteria were isolated from DNT-contaminated water at BAAP

44

A50

Appendix A Explosives Biodegradation



800

2,4-DNT . 120
800 A [
700, N 190
5 SR N 90 R
© 600 ‘e 80 I
= A 3
£ 500 70 g
E .80
Z 400 50 %
§ 300 40 O
(30
200 50
1001 10
. Lo
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Days

1200 100

MM DNT in Water
ZON [eonaiosy] %

Days

Figure 14. Degradation of DNT in soil columns with (A) 50 mM phosphate buffer, and (B) BAAP
groundwater

45

Appendix A Explosives Biodegradation Ab51




5004

4004

2,4-DNT M)

80 100
Days

Uninoculated

Figure 156. Degradation of 2,4-DNT in soil columns incubated at 13 °C
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Figure 16. 2,4-DNT degradation (as measured by nitrite release) by cultures of bacteria enriched
from BAAP soil and incubated over a range of pH values
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Figure 21. The ratio of 2,4-DNT/2,6-DNT dissolved in the ground water at BAAP decreased
during the operation of the pilot scale treatment system
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Figure 22. Pathways for biodegradation of NB (Nishino et al. 2000b)

Appendix A Explosives Biodegradation

A59




A nNo; NHOH NH, NH; NH;
CH
" ~COOH 7~ ~ COOH
— . —_ —_
Reductase Mutase Dioxygenase X~ CHO Dehydrogenase X~ COOH
Dicarboxylic acids
B NHy COOH
OH ™ COOH N
—_— — i
X CHO ~
CHj CHj H3
Picolinic Acids
C NO, NHOH NH;
: i : OH
o R 0 N o o-Aminophenols

Figure 23. The enzymes of the partial reductive pathway for NB degradation can be exploited to
produce novel and specialty chemicals
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Table 1
Sequence Analysis for 2,4-DNT Dioxygenase Genes
% Identity to
Naphthalene Molecular
Gene Dioxygenase Weight Enzyme Protein
dntA 59 37,600 Reductasepnr DntAa
orf2 31 48,900 Unknown
dntAb 66 11,900 Ferredoxinpnt DntAb
dntAc 80 49,800 ISPoTot DntAc
dntAd 78 23,000 1SPon DntAd
Table 2
Removal of Nitrotoluenes from Ground Water by FBR
Influent (mg/L)
2,4-DNT [ 26-DNT [ INT [ 2-NT [ 4-NT

. . % Removal
HRT (min) Duration (d) 7.13-13.2 7.4-12.5 0.9-1.3 2.2-3.7 2.2-4.2
30 24 98 58 73 100 100
60 20 100 56 67 100 100
15 14 96 34 40 95 100
10 9 86 18 33 100 100
20 52 99 39 46 100 100
30 9 100 88 54 100 100
60 1 100 94 58 100 100
Table 3
Characteristics of VAAP and BAAP Soils
Soil pH Density (j/cm’) 2,4-DNT (mg/kg) 2,6-DNT (mg/kg)
VAAP, batch A 460 1.40 18540 1380
VAAP, batch B 10890 870
BAAP 9.35 1.69 8940 480
Table 4
DNT Degradation Rates in Eimco Airlift Reactors

Initial Concentration {g/L) Degradation rate (g/L/d)
2,4-DNT 0.9-2.0 0.8-14
<0.4 0.2-03

2,6-DNT .03-.06 0.1-0.3
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Table 5

Composition of Single Base Gun Propellants

Propellant M1 [ M6 | M10 I IMR

Component % Composition

Nitrocellulose 85 87 98 100

2,4-DNT 10 10 - 8*

Potassium sulfate - - 1

Dibutyiphthalate 5 3 - -

Diphenylamine 1 1 1 0.7

Graphite - - 0.1 -

* Used as a deterrent to coat surface of the explosive.

Table 6

Nitrobenzene-Degrading Bacteria

Isolate Geographic Source Type of Sample G* o* c* Pathway Used
JS45 Mississippi Manufacturing plant - + + Partial reductive
JS761 Mississippi Manufacturing plant - - + Partial reductive
JS762 West Virginia Manufacturing plant - + - + Partial reductive
JS763 Texas Manufacturing plant + - + Partial reductive
JS764 Mississippi Manufacturing plant + + + Partial reductive
JS765 New Jersey Waste treatment plant - + + Oxidative
JS766 Mississippi Waste treatment plant + - + Partial reductive
JS767 Mississippi Waste treatment plant - + + Partial reductive
JS769 Florida Waste treatment plant - - + Partial reductive

* G = Gram reaction, O = oxidase reaction, C = catalase reaction
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Attachment B. Future Research Topics ldentified
at the 2"’ International Symposium on
Biodegradation of Nitroaromatic Compounds and
Explosives

The Second International Symposium on Biodegradation of Nitroaromatic Compounds and
Explosives was held in Leesburg, Virginia on September 8-9, 1999. The meeting, sponsored by
the Air Force Office of Scientific Research and the Defense Threat Reduction Agency, featured
invited speakers from the US, Germany, the UK, Canada, and Switzerland. After the symposium,
the invited speakers met for a half-day session to discuss the state of the art in explosives
biodegradation and to propose fruitful areas for research. The meeting participants included: Jim
Spain, US Air Force; Hans Knackmuss, University of Stuttgart; Joe Hughes, Rice University;
Rebecca Parales, University of Iowa; Hiltrud Lenke, Fraunhofer Institutute, Stuttgart, Germany;
Neil Bruce, University of Cambridge, UK; Gerben Zylstra, Rutgers University; Jacqueline
Shanks, Iowa State University; Wolfgang Fritsche, Fredrich Schiller University, Germany; Jalal
Hawari NRC Biotechnology Research Institute, Canada; Thomas Hofstetter, EAWAG/ETH,
Switzerland; Eberhard von Low, Phillips University, Marburg, Germany; Joel Burken, University
of Missouri-Rolla; Jochen Michels, Dechema, Germany; Douglas Jerger, IT Corporation, and
Herb Fredrickson, USACE Waterways Experiment Station.

The consensus of the participants was that the technology for cometabolic treatment of soil in ex-
situ systems including composting and slurry reactors is fairly advanced and cost effective. It
seems clear that considerably less is known about in situ remediation, natural attenuation, and
biotreatment of contaminated water. Therefore, the focus of the meeting and of the research areas
listed below are on the latter topics. The research areas are the ones that were deemed to have a
high payoff and to be achievable in the near future.

In the US, cleanup of soils heavily contaminated with explosives is being conducted primarily by
excavation followed by composting and incineration. A number of sites have been cleaned up and
most of the rest are in the process of cleanup. Major exceptions include Volunteer and Ravenna
Army Ammunition Plants where contamination is extensive and cleanup of contaminated soil and
groundwater has not started. A substantial amount of contaminated soil also remains at Badger
Army Ammunition Plant. Large volumes of lightly contaminated soils would be more
appropriately treated in situ if a suitable technology were available. Treatment of explosives
contaminated groundwater is done almost exclusively by pump and treat with carbon sorption.

In other countries the cleanup of explosives contaminated sites is just beginning or has not been
considered to date. Thus, although new strategies for ex situ bioremediation of explosives
contaminated soil may not be fielded in time to help solve the problem in the US, they could be
very useful in international applications. Novel in situ soil and groundwater remediation
strategies could be fielded in the US in time to provide considerable cost savings.

64

A70 Appendix A Explosives Biodegradation



SUGGESTED RESEARCH TOPICS

Kinetics and mechanisms of physical and chemical interactions with soil matrices (matrix
engineering for enhanced binding)

Biological treatment of TNT contaminated soil by anaerobic/aerobic processes or composting
gives rise to complete or partial binding of the metabolites to the soil matrix. Therefore it is of
vital importance to characterize the bound residues and to determine the nature of the physical or
chemical binding. Furthermore it is important to evaluate the short and long term stability of the
bonds towards spontaneous or biological hydrolysis. Turnover of natural humic material might
release low molecular weight compounds. Fungal enzymes can cleave C-C as well as O-C bound
residues.

From current work done in many laboratories it is clear that disappearance of TNT and its
metabolites during anaerobic/aerobic treatment is largely due to the reactivity of reduced
intermediates or of humic acid precursors. From the broad variety of the chemical structures of
the intermediates it is clear that different kinds of binding must exist. Both physical and chemical
binding have been identified through the application of different derivatization techniques that
break up the micelle structures of humic material. Different covalent bonds in the solid state as
well as in solubilized soil material were shown using “N-NMR techniques. The “bound residues*
are susceptible to further transformations, such as residual nitro group reduction and increasing
humification i.e. multivalent binding to the humic matrix.

In the majority of cases the nature and the long term stability of bound immobilized metabolites
is unclear. Therefore simple and reliable analytical procedures are required that allow a clear
differentiation between sorption and covalent binding of metabolites during the anaerobic/aerobic
treatment and particularly during the composting process. An understanding of the degree and the
chemical quality of immobilization and the factors that determine the binding of the pollutants are
crucial for evaluating the remediation product.

Research should be conducted to broaden the understanding of the mechanisms and kinetics of
binding of reduced metabolites of TNT. High priority should be given to the nature of the
additives that provide the binding matrix for the immobilization process. This requires the
identification of the functional groups and the overall redox status of the sorbent and the sorbate
which allow optimum and irreversible binding. Immobilization of contaminants can only be
considered harmless if the chemical structures bound to soil components exhibit long term
stability. Lysimeter experiments must be conducted to make sure that low molecular weight
residues released by natural turnover of humic material are subject to further degradation and
finally to mineralization.

Fundamentals of microbial processes

A fundamental understanding of microbial processes is needed to improve our ability to predict
and enhance biodegradation of nitroaromatic compounds. Although several microbial processes
have been discovered for the degradation of nitroaromatic compounds a complete understanding
of the enzymatic steps in biodegradation is lacking. In addition, not much is known about effects
of gene regulation on biodegradation, diversity and distribution of the organisms, effects of
substrate mixtures, potential toxicity of metabolites, effects of metabolites on the degradative
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pathway, transport of polar nitro compounds into the cell, and movement of bacteria in soil
toward substrates.

Important research objectives to pursue are the discovery and development of new organisms
with novel pathways and enzymes for the degradation of nitroaromatic compounds. Implicit in
the analysis of new organisms is an understanding of the basic physiological parameters affecting
biodegradation including gene regulation, substrate transport, and chemotaxis. Such
understanding should also be applied in the context of predicting natural attenuation. A final
potential area of study is the possibility of producing valuable products from nitroaromatic
wastes. Development of biocatalytic processes that exploit relatively inexpensive nitroaromatic
feedstocks for the production of commercially useful products could potentially reduce levels of
waste at the source.

Metabolic engineering for mineralization of explosives

A good biochemical and genetic understanding of explosives metabolism has an important role to
play in the development of processes for the bioremediation of explosives contaminated land.
There is little doubt about the need to continue the elucidation of new degradative pathways,
particularly if the diversity of available biocatalysts active against explosives is to increase. The
selective pressure of environmental pollution is developing microorganisms that might be
harnessed for explosives removal by biotechnological processes. Nevertheless, the fact that
explosives persist in the environment emphasizes the failings of the existing catabolic activities in
dealing with this problem. Screening natural diversity is unlikely to yield organisms that satisfy
all the demands for the degradation of the most highly recalcitrant explosives, since these
compounds have only been present in the environment for tens of years and microorganisms have
therefore had little time to evolve enzymes suited to the task. The application of genetic
engineering and biochemical techniques promises to improve and evolve natural biodegradative
capabilities further. In particular, methods of directed evolution may hold the key to adapting
explosives degrading enzymes for bioremediation purposes.

Metabolic engineering may also have a considerable influence on the development of
bioremediation systems in the near future; while this field is still a very young one, much has
been accomplished and this is beginning to have an impact on environmental biotechnology. The
combination of increasing commercial interest and advances in understanding the genetic and
biochemical basis of the bottlenecks and the identification of crucial metabolites exhibiting high
chemical reactivities (misrouting potential) is now producing a more rational approach to
engineering metabolic pathways. New genetic tools are continually being developed to make the
manipulation of particular genes or chromosomes and the construction of hybrid pathways easier.
Recently, attention has focused on the use of transgenic plants for phytoremediation. Innate
biodegradative abilities of plants are less impressive than those of adapted bacteria and fungi, but
these disadvantages are balanced by the large amounts of plant biomass that can easily be
sustained in the field. This raises the exciting prospect for the possibility of combining the
impressive biodegradative abilities of certain bacteria with the high biomass and stability of
plants to yield an optimal system for in situ bioremediation of organic pollutants

The major research goal is to discover or engineer robust organisms that can mineralize
explosives in soil. The overall goal can be subdivided into several related research topics. The
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impressive biodegradative abilities of certain bacteria with the high biomass and stability of
plants to yield an optimal system for in situ bioremediation of organic pollutants

The major research goal is to discover or engineer robust organisms that can mineralize
explosives in soil. The overall goal can be subdivided into several related research topics. The
first step is to identify enzymes or microorganisms that degrade explosives; natural diversity can
be exploited as a source of the enzymes. It should then be possible to engineer the enzymes for
bioremediation purposes by increasing the activity toward the more recalcitrant explosives. It
must be kept in mind that a single enzyme will not degrade explosives. It will be necessary to
assemble new pathways or modify existing ones. Transport mechanisms should be identified and
enhanced where necessary to allow entry of the explosives into the cell. Strategies such as
denitrification for detoxification of the high levels of nitrite produced by biodegradation of
explosives should be considered or developed as necessary. Finally, regulatory systems should
be examined and developed for process control and biosensor applications.

In Situ Treatment

Current technologies for the treatment of nitroaromatic contaminated media focus on ex situ
treatment processes (i.e., composting, bioslurry reactors, and pump-and-treat with activated
carbon). The development of in situ technologies for the treatment of soil contamination, or for
the treatment of groundwaters would provide cost effective approaches to address current
remediation concerns. Of particular interest for in situ treatment of nitroaromatic compounds are
applications of phytoremediation and stabilization/mobilization technologies. Such strategies are
particularly appropriate where no biocatalyst able to mineralize the explosive exists.

Recent studies on phytoremediation of explosives have conclusively demonstrated the uptake of
common nitroaromatic explosives, cocontaminants, and many of the partial decomposition
products of nitroaromatic metabolism by bacteria. The fate of explosives in plant tissues is less
clearly understood and represents a significant bottleneck in our ability to assess the potential
applications of phytoremediation. A limited number of metabolic products have been isolated
from only a few plant species. Interestingly, these studies have demonstrated that plants are
capable of the oxidative metabolism of TNT —a property not commonly found in microbial
systems - which may allow for eventual mineralization by plant associated microbes.
Furthermore, it has been shown that transgenic plants may be capable of overcoming certain
toxicity concerns that currently limit applications of the technology.

The unique sorption/desorption behavior of nitroaromatic compounds may allow for in situ
stabilization and/or mobilization of explosives in groundwater. The propensity of nitroaromatic
compounds to sorb to certain mineral surfaces is being exploited for analytical purposes and field
studies have demonstrated the potential to modify binding capacities of aquifer solids through
simple and benign modifications of groundwater chemistry. The primary barrier limiting the
application of in situ stabilization/mobilization of explosives is the paucity of information
regarding the interaction under site specific conditions between existing groundwater and surface
mineral composition.

Polynitroorganics are highly oxidized and thus are susceptible to reduction by metals.
Consequently, a joint anaerobic (reductive)/aerobic (oxidative) polishing process is worth
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bioprocess may lead to excellent results. For example, in biobarriers the microbial process can be
optimized by the addition of zero valent metals as process initiators.

Plant metabolism of explosives, the long term-fate of metabolic products, and the ability to
enhance phytoremediation or to recruit oxidative enzymes from plants into bacteria through
metabolic engineering are high priorities for future research. The development and demonstration
of processes that allow for an in situ sorption-barrier would curtail future needs for
pump-and-treat systems and decrease exposure to contaminated waters. Additional understanding
of natural attenuation of nitroaromatic compounds is badly needed. Finally, joint processes could
be considered as another future research challenge for field testing and application.

Assessment of Bioremediation

The success of a soil remediation technology can be described in absolute (chemical) or in
relative (toxicological) terms. Chemical analyses can be used to determine if a technology meets
pre-defined and acceptable remediation targets. Such targets are often established on the basis of
human health risk assessments and previously published laboratory toxicological studies. The
remediation targets are seldom based on sound ecotoxicology. Chemical analyses of remediated
soil samples can not detect decreases in (eco)toxicity. This can only be done using sensitive and
relevant laboratory- and field-based toxicity tests. Although a reduction in soil toxicity is the
desired goal, it is not always evident during the intermediate phases of an environmental
bioprocess, particularly if a contaminant is being partially metabolized. Quite often, the toxicities
of the metabolites are unknown. They may have toxic as well as genotoxic (and possibly
carcinogenic) effects on susceptible receptors in the ecosystem (including man). For a
remediation technology to be successful, complete or "acceptable” detoxification of the
contaminated soil should be demonstrated.

The successful decontamination of a site involves a number of considerations, such as the
physico-chemical and hydrogeological characteristics of the site, as well as the fate and transport
of pollutants (toxicants) in soil and groundwater. A soil remediation technology can alter all of
the above. Integrated chemical and toxicological monitoring methods will provide valuable
information describing the initial state of a contaminated site, as well as the scientific evidence
demonstrating the beneficial use of a soil remediation technology.

The results of an integrated chemical-ecotoxicological evaluation of the remediation success will
strongly affect the social acceptance of a new site redevelopment strategy. The eventual use of the
restored and "decontaminated” site is the social basis for the definition of the remediation targets.
The choice of land use (residential, agricultural, commercial, or industrial) will affect the transfer
paths of residual contaminants and metabolites from soil-air-groundwater to humans and other
receptors. Unfortunately, the number of (bio)analytical approaches and tools capable of assessing
the hazard of an explosives-contaminated site is limited.

Chemical endpoints are often used, but are based on laboratory toxicological data of explosives
(and rarely their metabolites) and are then extrapolated to predict the undesired effects in humans.
Although pertinent in certain cases (such as residential land use), these criteria may be too
conservative if the land will be used for commercial or industrial facilities (where human
exposure is minimal). Work is being carried out on the toxicological (eco-, geno-, and possible
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Chemical endpoints are often used, but are based on laboratory toxicological data of explosives
(and rarely their metabolites) and are then extrapolated to predict the undesired effects in
humans. Although pertinent in certain cases (such as residential land use), these criteria may be
too conservative if the land will be used for commercial or industrial facilities (where human
exposure is minimal). Work is being carried out on the toxicological (eco-, geno-, and possible
human-related toxicities) characterization of explosives on contaminated sites (soil and
groundwater).

The environmental behavior of explosives and their metabolites have only been determined to a
limited extent. In the absence of such information, toxicity tests of soil samples taken from
"contaminated" and "remediated" sites can be carried out, but the proper interpretation of the
results will depend upon chemical analyses. In order to compare the relative efficiencies of
different (bio)technologies, a common set of chemical and toxicological criteria should be used.
Soil quality criteria of explosives would be useful, but agreement between the different
stakeholders (government, technology vendor, or technology user) is necessary. Other technical
considerations include the design of the chemico-toxicological evaluation and the choice of
(bio)analytical tests. Bioavailability of explosives and their transformation products are also
poorly understood. As an alternative to costly site-specific risk assessments of contaminated and
"restored” sites, a generic soil eco-health and quality criteria system (based on the anticipated
land use) has been proposed. This system could be used internationally, since sites contaminated
with explosives (including Brownfields) would be of general public interest.

Several research goals must be met to support scientifically defensible claims for soil
remediation. Chemical and ecotoxicological characterization of explosives and their metabolites
in environmental samples should continue. Analysis of polar metabolites and remobilized bound
residues in soil and water should be undertaken. Standard compounds for new metabolites should
be synthesized and made available. There is a strong need for international agreement on the
choice of standardized and validated laboratory and field-based toxicity tests pertinent for
eventual land use. The effects of soil types on certain risk assessment strategies should be
investigated. Finally, models linking laboratory toxicity tests to the expected effects in humans
should be addressed.
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1 Landfarming Background

Polycyclic Aromatic Hydrocarbons

Chemical structure and source of contamination

Polycyclic aromatic hydrocarbons (PAHs) are multi-ringed, organic compounds, character-
istically nonpolar, neutral and hydrophobic. PAHs have two or more fused benzene rings in a
linear, stepped or cluster arrangement. While there are more than 100 known PAHs, Table 1
provides the chemical structure, abbreviated name, and molecular weight for the 16 PAHs that
were analyzed in this study.

PAHs occur naturally as components of incompletely burned fossil fuels and they are also
manufactured. Several of these manufactured homologues are used in medicines, dyes, and
pesticides, but most are found in coal tar, roofing tar, and creosote, a commonly used wood
preservative. PAHs are major chemical constituents of a wide variety of contaminants found at
Department of Defense (DoD) installations. They are found in burning pits, and as spills of
creosote, fungicides, heavy oils, Bunker C fuels, and other petroleum-based products. The
higher molecular weight homologues are particularly recalcitrant and toxic. Some lower
molecular weight PAHs are volatile, readily evaporating into the air. Others will undergo
photolysis. Because they are hydrophobic and neutral in charge, PAHs are strongly adsorbed
onto soil particles, especially clays. Park et al. (1990) studied the degradation of 14 PAHs in two
soils. They found air phase transfer (volatilization) an important means of contaminant
reduction only for naphthalene and 1-methylnaphthalene (the 2-ring compounds). Abiotic
mechanisms accounted for up to 20% of the total reduction, but only involved 2-and 3-ring
compounds. Biotic mechanisms were responsible for the removal of PAHs over 3-rings. The
persistence of PAHs in the environment, coupled with their hydrophobicity, gives them a high
potential for bioaccumulation.

Toxicity and benzo(a)pyrene toxic equivalent factors

The 16 compounds examined in this study (Table 2) are grouped together, first, because more
information is available on them, and second, they are suspected to be the most harmful of the
PAHs. The effects they exhibit in animal and human studies are representative of the class as a
whole. In addition, these are the PAHs to which the public is most commonly exposed. Also,
they are found in highest concentration on National Priority List hazardous waste sites (ATSDR
1995).

Asa class of compounds, PAHs have been classified as carcinogens, mutagens and
immunosuppressants. Even slight differences in PAH chemical structure and activity result in

1
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different toxic potencies and different health effects from the individual PAHs. The importance
of PAH chemical structure as an indicator of potential carciogenicity has been reviewed in Pitot
and Dragan (1996). Some PAHs have been classified as carcinogens only in laboratory animals.
Others, including benzo(a)pyrene (BaP) and benzo(a)anthracene, have been identified as human
carcinogens. Still others are possible carcinogens or not classifiable because the testing is
incomplete. Tumors usually occur at the point of entry into the body (i.e., the skin, lungs, eyes,
intestines). However, metabolism of these compounds can result in an increase in their toxic
potency and tumor formation in secondary organs (i.e., bladder, colon, liver). Metabolites of
these compounds can also be carried into cells where they form adducts with DNA through
covalent bonding. The best studied mutation is in the 12" codon of the Hras codon. The PAHs
elicit multiple responses from the bodys’ immune system due to their effects on humoral and
cell-mediated immunity as well as host resistance (Burns et al., 1996). The mechanisms of PAH
immunosuppression have been reviewed by White et al. (1994). BaP is often used as an
indicator for risk assessment of human exposure because it is highly carcinogenic, persistent in
the environment, and is, toxicologically, well understood. This breadth of knowledge doesn’t
exist for most of the other PAH compounds.

Because PAHSs occur as mixtures of different concentrations of different homologues, toxic
equivalency factors (TEFs) were proposed, similar to those used in the risk assessment of
mixtures of polychlorinated biphenyls (PCBs). The Environmental Protection Agency (EPA)
took the first step in 1984 by separating PAHs into carcinogenic and non-carcinogenic
compounds. All of the PAHs were rated, using BaP as a reference and giving it a value of 1.00.
However, this method led to an over-estimation of exposure risk since the carcinogenicity of
most of the compounds was unknown and the interactions between compounds in mixtures
hadn’t been determined. In an attempt to overcome this liability, Nisbet and LaGoy (1992)
developed a new method based on the compounds’ response while testing one, or more, PAHs
concurrently with BaP in the same assay system (usually lung or skin cell carcinoma). BaP
remained the reference carcinogen assigned the value of 1.00. Sixteen other PAHs were ranked
in comparison to BaP carcinogenicity. This system was tested by Petry et al. (1996) who
assessed the health risk of PAHs to coke plant workers. There are drawbacks to any system that
uses equivalency factors. The uncertainties in this case arise primarily from dealing with
inconsistent mixtures. Carcinogenic potency could be affected by differences in bioavailability,
a competition for binding sites, co-carcinogenic action, or the effects of metabolism.
Nevertheless, Petry et al. (1996) found that the BaP equivalents developed by Nisbet and LaGoy
(1992) were valid markers for PAH health risk assessment.

Environmental risk assessment, in a slight contrast to human health risk, looks at the PAHs that
usually occur in contaminated environmental systems and that have the highest TEFs (by the
Nisbet and LaGoy (1992) system). The seven PAHs listed in Table 2 have the highest
environmental risk: benzo(a)anthracene, chrysene, benzo(b)fluoranthene, benzo(k)fluoranthene,
benzo(a)pyrene, indeno(1,2,3-cd)pyrene, and dibenzo(a,h)anthracene.

PAH bioavailability

As indicated earlier, contaminants react chemically and physically with different kinds of soil
particles, which change the physical and chemical natures of both components. Biological
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availability, or bioavailability, is used to describe both the amount of toxin available in soil to
harm organisms (humans, other animals, plants) or, in the case of bioremediation, the amount of
toxin available to be metabolized by microorganisms after these contaminant-soil interactions.
In situ bioremediation is a managed or spontaneous process in which microbiological processes
are used to degrade or transform contaminants to less toxic or nontoxic forms, thereby
remedying or eliminating environmental contamination. While these microbiological processes
may decrease contaminant concentrations to levels that no longer pose an unacceptable risk to
the environment or human health, the contaminants that remain in treated soils still might not
meet stringent regulatory levels, even if they represent site specific, environmentally acceptable
endpoints (National Research Council, 1997). PAHs in soils may be biodegraded by
microorganisms to a residual concentration that no longer decreases with time, or which
decreases slowly over years with continued treatment (Thoma, 1994; Luthy et al., 1994; Loehr
and Webster, 1997). Further reductions are limited by the availability of the PAHs to
microorganisms (Bosma et al., 1997; Erickson et al., 1993). Additionally, as contaminants age
they become less available compared to freshly contaminated material. The adherence and slow
release of PAHs from soils is another obstacle to remediation (National Research Council, 1994;
Moore et al., 1989). Because they bind with soils and suffer subsequent slow release rates,
residual PAHs may be significantly less leachable by water and less toxic as measured by uptake
tests (Gas Research Institute, 1995; Alexander, 1995; Kelsey et al., 1997). Generally,
contaminants can only be degraded when they exist in the aqueous phase and in contact with the
cell membrane of a microorganism (Fletcher, 1991). The contaminant serves as a growth
substrate for the microorganism and is incorporated into the cell through membrane transport
and is utilized as an energy source in the cell’s principal metabolic pathways. However, physical
or chemical phenomena can limit the bulk solution concentration of the contaminant and thus
significantly reduce the ability of the microorganisms to assimilate the contaminant. Therefore,
the availability of the contaminant can control the overall biodegradation of these compounds.

Another important factor relevant to biodegradation and bioavailability is the location and
density of microorganisms. The majority of bacteria in the environment are attached to surfaces
and their distribution in and on soils is very patchy. The majority of these bacteria range in size
from 0.5 to 1.0 pym while micropores present in soils are far less than 1 um. It is generally
believed that bacteria are attached predominantly to the surface of soil particles and not to the
interior surfaces of the micropores. It has been estimated that over 90% of the microorganisms
present in geologic matrices accumulate on the surfaces of soil (Costerton et al., 1987).
Therefore, the majority of contaminant-microbial interactions occur in the biofilm that develop
within macropores on the surfaces of soils. '

This suggests that partitioning of an organic contaminant from the solid phase of the soil to the
aqueous phase in the larger pore spaces controls soil biovailability. These partitioning
mechanisms may include chemical bonding, surface complex formations, electrostatic
interactions, and hydrophobic effects (Schwarzenbach et al., 1993; Stumm, 1992). For
hydrophobic contaminants like PAHs, sorption increases with the content of the organic matter
in the soil/sediment and the degree of hydrophobicity of the specific PAH. Typically, the rate of
desorption can be attributed to the mass transfer of the sorbate molecules from sorption sites on
and in the soil. Active bacteria should correspond to the higher available PAH concentrations,
which occurs where desorption is the most intense.
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As already discussed, the partitioning of PAHs represents a significant part of the mass transfer
process. However, describing this process is complicated by a combination of diffusion,
dissolution, encapsulation, and adsorption phenomena. The combined effect of these factors can
generally be defined as sequestration. Luthy et al. (1997) devised a conceptual model to

illustrate the different sorption mechanisms associated with specific domains within the soil
(Figure 1).

Case A represents absorption into amorphous or "soft" natural organic matter (SOM). This
adsorption takes place within an organic phase in a manner similar to solvent partitioning.
Another situation, Case B, represents absorption into condensed or "hard" organic polymeric
matter or combustion residue (i.e., into solid-like organic matter). A Case C represents
adsorption onto water-wet organic surfaces (i.e., soot). Case D represents adsorption to exposed
water-wet mineral surfaces (i.e., quartz); and Case E represents adsorption into microvoids or
microporous minerals (i.e., zeolites) with porous surfaces at water saturation <100% (Luthy et
al., 1997).

These different domains within soils illustrate how structural and chemical heterogeneity can
significantly affect how PAHs behave. Excluding entrapment due to weathering at interfaces
(i.e., NAPL/water), the Case A presumably would exhibit fast kinetics with low desorption
energy and high extractability, while Case B would show slow kinetics, high desorption energy,
and low extractability. Case C is characterized by fast kinetics with low desorption energy and
high extractability, while Case D would exhibit fast kinetics, low desorption energy, and high
extractability. The final case, E, would show slow kinetics, high desorption energy, and low
extractability. Assuming all other environmental parameters are consistent among the five

different cases, a qualitative ranking of bioavailability is as follows: cases A, C, D> B, E (Talley
et al., 2000).

Current methods for assessing sorption and sequestration of PAHs on soils do not provide a basic
understanding of the bioavailability of recalcitrant PAHs. They also lack information to aid
interpretation of results of ecotoxicological testing of residuals after biotreatment. Whether
residual PAHs remaining after biotreatment represent an acceptable cleanup endpoint requires
understanding of the mechanisms that bind contaminant PAHs within soil or sediment. Research
is needed that will assess the fundamental character of the binding of PAHs in parallel with the
development of biotreatment and ecotoxicity testing, to show how the nature of PAH association
with soils relates to bioavailability and achievable treatment endpoints.

Problem summary

The PAHs are large, multi-ring compounds, many of which are toxic to humans and the
environment. While the lighter molecular weight homologues may be removed by volatilization,
the higher molecular weight compounds are increasingly more toxic and more resistant to both
chemical and biological degradation. PAH:s are tightly bound to the humic fraction of the soil.
The binding strength increases with exposure time, making “aged soils” more difficult to
remediate. Research was needed to:
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e Increase the availability of the PAHs for biological degradation
o Establish remediation endpoints that maintain public health and safety and are
realistically achievable.

The Flask-to-Field PAH project focused on the first of these objectives, increasing the
availability of PAH compounds for biological degradation and increasing the overall
biodegradation of the high molecular weight homologues.

Available Treatment Options

Treatment of PAH-contaminated soil can be performed either ex situ or in situ, and each of these
has both abiotic and biotic technologies available. Of the ex situ treatments, the abiotic choice is
a destructive technology, incineration. Biotic options include slurry bioreactors and compost
reactors. The available abiotic in siru treatments include soil flushing and stabilization.
Electrokinetic (E-K) separation is in preliminary development. Biotic treatments performed in
situ include bioventing, phytoremediation (on soils with low concentrations) and landfarming.
These options generally separate out into either of two treatment approaches; highly engineered
solutions such as solid phase or slurry phase treatment, and minimally engineered in situ
treatment. Examples of each strategy are presented in Table 3, along with a summary of the
inherent benefits, and limitations associated with each technology. The difficulties associated
with the use of biotreatments have been analyzed in Talley and Sleeper (1997) with reviews of
pertinent technologies. Detailed information, including cost summaries and case studies can also
be obtained at http://www.frtr.org.

Thrust Area: Early Studies

The approach taken during the “Flask” studies separated the objective into two broad tasks: first,
isolating and characterizing a microorganism, or consortium of microorganisms, capable of
degrading the higher molecular weight PAHs, and second, selecting a means of releasing the
PAHs from the soil into the surrounding soil pore spaces where it would, presumably, be
available to degradation. Each of these tasks was further separated into smaller research areas.
In order to find an organism(s) that would degrade higher molecular weight PAHs, a new
isolation method was developed. New and existing strains have been characterized and
metabolic pathways have been described. It became necessary to explore the potential of co-
metabolism for the degradation of these PAHs. At the same time, the effects of chemical
surfactants on the soil-PAH binding were studied. Bacteria that are natural surfactant producers
were isolated and the biosurfactant action compared to the chemical surfactants. When a
decision for bioaugmentation had been made, a method had to be found to deliver the chosen
microorganisms into the contaminated soil.

Several different technologies contributed to the “Flask” portion of the study, as illustrated in
Figure 2: slurry reactors, landfarming, and composting. The project began with an examination
of available treatment options. Three promising technologies were selected, a high technology
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system of slurry bioreactors, and two, low technology, soil treatment systems, composting and
landfarming. Research in each of these technologies provided insight into areas of PAH
bioremediation useful to the final treatment selection: isolation and characterization of PAH-
degrading bacteria and elucidation of the degradation pathways, surfactant chemistry,
bioaugmentation, and carrier technology. This produced a final treatment with aspects of all
three technologies. For field studies, landfarming with bioaugmentation and biostimulation was
selected as the treatment option for PAH-contaminated soils. The treatments and the
technologies that support them are discussed in the following sections.

Solid-phase treatments

Solid phase treatments, commonly known as landfarming and composting, are two of the most
commonly applied technologies for the remediation of PAH-contaminated soil (Gray et al.,
2000; Harmsen, 1991; Mueller et al., 1991 a,b; Mueller-Hurtig et al., 1993; Yare, 1991). Most
PAH-contaminated soils contain a significant number of PAH degraders that have been enriched
because of the presence of the PAHs but they are often constrained in their degradation
capability because of some limiting factor. Common limiting factors include inadequate
aeration, poor contact of the microorganisms with the PAHs due to the adherence of the PAH:s to
surfaces and NAPL phase materials, and the absence of sufficient nitrogen to sustain extensive
mineralization of the contaminant carbon. Any engineering activity that reduces these
limitations brings the native degraders into action.

Advantages of solid phase treatment are that large quantities of contaminated soil can be treated
at the same time, and operation and maintenance activities (costs) are minimal. In general,
contaminated soil is placed in aboveground treatment areas that are designed for proper effluent
collection and then the soil is handled in specific ways to enhance indigenous microbial activity.
Composting usually involves the addition of readily degradable organic matter (bulking), and
fertilizer. Bulking refers to the addition of inexpensive, readily available materials (straw,
manure, sewage sludge, wood chips, rice hulls, etc.) that enhance aeration of the soil and
improve soil texture. The bulking agents also dilute the soil contaminant, reducing the
concentration of toxic chemicals. The resulting mineralization of the added organic matter also
aids in the degradation of PAHs. Some control of aeration and temperature is usually required
(Potter et al., 1997). Kastner et al. (1999) found that the addition of compost enhanced the
degradation of PAHs in soil due to the presence of the organic solids in the compost.
Composting was not selected as our treatment option because the loss of PAHs was due to soil
binding which did not reduce the toxicity of the soil (Johnson, 1998).

Landfarming remediation of PAH-contaminated soils, based on the degradative activities of
natural microbial communities, is a well-used and generally reliable technology. It has been
applied to a variety of soils and contaminant types (i.e., creosote, coal tar, petroleum) and is
generally preferred over non-biological approaches such as stabilization, chemical oxidation and
incineration (Mueller et al., 1995). The focus of landfarming is to stimulate the degradation
capabilities of natural microbial communities by providing oxygen and nitrogen, and to use
physical mixing of the soil to distribute the contaminants over a greater surface area and bring
them into contact with the microorganisms. Traditional agricultural procedures are used to
provide mixing (tilling, bulking), moisture (irrigation), and nitrogen (fertilizer). Fertilizer can be
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applied as commercial formulations or as organic waste material (commonly manure).
Landfarming is often, but not necessarily, limited to the treatment of 6-12 in. of soil at a time
(normal depth of tilling), but as one layer (lift) is successfully treated, successive lifts can be
applied on top. The disadvantages of traditional landfarming are the time required, the operation
and maintenance costs, and the space required for the lifts.

The degradation that results from solid phase remediation often follows a two-stage process
involving an initial rapid phase with extensive PAH degradation (a few months) and a second
slower phase of degradation (months to years) with relatively little further change in PAH
concentration (Brown et al., 1995; Cornelissen et al., 1998; Mueller et al., 1998; Pollard et al.,

"1994). Differences in desorption rate from soil particles into the interstitial water is frequently

cited as the cause of the two-stage process. Initially, rapid desorption occurs and degradation is
limited by microbial factors. At some point, desorption slows and degradation rates decrease
accordingly. The transition from the fast to the slow phase is often critical. If it occurs before
clean up criteria are met, treatment times are greatly extended and costs increase substantially.
Clean up criteria are often based on the concentration of benzo(a) pyrene equivalents. If
concentrations can’t be reduced below a previously established clean up value, then the soil is
not considered “clean” and it must either be disposed of as a hazardous waste or further
“engineered” with another treatment technique such as chemical oxidation, the addition of
surfactants, and/or physical restructuring, in an attempt to encourage more degradation.
Treatment times are greatly extended and costs increase substantially. The treatment options
then become: (1) disposal, (2) short-term treatment, or, (3) impoundment. Impounding the
treated soils and allowing natural degradation processes to eventually degrade the high molecular
weight (HMW) PAHs can be considered. With the impoundment option, leachable
hydrocarbons, mainly the low molecular weight PAHs, are not likely to cause environmental
problems since they have been largely removed during the initial degradation phase. In essence,
these soils can be considered as “biostablized” (Luthy et al., 1997; Mueller et al., 1999; Talley et
al., 2000), that is, the very slow leaching of the residual HMW PAHs is counterbalanced by the
degradation capabilities of the indigenous microbial communities. However, this requires that
the impounded soil be carefully managed and monitored over periods of years; a task that can
add considerable long-term cost.

Therefore, the problem became one of identifying the cause(s) of the rapid to slow transition of
degradation and learning what could be done to control it.

Slurry-phase treatment

Slurry phase treatment involves the processing of contaminated soil using a contained system, or
bioreactor, in which the contaminated soil receives the maximum amount of mixing and aeration.
A variety of reactors can be used; fixed film, plug flow, and slurry reactors. Degradation rates in
a bioreactor are usually considerably faster than than solid phase systems (Pinelli et al., 1997).
This is because intimate contact between the PAHs and the microorganisms is provided and
optimal conditions for microbial growth and degradation are maintained with considerable
uniformity. Because of the contained nature of the system, inoculation with selected organisms
(bicaugmentation), or the addition of surfactants, is reasonable. However, slurry phase treatment
is expensive to set up and to operate and maintain, especially as only relatively small quantities
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of soil can be treated at a time. As the size of the reactor increases, optimal conditions will be
compromised due to the physical nature of the systems. Costs can often can be reduced by using
existing facilities, such as a lined lagoons and basins, for the treatment.

Performance comparison

From a comparison of the performance of slurry-phase and solid-phase treatments, it can be seen
that solid-phase treatment is slower than slurry-phase treatment (Figure 3 modified from Mueller
etal., 1991a, b). Mueller et al. (1991a,b) divided PAHs into three groups based on number of
rings and added the mixtures to soil in both slurry and solid treatments. Group 1 consisted of 2-
ring PAHs (naphthylene, methyl and dimethyl naphthalenes, and biphenyl). Group 2 consisted
of 3-ring PAHs (acenaphthylene, acenaphthene, phenanthrene, anthracene, methyl-anthracene).
Group 3 consisted of various 4-, 5-, and 6-ring PAHs (fluoranthene, pyrene, benzo(b)fluorene,
chrysene, benzo(a)pyrene, benzo(a)anthracene, indenopyrene, benzo(b,k)fluoranthene). For the
Group 3 PAHs 40% removal occurred in 30 days in the slurry reactor and in 12 weeks in the
solid phase reactors. However, degradation of these higher molecular weight PAHs appeared to
plateau in the slurry reactor, whereas degradation was still occurring at the end of the solid phase

reactor experiment. Thus, the added time of treatment may be rewarded by a greater extent of
degradation.

The Flask-to-Field selected treatment option (Landfarming)

In order to avoid the possibility of long-term passive treatment or the use of additional active
treatment technologies, the initial, rapid, phase of PAH degradation must be expanded and the

second, slower, phase enhanced. This will provide a greater and more predictable degradation of
HMW PAHs.

Improvements in the degradation of HMW PAHs result from the enhancement of the metabolic
capabilities of natural microbial communities, and, the increased availability of the PAHs to the
microorganisms. These two considerations appear to have the biggest effect on the second phase
of degradation. Enhancing metabolic capabilities of microbial communities will require an
understanding of where the deficiencies originate, including an appreciation for the metabolic
pathways used by these organisms. Enhancing bioavailability will require knowledge of the
interactions between the degrading microorganisms and the availability of the PAHs from the
bound state. To achieve these enhancements, chemicals and microorganisms can be added to
soil. Any additions of amendments must generate enough cost savings in the end to pay for the
additions, an aspect that was considered carefully in this work. Each of these enhancement
strategies is presented in detail.

Microbiological studies

Isolation/characterization of PAH-degrading bacteria. Bacterial isolates that have been
enriched for their ability to grow on low molecular PAHs (i.e., naphthalene, phenanthrene,
fluorene, and to some extent, indan, acenaphthene, and anthracene) were studied. The common
bacterial genera encountered include Pseudomonas, Alicaligenes, Mycobacterium, Rhodococcus,
Comamonas, and Sphingomonas. This is a relatively small range of genera considering the
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prevalence of PAHs in the environment, yet it does show that the ability to degrade low
molecular weight PAHs is common.

Recent studies have emphasized the potential importance of Mycobacterium and Sphingomonas
species (Bastiaens et al., 2000; Bouchez et al., 1995; Fredrickson et al., 1995; Kastner et al.,
1994; Meyer et al., 1999), with some indication that Sphingomonas strains are more likely to
degrade aqueous phase PAHs and Mycobacterium are more likely to degrade solid PAHs
(crystals) because of their hydrophobic cell surfaces (Bastiaens et al., 2000). Quantitative
polymerase chain reaction (PCR) has been used to identify microorganisms able to degrade
PAHs in soil. PCR is a technique that increases the number of copies of a specific region of
DNA. From a single microorganism, enough DNA can be produced to allow precise
identification of that species. In some soil samples where PAH degradation is actively
occurring, the responsible organism appears to be a Bulkholderia-type organism, which is
difficult to grow in the laboratory (Laurie and Lloyd-Jones, 2000). Again, it must be emphasized
that these studies find bacteria that seem to grow well on phenanthrene and fluorene, but with a
limited ability to grow on or co-metabolize HMW PAHs.

A number of studies, have shown that bacteria are able to grow on the four-ring PAHs,
specifically, fluoranthene (Boldrin et al., 1993; Dagher et al., 1996; Kastner et al., 1994; Lloyd-
Jones and Hunter, 1997; Mueller et al., 1990; Weissenfels et al., 1991) and pyrene (Boldrin et al.,
1993; Churchill et al., 1999; Dean-Ross and Cerniglia, 1996; Fritzsche, 1994; Grosser et al.,
1991; Heitkamp et al., 1988a,b; Jimenez and Bartha, 1996; Kastner et al., 1994; Lloyd-Jones and
Hunter, 1997; Rehmann et al., 1998; Schneider et al., 1996). Mycobacterium, Rhodococcus,
Alcaligenes, and Sphingomonas are the genera commonly encountered. Results from a
phylogenic study with a variety of Pseudomonas and Sphingomonas strains isolated from PAH
contaminated soils shows that these two groups can be separated, to some extent, based on their
physiological characteristics (Biolog™ Identification System) and their fatty acid composition.
The Biolog™ results are shown in Figure 4, modified from Mueller et al. (1997). The symbols
represent different soil samples used for isolation and the numbers refers to strain designations.
The cluster in the upper left (7,8,9,10, 15,16, 17) consisted entirely of phenanthrene degraders
(predominantly Pseudomonas species). The cluster in the lower right (1,4,5,6,13,24,25,26,29)
was fluoranthene degraders, predominantly Sphingomonas species. These results suggest that
certain catabolic characteristics are associated with specific genera. That is, Sphingomonas and
Mpycobacterium could be the primary genera that are able to attack HMW PAHs. This may be
related to characteristics of their cell membranes that allow these PAHs to diffuse inside the cells
or it may be related to the presence of key membrane-associated dioxygenases. Interestingly,
most of the pure cultures that have been isolated for their ability to grow on pyrene have been
Mycobacterium. We are aware of only one case where a Gram-negative microorganism, a
Pseudomonas strain, was able to grow on pyrene (Thibault et al., 1996).

Numerous fungal species are also able to partially degrade PAHs, both low and high molecular
weight (Baldrian et al., 2000; Boonchan et al., 2000; Mueller et al., 1997). The initial reactions
of PAH degradation by the fungi are usually ascribed to their extracellular liginolytic enzymes
(usually the laccases and perioxidases) and these organisms may be involved in PAH turnover in
unpolluted soils. The effectiveness of a co-culture of a fungus (Penicillium) with the bacterium
Stenotrophomonas and a mixed bacterial population in degrading five-ring PAHs suggests that
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the initial oxidation products produced by the fungi are then further degraded by the bacteria.
There was no indication that this co-culture affects the bioavailability of the HMW PAHs. It
may not be a particularly useful technique for bioremediation but it is interesting in terms of the
natural way in which PAHs might be degraded in the environment.

The most important observation is that there are a number of PAH degraders that have relatively
broad co-metabolic capabilities, especially for HMW PAHs (Dagher et al., 1996; Mahaffey et al.
1988; Mueller et al., 1997a; Schneider et al., 1996; Schocken and Gibson, 1984). The term “co-
metabolism” as used in this study, is the ability to transform (oxidize) a particular PAH but
without growth on that PAH. Presumably, partial degradation products are generated, which
cannot be further metabolized to produce carbon and energy. There have been several reports of
PAH-co-metabolizing Sphingomonas species (Dagher et al., 1996; Fredrickson et al., 1995;
Kastner et al., 1994; Mueller et al., 1990). Sphingomonas paucimobilis strain EPA 5035 has been
shown to have a substantial cometabolic capability for HMW PAHs (Mueller et al., 1990; Ye et
al., 1996). Sphingomonas strain B1 (formally Beijerinckia B1), isolated originally for its ability
to grow on biphenyl, has been shown to co-metabolize benzo(a)anthracene to acid metabolites
(Mahaffey et al., 1988). Whether sphingomonads are commonly associated with PAH
degradation is yet to be assessed, but a study examining the diversity of bacteria able to degrade
PAHs (Ye et al., 1996) showed that Sphingomonas species tended to be the isolates capable of
degrading fluoranthene, whereas the bacteria able to degrade phenanthrene where more
commonly associated with Pseudomonas strains. Dagher et al. (1996) compared three PAH-
degrading Pseudomonas sp. with an Sphingomonas sp. and found the latter the most efficient
PAH degrader, with the ability to possibly grow on FLA.

b

With these previous studies as a basis, other fluoranthene degraders were isolated and evaluated
with respect to their taxonomic and metabolic characteristics. Little is known concerning the
bacterial genera that may be responsible for microbial degradation of HMW PAHs in PAH-
contaminated sites, however, the results reported here suggest that Sphingomonas spp. are
commonly isolated from PAH-contaminated soils and their metabolic diversity may vary
considerably. Therefore, our efforts focused on sphingomonads and on S. paucimobilis, in
particular.

Co-metabolism to enhance metabolic capabilities. The co-metabolic capabilities of .
paucimobilis strain EPA 505 are shown Table 4 and Figure 5. After a 28 day incubation of a
PAH mixture with EPA 505 and a chemical surfactant there was considerable reduction in the
higher molecular weight PAHs.

Ye et al. (1996), using resting cell suspensions of EPA 505 and individual PAHs, in place of a
mixture, showed a similar pattern of degradation of HMW PAHs, but to a greater extent. This is
shown in Figure 5. Error bars for the standard deviation of triplicates are not shown in this
figure, but error was approximately = 10%. The PAH:s in this experiment were not growth
substrates for EPA 505.

This co-metabolic capability is not typical of all PAH degrading strains studied. Table 4 shows
the effectiveness of several isolates in their ability to degrade different PAH fractions of
creosote. The CRE strains were isolated for their ability to grow on phenanthrene, the UNP/NP
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strains for their ability to grow on fluoranthene, and the PYR1 strain for its ability to grow on
pyrene. It is clear that, of the strains studied, EPA 505 was the most effective in terms of
removing the 4,5, and 6-ring PAHs (67% removal compared to 28 % removal for next best
strain, Mycobacterium strain PYR-1; Heitkamp et al., 1988 a, b) and in producing the greatest
removal of PAHs overall (91% removal). Thus, just because a strain grows well on particular
PAH, does not mean that it will have broad co-metabolic capabilities. The next question
investigated was whether this metabolic capability could be expected in most soils.

Metabolic characteristics. In preliminary mechanistic studies performed with pyrene, a non-

" growth PAH for EPA 505, it appears that at least two different partial degradation products of
pyrene were produced. Both degradation products represent the opening of an aromatic ring and
both indicate an inability to cleave carbon moieties to use for growth. The proposed pathway for
the co-metabolism of pyrene by strain EPA 505 is shown in Figure 6 (from Ho et al., 2000). The
pathway represents possible attacks on the pyrene rings based on products detected by, and
inferred from, GC-MS analysis.

The products suggest that pyrene is dihydroxylated at both the 2, 3-position and the 9, 10~
position. There was no evidence to suggest two separate dioxygenase systems, and thus it is
assumed that a single enzyme system is able to recognize both positions. Clearly both of the
oxidized rings are then opened, one by meta cleavage and one by ortho cleavage. This is
consistent with the mechanism by which the strain attacks fluoranthene (see below). It is also
consistent with the reported 1,2-dioxygenation of pyrene and subsequent meta cleavage
(Heitkamp et al., 1988a,b; Walter et al., 1991) and the 4, S—dioxygenation followed by ortho
cleavage (Rehmann et al. 1998), both seen with Mycobacterium and Rhodococcus sp. that are
able to grow on pyrene. In the Sphingomonas species, however, the specificity of the enzymes
involved in the cleavage of either a 3-carbon fragment (meta cleavage) or a 2-carbon fragment
(ortho cleavage) are apparently too narrow to allow further metabolism of the pyrene products.

It is interesting to speculate that this may be true of Sphingomonas species in general
since, at the present time, there are no known Sphingomonas species that are able to grow
on pyrene. Mycobacterium strains on the other hand can be readily isolated for their
ability to grow on pyrene. In preliminary studies, we have observed transient pyrene
degradation products from selected Mycobacterium strains that have the same spectral
characteristics as the substituted perinaphthalene product produced by EPA 505. If this is
the case, then initial degradation of pyrene may be similar in both Mycobacterium and
Sphingomonas species. Recent evidence demonstrates that nah-like genes can be found
in Mycobacterium and Rhodococcus species (Hamann et al., 1999). However, the
Mycobacterium stains clearly have the ability to further metabolize the intermediates
produced from a naphthalene-like attack on pyrene. This was verified by the work of
Rehmann et al. (1998) and Heitkamp et al. (1988a,b), who observed further degradation
products. Why Sphingomonas strains have not acquired the necessary enzymes for this
transformation is unclear. Perhaps it is related to the organic matter that each species
normally utilizes in nature. It is assumed that EPA 505 will hydroxylate other HMW
PAHs in the same manner and produce ring opened intermediates that cannot be further
metabolized. Thus, this strain appears to have a remarkable breadth of co-metabolic
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capability due to very loose specificity of the dioxygenase enzymes that are responsible
for metabolizing phenanthrene and fluoranthene.

Biodegradation pathways. As microorganisms in the environment are confronted with
polycyclic aromatic hydrocarbons (PAHs) of increasing numbers of aromatic rings, the
biochemical strategy for removing carbon fragments that can be oxidized through the
intermediary metabolism of the organisms, becomes more complex. In many cases, the activity
of PAH-degrading enzymes is constitutive, yet the presence of certain growth PAHs seems to
increase enzyme activity (Aitken et al., 1998). Stringfellow et al. (1995a,b) have shown that the
growth substrate phenanthrene (and salicylate) was able to induce the co-metabolism of
fluoranthene and pyrene, both of which were not growth substrates, in a Pseudomonas
saccharophilia strain P-15, an isolate from PAH-contaminated soil. Studies with the same
organism also revealed that chrysene and benzo(a)anthracene could be mineralized and the
mineralization was stimulated by pre-growth on phenanthrene (Chen and Aitken, 1999).
Chrysene itself was not a metabolic inducer. Benzo(a)pyrene was not mineralized significantly
regardless of whether cells were pre-grown on phenanthrene or not. In soils, it is possible that an
inducer such as salicylate could be added directly to the soil to induce greater PAH degradation
activity, but it is probably impractical in the final analysis (Chen and Aitken, 1999). The more
likely scenario is to make the HMW PAHs as available as possible during the time when the
inducing PAHs, most likely phenanthrene, are actively being degraded.

The potential of sequential degradation of the PAHs complicates issues of co-metabolic
induction. Phenanthrene is usually in high concentration in PAH-contaminated soil. If it is
competing with the co-metabolized PAH for the same active site in an enzyme, co-metabolism is
likely to be slowed by phenanthrene, assuming it is the preferred substrate for the enzymes. In
studies examining the effect of PAH mixtures on co-metabolism, Luning Prak and Pritchard
(personal communication, 2001) have shown that phenanthrene does inhibit the co-metabolism
of pyrene in strain EPA 505. These experiments were carried out in the presence of the chemical
surfactant Tween 80 in order to produce concentrations of PAHs that could be readily followed
by HPLC analysis. In these studies, the rate of phenanthrene degradation is the same in the
presence and absence of pyrene, suggesting that if only one enzyme system is responsible for the
initial PAH metabolism, then phenanthrene is clearly the preferred PAH substrate. The presence
of phenanthrene does not totally preclude pyrene co-metabolism (i.e., there is some decay over
time), but pyrene metabolism is much slower than it is in the absence of phenanthrene.

However, once the phenanthrene was degraded, pyrene metabolism commenced at a faster rate
than that seen with no pre-exposure to phenanthrene.

These results have important implications for landfarming treatment. If the bioavailability of the
PAHs can be enhanced by the addition of surfactants, then once the readily degradable PAHs are
removed, one can assume that, for a short period, the microbial communities will be fully
induced and this will be the time in which maximum co-metabolism can be expected. Thus, if
organisms with broad co-metabolic capabilities are to be added to soil during landfarming
treatment, timing is important. They must be added during a time early enough in treatment
where they will be induced by growth on low molecular weight PAHs and yet not so late they are
out-competed for these low molecular weight PAHs by the indigenous microbial communities.
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Surfactants to enhance bioavailability.

a. Chemical surfactants. One limitation to degradation of HMW PAHs is their low
solubility in water and high affinity for surfaces. Bioavailability of HMW PAHs in soil
has been extensively studied and it is clear that slow desorption of the PAHs from soil
particles plays a key role in the ability of bacteria to degrade these PAHs. As a
contaminated soil ages, PAHSs tend to move into the deeper recesses of soil particles, soil
aggregates, and the organic matter sorbed to soil particle surfaces (Pignatello and Xing,
1996; Zhang et al., 1998; Cornelissen et al., 1998; Jixin et al., 1998). Consequently,
desorption is usually described as a rapid initial release of PAHs that are close to the
surface and a very slow release of PAHs that are more deeply sorbed. Although
considerable amounts of sorbed PAHs will eventually leach out over years, this time
frame is usually too long for shorter-term remediation techniques, such as landfarm

“treatment (months), to be effective. If strategic modifications of bioremediation
techniques can be made to increase desorption rates over the shorter treatment term, then
the added amount of degradation may mean meeting cleanup goals in a reasonable time.

Since most microorganisms take in PAHs from the aqueous phase, their degradation rate
is often limited by the mass transfer from the sorbed or non-aqueous liquid phase into the
aqueous phase. One method to enhance PAH transfer rates into the aqueous phase is to
add surfactants to increase micellar solubilization of the PAHs. Surfactants have been
found to enhance the degradation rates of individual PAHs in pure and mixed cultures
(Grimberg et al., 1996; Guha and Jaffe, 1996 and 1998; Liu et al., 1995; Madsen and
Kristensen, 1997; Tiehm, 1994; Volkering et al., 1995; Willumsen, et al., 1998).

Success is controlled by the type and concentration of surfactant utilized and the type of
organisms tested. Many surfactants can be toxic to the microorganisms used. In the
work of Willumsen et al. (1998), although Tween 80 (0.24 mM) had a stimulatory effect
on the mineralization of fluoranthene by both Sphingomonas and Mycobacterium sp.,
Triton X-100 (0.48 mM) was quite toxic to most PAH degraders, as determined by their
ability to mineralize glucose (Figure 7, from Willumsen et al., 1998). Fan 9 and VF1 are
both Mycobacterium strains. EPA 505 and FLA 10-1 are both Sphingomonas strains.
Interestingly, one of the strains tested in these experiments was able to recover from the
effects of Triton X-100 after extended incubation. This suggests that the surfactant
interacts with the cell membrane, perhaps allowing for greater transport of PAHs inside,
and that the extent of this interaction determines the eventual toxicity.

Pritchard et al. (1995a) showed that at high biomass concentrations (10" cells/ml),
Triton X-100 was generally stimulatory to fluoranthene mineralization by EPA 505 in
minimal salts medium. However, at high concentrations of Triton, the total
mineralization of fluoranthene was decreased. An examination of the mass balances,
expressed as percent of total "*C added, in Table 5, showed that the difference was in the
amount of soluble product produced.

Triton apparently caused the release of fluoranthene degradation products from the cell
into the medium (P. Pritchard, personal communication). This corresponded to the
production of a bright red color, which we believe is the recyclized hemiacetal of the
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initial ring-opening product of fluoranthene. If biomass is decreased, mineralization of
fluoranthene is inhibited initially but seems to recover after a period of days (Pritchard et
al., 1995). Mineralization extent was less in the cases where recovery occurred, which
was again due to the release of degradation products into the medium that are not fully
metabolized. Exposure of the strain EPA 505 to Triton apparently results in the lysing of
many cells, and those that do survive are very sensitive to being washed (L. Fredrickson
and P. Pritchard, personal communication). Having survived exposure to Triton, the
cells become more tolerant to the surfactant, but this acclimation was an unstable
characteristic since cells quickly reverted back to high sensitivity when cultured in the
absence of surfactant (L. Fredrickson and P. Pritchard, personal communication). These
results are, in part, due to the limiting calcium effect. Surfactant effects on degradation
and viability are clearly strain specific (Willumsen et al., 1998). Figure 8 (L. Fredrikson
and P. H. Pritchard, unpublished data), shows the effect of Triton on four different
fluoranthene degraders. The differences in fluoranthene mineralization were probably
due to the susceptibility of the membranes to dissolution by Triton. These results
suggest that surfactants interact with the cell membrane, perhaps allowing for greater
transport of PAHs inside, but at the same time, rendering the cells more sensitive to
environmental situations. In the case of strain EPA 505, Tween 80 worked aas well as
Triton in stimulating fluoranthene degradation and it was less toxic.

Only a few studies have examined the effectiveness of surfactants in enhancing the
degradation of PAH mixtures (Tiehm, 1994; Guha and Jaffe, 1998), especially where it
involves co-metabolism (Boonchan et al., 2000). There is currently no framework upon
which to predict surfactant effects in PAH-contaminated soils. In the presence of
surfactant, Boonchan et al. (2000) found that Stenotrophomonas maltophilia VUN
1,0010s degraded mixtures of PAHs faster in the presence of surfactant than in the
absence of surfactant, and the maximum specific degradation rate of each component
from the mixture was smaller than when it was degraded alone. Similar decreases in the
degradation rate of individual PAHs due to the presence of other PAHs have been found
in the absence of surfactants for mixed cultures (Guha et al., 1999) and for
pseudomonads (Stringfellow and Aitken, 1995a; Bouchez et al., 1995). Further work in
this area is necessary to provide a greater understanding of how surfactants influence the
microbial degradation of mixtures and to make the application of surfactants a standard
engineering tool in biological soil remediation (Volkering et al., 1998). To this end, we
investigated the degradation of mixtures of PAHs by Sphingomonas paucimobilis EPA
505 in the presence of the surfactant Tween 80. The degradation of phenanthrene,
fluoranthene and pyrene together in a mixture in the presence of Tween 80, has shown
that, despite their increased availability to the microorganisms, a succession of
degradation occurs (Luning Prak and Pritchard, personal communication). The
succession is probably a function of the specificity of the initial dioxygenase system in
the cells, which, for strain EPA 505, was a preference of phenanthrene over fluoranthene
and fluoranthene over pyrene (Luning Prak and Pritchard, personal communication).

b. Biosurfactants. Microbes produce surface-active agents,biosurfactants, when grown on
insoluble or immiscible compounds (Desai and Banat, 1997; Lin, 1996; Neu, 1996). The
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use of biosurfactants has been proposed as an alternative to chemical surfactants to
enhance the bioavailability of hydrophobic contaminants (Hunt et al., 1994; Oberbremer
et al., 1990). Biosurfactants are a structurally diverse group of surface-active agents.
They are amphipathic molecules consisting of a hydrophilic portion and a hydrophobic
moiety, usually in the form of bound fatty acids. They exhibit low interfacial tension
(IFT) and low critical micelle concentration (CMC) values.

The CMC is the amount of surfactant needed to achieve the lowest possible surface
tension. Alternatively, the CMC can be defined as the surfactant concentration at which
the addition of free monomer will form micellar structures. In the process of micelle
formation, the aggregating surfactant molecules have the ability to surround slightly
soluble compounds, which disperses them into the aqueous phase (Singer and Finnerty,
1984). Biosurfactants have about a 10- to 40-fold lower CMC than chemical surfactants
(Desai and Banat, 1997). Distilled water has a surface tension of 73 dyne/cm and an
effective biosurfactant can lower this value to <30 dyne/cm (Lang and Wagner, 1987).
Rhamnolipids lower the surface tension of water from 72 mN m™ to 25-30 mN m™ at-
concentrations of 10-200 mg I (Lang and Wullbrandt, 1999).

Biosurfactants can be divided into groups based on their overall structure:
glycolipids, lipopeptides and high molecular weight biopolymers. Glycolipids
contain various sugar moieties (i.e., rhamnose, sophorose, trehalose) attached to
long chain fatty acids. Lipopeptides consist of a short polypeptide (3-12 amino
acids) attached to a lipid moiety. High molecular weight biopolymers are
lipoprotein, lipopolysaccharide-protein complexes and polysaccharide-protein-
fatty acid complexes. Biosurfactants are produced by a variety of bacteria,
including Pseudomonas sp., Bacillus sp., and Mycobacterium (Cooper et al.,
1989; Patel and Desai, 1997, Zhang and Miller, 1995). They are also produced by
yeasts (Cooper and Paddock, 1984; Hommel et al., 1987) and fungi (Fautz et al.,
1986).

Biosurfactants have several advantages over synthetic surfactants such as a lower
toxicity for most biosurfactants (Lang and Wagner, 1993), higher biodegradability
(Desai and Banat, 1997), more “environmentally friendly” (Georgiou et al., 1990) and
good specific activity at pH, temperature and salinity extremes (Kretschmer et al., 1982).
Rhamnolipid biosurfactant biodegradability was demonstrated in the Organization for
Economic Cooperation and Development (OECD) 301D “Ready Biodegradability” Test
and it showed no toxicity to activated sludge in the OECD 209 Test (Maslin and Maier,
2000).

Hydrocarbon biodegradation by naturally occurring microbial populations is the
primary mechanism for hydrocarbon contaminant removal from the environment.
The addition of biosurfactant stimulated indigenous bacteria to degrade
hydrocarbons at higher rates than those achieved by nutrient addition alone (Atlas,
1993). Contradictory results are found in the literature concerning the effects of
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biosurfactants on PAH biodegradation (Banat, 1995; Churchill et al., 1995;
Deschenes et al., 1996; Finnerty, 1994; Guha et al., 1998; Miller, 1995; Providenti
et al., 1995; Rocha and Infante, 1997; Volkering et al., 1998; Zhang and Miller,
1995). Many reports indicate that surfactants can enhance hydrocarbon
biodegradation by increasing microbial accessibility to insoluble substrates
(Zhang and Miller, 1994; Zhang et al., 1997). The bioavailability of organic
contaminants in soil decreases significantly during aging (Hatzinger and
Alexander, 1995), therefore, the effect of biosurfactants on aged pollutants may be
particularly significant and make them potentially useful for bioremediation.

¢. Solubilization of PAHs. Rhamnolipid (monorhamnolipid and dirhamnolipid), lichenysin
B and Triton X-100 have CMCs of 40, 10 and 106 mg/L (Edwards et al., 1991; Lin et al.,
1994; Zhang and Miller, 1992). Mass solubility ratios (MSR) for several PAHS are
shown in Table 6 for P. aeruginosa strain 64 biosurfactant (thamnolipid) and Triton X-
100 (nonionic synthetic surfactant). The MSR of phenanthrene for B. licheniformis
ATCC 39307 biosurfactant (lichenysen, a cyclic lipopeptide) is also shown in Table 6.
In general, the MSR declines with increasing molecular weight of the PAH. Both
rhamnolipid and lichenysin solubilized more phenanthrene than Triton X-100.
Rhamnolipid solubilized more pyrene and fluoanthene than Triton X-100. The MSRs for
benzo(a)pyrene and chrysene could not be calculated for Triton X-100 because the
solubilization of these compounds was too low for detection even at the highest
surfactant concentration tested (30X CMC).

The solubilization of phenanthrene, fluoranthene, pyrene, chrysene and benzo(a)pyrene
by rhamnolipid and Triton X-100 is shown in Figure 9. The difference in effectiveness
between rhamnolipid and Triton X-100 for phenanthrene became less obvious when the
other PAHs were examined. The ability of each surfactant to solubilize each PAH is
directly correlated with the size of the PAH. The 4-and 5-ring PAHs were poorly
solubilized with either surfactant.
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2 Obijectives

Landfarming of hydrocarbon-contaminated soils may provide a cost-effective alternative to other methods

_of contaminant removal. However, the HMW PAHs have been found resistant to biodegradation in these

systems. Sites that contain high levels of these compounds are especially challenging. Data presented in
this report indicate that by carefully augmenting the metabolic capabilities of the existing soil bacterial
communities, normally insoluble compounds can be rendered more available to these communities for
degradation. These initial steps can lead to a cost-effective means for removing these dangerous chemicals
from the environment.

Our objective was to demonstrate improved bioremediation of the more toxic, higher molecular weight
PAHs through landfarming with bioaugmentation and biostimulation. The use of known surfactant-
producing bacteria should increase the availability of PAHs in the soil to the degrading bacteria. The use
of biostimulation with bulking agents and slow-release nitrogen will sustain microbial growth.

Our hypothesis was that the gradual release of PAHs from soil particles, as accomplished by a
biosurfactant, would promote the degradation of higher molecular weight PAHs. In addition, we proposed
that the process would be assisted by transfer of the bacteria in a medium that would serve as a refuge for
the bacteria, protecting them from predation.
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3 Technical Approach

The approach used in this multi-year study was, first, to validate the choice of technology
at bench scale through a microcosm study using contaminated site soil. Preliminary flask
studies were carried out in order to determine if our approach would lead to consistently
greater reductions of the high molecular weight PAHs in soil. We conducted microcosm
experiments using bioaugmentation (cells on a vermiculite carrier) and bioavailability-
enhancing approaches. Additional parameters necessary for follow-on pilot projects were
established (ie., nutrient supplementation and appropriate bulking agent). The bench-
scale project was followed by two pilot-scale studies simulating field conditions. These
projects validated the flask results and examined the engineering parameters necessary to
take this project to the field.

Site Description

The site soil for the flask and field studies was obtained from the POPILE, Inc. Superfund site, a
former wood-treatment facility located in El Dorado, Arkansas. This soil was currently in use in
a landfarming treatment pilot study at the ERDC Environmental Laboratory in Vicksburg, MS.
It was selected for use because it was available, fully characterized, a large amount of
background landfarming data was available, and a complementary project was on-going.

Wood treatment operations ended at the El Dorado site in July, 1982 and the site was purchased
by POPILE, Inc. In 1984, POPILE consolidated three impoundment ponds into one. This
closure activity was administered by the Arkansas Department of Pollution Control and Ecology.
In 1988 and 1989, an Environmental Protection Agency (EPA) field investigation revealed
contaminated soils, sludges and groundwater at the site. The primary contaminants found at the
site include pentachlorophenol (PCP) and creosote compounds associated with wood treatment,
including PAHs. The EPA determined that an emergency removal action was necessary. This
was conducted from September 1990 to August 1991. The emergency action consisted of
modifying the site drainage, placing and seeding topsoil, and solidifying and placing sludges into
an on-site, soil-holding cell.

The EPA's design contractor, Camp, Dresser and McKee/Federal Programs, was tasked with the
development of the Remedial Investigation/Feasibility Study for the POPILE site. The remedy
that was approved involved the excavation and treatment of approximately 165,000 cubic yards
of contaminated soils and sludges in onsite land treatment units (LTUs). Indigenous
microorganisms were expected to break down the target contaminants to less harmful and less
mobile constituents.
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Two types of impacted soils exist at the site. The first is the soil from a holding cell that has
been stabilized with rice hulls and fly ash (pH approximately 10) as part of earlier emergency

remedial activities. The second is soil from a process area contaminated by spills, leaks and open

air-drying during wood treatment activities. The current evaluation was conducted on
contaminated material only from the process area. The process area soils had unusually high
concentrations of PAHs (13,000 mg/kg, avg.) and PCP (1500 mg/kg, avg.). Even with the high
contaminant levels, the soil maintained microbiological activity.

Soil Characterization

The metal and mineral content and physical characterization of the soil from the POPILE site, El
Dorado, AK, was determined prior to the initiation of the first pilot study. A complete
presentation of the soil characterization is reported in Hansen et al. (1999). Pertinent portions
are summarized in Table 7 to supply an overview of the study conditions.

The initial chemical characterization included total Kjeldahl nitrogen as well as nitrate, nitrite
and ammonia, total organic carbon, and total phosphate. Chemical and physical properties
examined included pH, soil buffer capacity, cation exchange capacity and field moisture
capacity. ’

The field moisture capacity (FMC), as defined by the USDA — Natural Resources Conservation
Service, is the moisture content of the soil, expressed as a percentage of the oven dry weight,
after the gravitational, or free, water has drained away. More simply, this is the moisture content
2 to 3 days after a soaking rain. It is also known as the normal field capacity, the normal
moisture capacity, or the capillary capacity. The original POPILE soil delivered to the pilot
facility had an FMC of 23%. Landfarming protocols (U.S. Army Corps of Engineers, 1996) state
that the moisture content be maintained between 30 and 90% of the FMC in order to sustain
microbial growth. For POPILE soil, this correlates to 6.9 to 20.7% moisture.

Soil pH affects the contaminant chemistry and interactions with the soil particles. The initial pH
of POPILE soil was 9, but this decreased rapidly with treatment and was maintained throughout
the project at an average 7.7.

Flask (Bench-scale) Experimental Design

Building on research begun with composting systems and bioslurries, we isolated
and characterized from various PAH-contaminated site soils, bacteria that could produce
biosurfactant and/or degrade PAHs, directly or co-metabolically. Biosurfactant production by
our chosen microorganism, Pseudomonas aeruginosa strain 64, was examined for toxicity to
PAH-degrading bacteria and its effectiveness in increasing the extractability of PAHs in water.
A relatively low-cost, solid, carrier system (vermiculite) was developed for delivery and
maintenance of the bacteria in the contaminated soil environment. The effect on PAH removal
of various nutrient sources and bulking agents was evaluated. An 11-month microcosm study
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was conducted using contaminated site soil to evaluate PAH removal under biostimulation and
bioaugmentation conditions.

Flask (Bench-scale) Materials

Bacteria

Many soils contaminated with different toxicants (i.e., hydrocarbons, TNT, PAHs, PCBs etc.),
were screened for biosurfactant and bioemulsifier producers. Pseudomonas aeruginosa strain 64
was originally isolated in enrichment cultures on TNT by Dr. Doug Gunnison of the USACE-
ERDC in Vicksburg, Mississippi. P. aeruginosa strain 64 was notable in its production of both
surfactant and a biomarker pigment, pyocyanin. This microorganism was also found to be able
to survive and grow in PAH-contaminated soils. P. aeruginosa strain 64 was grown in Luria-
Bertani broth (Bacto) supplemented with 0.3% (v/v) glycerol at room temperature. The glycerol
is an energy source and promotes pyocyanin pigment (blue-green color) production. Broth
cultures were shaken at 150 rpm on gyratory shaker at room temperature.

Amendments

The ground rice hulls used as the bulking agent were purchased from Rice Hull Specialty
Products, Inc. (Stuttgart, AK). The rice hulls were purchased with no oil treatment. They
have a seive range of 30/80, which corresponds to a particle size of 180 — 600 pm, and a
bulk density of 19-24 1b/ft’. Nitrogen, in the form of pellitized, dried blood fertilizer
(Nitrogen-phosphate-potassium, 12-0-0) was purchased from Dragon Corporation
(Roanoke, VA). The nitrogen pellets have a bulk density of 8-10 Ib/ft*. The carrier for
microorganisms was a vermiculite, AF2 (medium), obtained from Strong-Lite Products,
Corp. (Pine Bluffs, AK).

Flask (Bench-scale) Methods

Isolation and characterization of PAH-degrading bacteria

Isolates that were able to grow on fluoranthene were obtained by incubating samples of PAH-
contaminated soil in dilute complex medium for 24 hours and then plating dilutions on agar
containing low concentrations of complex medium. Once colonies formed, the plates were
sprayed with fluoranthene to create an opaque film of the PAH over the surface of the agar
(Kiyohara et al., 1982). Colonies that showed clearing around the colony were picked and
further characterized for their ability to degrade other PAH, as determined by clearing around
colonies when sprayed with the appropriate PAH. Where clearing was observed, individual
isolates were tested for growth on the PAH. None of the isolates grew on the HMW PAHs
(pyrene and above) and so clearing around the colonies suggested that co-metabolism was
occurring. Most of these isolates were also able to degrade low molecular weight PAHs.
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A variety of PAH degraders that can utilize fluoranthene or pyrene as growth substrates have
been studied using a modified enrichment procedure and a plate screening technique (Ho et al.,
2000). Many of these isolates were also able to transform other non-growth PAHs. With this
enrichment technique, both fast-growing and slower-growing bacterial strains had an equal
chance of being isolated since no serial transfer or dilution was done. By using a dilute complex
medium, supplemental growth substrates are provided along with the PAH. This helps provide
energy reserves that are required for the initiation of PAH oxidation. Most of the isolates, in
fact, degraded PAHs faster when grown in the presence of the supplemental carbon sources (Ho
et al., 2000). Table 8 (modified from Ho et al., 2000) compares the co-metabolic capability of
30 different fluoranthene degraders randomly isolated from 15 different contaminated soils.
Phospholipid fatty acid (PLFA) analysis of the microorganisms from these soils showed that
Sphingomonas and Mycobacterium species were well represented among the fluoranthene (FLA)
and pyrene (PYR) degraders.

Because PAH-degrading microorganisms most likely associate with hydrophobic mixtures of
PAHs and hydrocarbons in the environment, a somewhat different method of isolating bacteria
was tested (Bastiaens et al., 2000). Hydrophobic membranes containing sorbed PAHs were
incubated in PAH-contaminated soil suspensions for 3-4 weeks and then the membranes were
washed and incubated on nutrient agar plates until colonies appeared. Only bacteria with
hydrophobic cell surfaces would stick to the membranes. Most of the isolates were
Mycobacterium species. Samples of the same soils incubated with PAH crystals in suspension
(no membrane) produced mainly less hydrophobic Sphingomonas species. However, very few of
the Mycobacterium isolates were able to grow on, or co-metabolize, fluoranthene or pyrene.
Most were phenanthrene degraders. Thus, PAH metabolic diversity appears to be quite variable.
Hydrophobic bacterial cell surfaces are, apparently, not a prerequisite for metabolic diversity.

A modified enrichment procedure and plate screening technique used in this study to isolate
PAH degraders from contaminated soils and sediments was the method employed by Kiyohara et
al. (1982). However, we used PYGT medium to provide supplemental growth substrates along
with the PAH to provide energy reserves for PAH oxidation (Ho et al., 2000). It readily
provided bacterial strains that could not only utilize FLA or PYR as growth substrates, but many
were also able to transform other non-growth PAHs. As stated earlier, one of the advantages of
this method is that both fast and slow growing bacterial strains had an equal chance of being
isolated since no serial transfer or dilution was performed. This spray plate method is generally
used with mineral salts medium and the PAH as the only carbon and energy source. Most of
our isolates, in fact, degraded PAHs faster when grown on PYGT, suggesting that PAH
degradation capability was not affected by alternative growth substrates. Several of the FLA
degraders were unable to grow, or grew very poorly, in liquid culture with FLA, although they
did consistently produce clearing zones with FLA on PYGT plates. Since five of these isolates
were phenanthrene degraders, we can argue that our enrichment procedure was capable of
detecting FLA-co-metabolizing, PHE-degrading strains. The low incidence of FLA-co-
metabolizing/PHE degrader strains was not surprising given that there are no reports of PHE
degraders in pure culture with the ability to co-metabolize FLA. Sphingomonas and
Mycobacterium species are well represented among the FLLA degraders.
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Only two or three isolates were able to grow on or co-metabolize PAHs as well as EPA 505.
Most strains were unable to co-metabolize pyrene, chrysene, benzo(b)anthracene, and
benzo(a)pyrene in the absence of phenanthrene (a growth substrate for all isolates) although a
somewhat greater number were able to do so in the presence of phenanthrene. These results
show that good co-metabolic capability in indigeneous microbial communities is unlikely in
most PAH-contaminated soils. In a landfarming context, it is doubtful that HMW PAHs will be
effectively reduced to regulatory significant levels by this method. The value of
bioaugmentation to landfarming of PAH-contaminated soil becomes apparent as a method of
extending the initial rapid phase of removal and increasing the likelihood of attaining regulatory
closure levels.

Biosurfactant production

Surfactant production by indigeneous bacteria. The supernatant of a mixed culture grown
from PAH- and PCP-contaminated site soil showed no significant decrease in surface tension
compared to un-inoculated media. By contrast, supernatant from a culture prepared from soil
that received an inoculum of P. aeruginosa strain 64 showed significant reduction in surface
tension. This suggests that although many species of soil bacteria are capable of producing
surface-active agents, the current autochthonous community did not express this ability under
these conditions. Since surfactants can increase the aqueous solubility of many target
contaminants, augmenting the soils with bacteria, which can produce surfactants, is warranted.

Surfactant production by added bacteria (P. aeruginosa strain 64). When rhamnolipid is
used in short-term extractions of phenanthrene or fluoranthene from sand versus sand with illite
clay, desorption levels are different. However, there was little difference in the amount desorbed
from the two substrates after 24 h. Rhamnolipid biosurfactant was much more effective in
extracting phenanthrene and fluoranthene than lichenysin biosurfactant. Therefore, P.
aeruginosa strain 64 rhamnolipid biosurfactant was selected for testing on PAH-contaminated
soils.

To evaluate the potential of the P. aeruginosa strain 64 biosurfactant for desorption of PAHs, a
preliminary test was performed using three contaminated soils, Southern Maryland Wood
Treatment (SMWT) site, soil directly from the POPILE Wood Treatment Site in Arkansas, and
POPILE soil stored at the U.S. Army Waterways Experiment Station in Vicksburg, MS (Table
9). P. aeruginosa strain 64 was grown in broth containing glycerol (an energy source that also
helps promote pyocyanin pigment production). After removing cells, the supernatant at different
concentrations was used to extract the PAH-contaminated soil.

Bioaugmentation

Past success of bioaugmentation at field scale for enhanced bioremediation has been mixed, but
there are examples of its effective use (Vogel, 1996). Thibault et al. (1996) showed enhanced
degradation of pyrene in soils following inoculation with pyrene-degrading Pseudomonas
species, but the use of the surfactant Witconol SN70 inhibited the introduced organism. The
introduction of Mycobacterium strain PYR-1, a pyrene degrader, enhanced the removal of pyrene
from contaminated soil. Eriksson et al. (2000) had some success in the degradation of PAHs
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following inoculation with a mixed culture enriched for PAH degradation capability. They
attributed some of the effect to the possible production of biosurfactants by the inoculum.
Interestingly, they found that certain degradation products, specifically 4-hydroxy-9H-
fluorenone, increased substantially during the biological treatment. This metabolite could be a
degradation product of fluorene or fluoranthene. Kastner et al. (1998) showed that inoculation
with a fluoranthene-degrading Sphingomonas strain and a pyrene-degrading Gordona strain
resulted in no enhanced degradation of these PAHs, yet the strains survived well in the
contaminated soil. Weir et al. (1995) showed similar results with inoculation of a phenanthrene-
degrading Pseudomonas strain that was encapsulated.

To treat hydrocarbon contamination, it is often fruitless to compete with the degradative
capabilities of the indigenous microbial communities, especially where mixing,
oxygenation and nitrogen supply have been optimized. Large biomasses are required and,
although initial degradation rates may be enhanced, the time saving effect may not
balance the cost of adding the organisms. In addition, a rapid die-off of introduced
organisms invariably occurs in the field and therefore, one should not expect to impact
degradation processes weeks after treatment initiation. Reinoculation is possible, but the
cost benefit ratio is likely to be unreasonable. Bioaugmentation works best if nature is
supplemented as an event, rather that trying to replace nature with a long-term
management approach. That is, it is best to use bioaugmentation as a boost to something
that nature is slow to generate or unable to produce consistently.

Our goals for bioaugmentation in the landfarming treatment of PAH-contaminated soils were:

e use an inoculation process that is designed to supplement and accelerate the activities
of natural microbial communities rather than replace or ignore them,
increase the metabolic capability to promote co-metabolism of HMW PAHs,

e enhance bioavailability using biosurfactants introduced via bioaugmentation,
use vermiculite as an inexpensive carrier for the microorganisms added into the soil.

Carrier technology development

Producing large quantities of biosurfactant to apply during a bioremediation process is currently
cost prohibitive (Lang and Wullbrandt, 1999) and logistically complex. Alternatively, it is
possible to add a microbe that produces a biosurfactant, particularly if the microbe will grow on
one of the contaminants or degradation metabolites in the soil to be treated (Arino et al., 1998).
The effect of biosurfactants present at concentrations below their CMC on the degradation of
PAHs has received little attention. Different hydrocarbon-degrading bacterial strains that
produce biosurfactants were examined. Our attention has focused on Pseudomonas aeruginosa
strain 64, which produces rhamnolipid biosurfactant on water-soluble and water-immiscible
growth substrates. In this study, biosurfactant application involved whole-cell cultures because
of economic considerations for biosurfactant addition.

It is known that introducing organisms into contaminated soil is mechanically difficult and often
results in poor survival if the organisms are added from liquid culture (O’Reilly and Crawford,
1989). If bioaugmentation protocols are to be successful, it is critical to establish a protocol for
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the inclusion of augmenting bacteria into established soil communities in a way that maintains
their viability. One approach for improving the effectiveness of bioaugmentation is to introduce
the inoculum on an inert carrier. Immobilization or encapsulation has been shown to enhance
survival and activity of the inoculum in bioremediation scenarios (Lin and Wang, 1991;
Middledrop et al., 1990; Oh et al., 2000; O’Reilly and Crawford, 1989; Rhee et al., 1996; Weir et
al., 1995). These studies used a variety of carriers including alginate, polyurethane foam and
inert granular formulations. We have had considerable success using vermiculite, an inorganic
material that is environmentally safe. Since dry vermiculite adsorbs several times its weight in
liquid, it is possible to add complex microbial growth medium to sterilized vermiculite and have
it soak into the interstitial spaces. Inoculation with organisms then allows the cells to grow
“into” the vermiculite where they are shielded from predation and direct competition with
indigenous organisms in the soil and where they can slowly grow and “shed” cells into the
surrounding soil. This prevents the introduced bacteria from being out-competed initially and
increases the survival rate. Previous studies in the laboratory have demonstrated that vermiculite
carried S. paucimobilis strain EPAS505 cells remained viable in soils for months after inoculation
(Pritchard et al., 1995; Pritchard et al., 1999). In addition, studies with EPA 505 have shown that
its ability to mineralize fluoranthene in soil is not effected by immobilization on vermiculite (Lin
et al., 1995; Pritchard et al., 1995).

Benefits of this procedure include:

increased shelf life of microbial cultures so that they are available when needed,
increased microbial survival in the soil,

increased aeration of the soil by the inert carrier material, and

¢ apossible means for slowly releasing added nutrients to the soil system.

Thus, the vermiculite appears to be an excellent biocarrier, assuring some degree of staying
power for the inoculum.

To determine the effectiveness of bioaugmentation with vermiculite-carried P. aeruginosa strain
64 and strain EPA505, PAH-contaminated soil was spiked with 2% (by weight) vermiculite
treated in two different ways. In one case, the vermiculite was spiked with Luria-Bertani (LB)
broth, a common growth medium for bacteria (control). In the second case, vermiculite was
treated with LB broth and a mixture of P. aeruginosa strain 64 and strain EPA 505

(approximately 1x10° cells/ml for each strain). Total bacterial numbers present in the soil over
time were compared.

The ability of the vermiculite-carried bacteria to survive in the highly contaminated soil from the
POPILE site was validated using microcosms incubated at room temperature for 110 days.

Biostimulation

Biostimulation was tested using a variety of carbon and nitrogen sources. These are listed in
Table 10. Commercially available dried blood fertilizer performed well, is readily available, and
cost-effective. The dried blood is a pelleted, slow-release, nitrogen fertilizer, normally used in
garden applications.
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In microcosm tests, contaminated soils were amended with 2% dried blood fertilizer and 2%
vermiculite containing approximately 10™ P. aeruginosa strain 64 cells / gram vermiculite. The
presence of dried blood provided an excellent source of degradable carbon and nitrogen for P.
aeruginosa strain 64, which resulted in production of rhamnolipid biosurfactant in liquid
cultures. Soil incubated with P. aeruginosa strain 64 and dried blood for 5-15 days produced a
similar surfactant production. To determine the optimal concentration of dried blood to add to
the soil, varying concentrations of dried blood were added to SMWT soil inoculated with P.
aeruginosa strain 64. These were plated on LB agar with 0.3% glycerol to promote pyocyanin
pigment production from the P. aeruginosa.

The flask studies indicated that cultures immobilized on vermiculite:

¢ maintain a high degree of viability when stored at room temperature.
e survive well in the presence of the chemical contaminants (i.e., PAHs and PCP) when
introduced into soil.

Trials were next done to determine the viability of vermiculite-immobilized P. aeruginosa strain
64 in the soils with intact autochthonous communities, and comparing survival of immobilized
cultures to that of cultures added directly to the soil.

Microcosm preparation

Microcosms were established in triplicate in sterile plastic specimen cups with tight-fitting, snap
lids. PAH-contaminated soil (100 g) from the POPILE site was added to each cup. The
distribution of amendments to the contaminated soil is shown in Table 11. The soil was mixed
with an equal volume of ground rice hulls as a bulking agent. The dried blood was added at a
rate of 2% of the wet weight of the soil. Vermiculite inoculated with P. aeruginosa strain 64 or
with S. paucimobilis strain EPA 505 was added at 2% by weight of soil. Bacteria in broth were
added to 2 g of vermiculite and allowed to soak for approximately 20 minutes. Deionized water
was added to all microcosms as needed to maintain a water content of 30-40% by weight, and
cup contents were stirred thoroughly each week to simulate tilling of land treatment units.

Microbial analysis

The microcosms were sampled by adding 1 g soil to 10 ml saline (0.75% NaCl). The
tubes were shaken vigorously. Appropriate dilutions were made and aliquots were plated
on LB agar with 0.3% glycerol. The plates were incubated 24-72 h at 30°C and colony-
forming units counted.

Chemical analysis

PAHs were extracted from soil microcosm samples by mixing 10 g soil with 5 g diatomaceous
earth, which had been baked at 450°C for 4 h to remove moisture. Diatomaceous earth was used
to be sure the soil sample was completely dry before solvent extraction, per manufacturers
recommendations. This mixture was allowed to dry on the bench overnight, packed into an
extraction cell and extracted with a methylene chloride:acetone (50:50) mixture in an ASE 200
(Dionex) solvent extractor at 1500 psi and 100°C. The volume of these extracts, usually about 45
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ml, was reduced to approximately 5 ml under a stream of dry nitrogen. The extracts were then
processed through a Supelclean LC-Si (Supleco) clean-up column. The extract volumes were
then reduced to 1.0 ml under dry nitrogen and the extracts were sealed in crimp-top amber vials.
Some soil extracts contained so much material that a final volume of 2 ml was used. For all
POPILE soil samples, two dilutions (1:50 and 1:200) of each sample were analyzed to keep the
measured PAH concentrations within the range of the standard curve. The internal standard, P-
terphenyl d14, was added to each sample vial to give a final concentration of 50-ng/pl.

All GC-MS analyses were performed on a Hewlett Packard 6890 gas chromatograph with a 5973
mass selective (MS) detector or a flame ionization detector (FID). The column used was a DB 5
(30 m long) column. Splitless injector temperature was 275°C. The column temperature was
ramped from 80 to 280°C at a rate of 8’ per minute, followed by a rise to 300°C at 4° per minute
and a plateau at 300 for 5 minutes. This gave a run time of about 37 minutes per sample.
Standard curves were prepared by injecting a mixture of 16 PAHs (Fisher Scientific PAH
standards) at 10, 20, 40, 80, and 120-ng/ul. The mixture contained naphthalene, acenaphthalene,
acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benz [a] anthracene,
chrysene, benzo [b] fluoranthene, benzo [k] fluoranthene, benzo [a] pyrene, indeno [1,2,3 - cd]
pyrene, dibenz [a,h] anthracene, and benzo [ghi] perylene. Standard curves were checked for
linearity over the range listed above.

Pilot Studies - Experimental Design

Two pilot-scale studies on landfarming bioremediation of PAHs were conducted concurrently.
These studies are compared in Table 12. One study placed the contaminated soil in simulated
land treatment units (LTUs). The objective of the first six months of the LTU study was to
simulate landfarming of PAH-contaminated soil with and without cultivation (Phase1). These
LTUs were exposed to the natural variety of climate conditions and required extensive
maintenance to adjust soil moisture to suggested optimal landfarming conditions. The following
24-month LTU study eliminated maintenance and decreased the cultivation frequency. While
this study required 24-months, it wasn’t personnel intensive. The advantage gained was the
extensive degradation database and the comparison of natural attenuation to minimal
landfarming treatments. The second pilot-scale project, the trough study, used the same highly
contaminated POPILE site soil as the LTUs. The troughs were operated in the open, under
cover, where they were exposed to changes in temperature but didn’t receive direct sunlight or
precipitation. The trough study was designed to study changes in PAH degradation patterns
between bioaugmentation and biostimulation. The two pilot-scale projects allowed comparison
between six field treatment variations using the same soil. Table 12 also describes the
amendments used for biostimulation and bioaugmentation.

LTU objectives

The LTU study was designed in two phases, to evaluate several cultivation and management
strategies for the landfarming of PAHs. Cultivation was accomplished using a rear-tine rotary
cultivator. In the initial phase, LTU 1 was cultivated at startup, to homogenize the soil, and on
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day 71, to observe the effect of tilling on microbial respiration. LTU 1 represented remediation
by natural attenuation. LTU 2, representing landfarming with tilling, was cultivated at 2-week
intervals. The soil moisture in both LTUs was maintained at 50-80% of the soil field moisture
capacity (FMC). Nitrogen was added to the LTUs twice. Liquid and solid forms of fertilizer
were used to establish both the optimal delivery method and the effect of nutrient addition on
microbial respiration. Nutrients were added prior to tilling, in conjunction with moisture
addition. Soil samples were taken every two weeks. The parameters included in bimonthly soil
analysis were contaminant concentration, nutrient concentration (total Kjeldahl nitrogen (TKN),
total phosphate (TP)), total organic carbon (TOC), pH, and moisture content. Microbial biomass
was evaluated initially and at various times during the study. Microbial respiration, measured by
soil gas analysis, was monitored twice each week to follow changes in the oxygen and carbon
dioxide concentrations in the soil.

The experiment was designed to confirm, at pilot-scale, the improved bioremediation of

The efficiency and effectiveness of these processes for landfarming of PAHs would be
compared. Nutrients, and bulking agent and bacterial carrier were those used in the flask
experiments. Bioaugmentation was performed with P. aeruginosa strain 64, a
biosurfactant-producer known to survive in the POPILE soil.

Land Treatment Units - Assembly

The pilot-scale LTUs were built to simulate actual land treatment systems, and consisted of a
bottom impermeable liner, a sand-bed leachate collection system, and hard standing walls to
withstand impact from cultivation. A secondary containment cell was constructed, similar in
concept to landfill liner (ASTM D-1973-91, modified) for added environmental security (Figure
10). Each completed LTU, as seen in Figure 11, was approximately 18 inches deep, 4 feet wide
and 20 feet long (0.5 x 1 x 6 m). Complete construction details are provided in Hansen et al.

Trough study objectives
(1999).

Trough Study - Assembly

Three galvanized steel water troughs, 10 feet long x 3 feet wide x 2 feet deep, (3 x1 x 0.6
m) were used as troughs to contain the contaminated soil and the various amendments.
The bottom of each trough was reinforced with 1/8-inch aluminum sheeting, cut to size.
Three front-tine rototillers (12” depth) were used to mix and aerate the soil and the
amendments. When not in use, the rototillers were mounted inside each trough in order
to contain the contaminated soil and reduce the possibility of bacterial cross-
contamination. Construction details are provided in Nestler et al. (2001a). The assembly
of the trough pilot units is illustrated in Figure 12. Panel A shows the color and
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consistency of the contaminated soil added to each trough. In Panel B, Rice hulls (light
color) and dried blood (darker color) were added to Troughs 2 and 3 and mixed into the
soil by rototiller. Gas probes were inserted into all troughs to monitor microbial
respiration (Panel C).

The test soil was placed in Troughs 2 and 3 to a depth of 6 inches, and treated with amendments
as designated in the experimental design, yielding a final depth of 12 in. These troughs were
managed in a manner to simulate landfarming applications. Trough 1, which received no
amendments, was filled with 12 in of contaminated soil. The rice hulls used in Troughs 2 and 3
were applied at 1:1 volume with the soil. The changes in the soil texture following addition of
the rice hulls can be seen in Figure 13.

The nitrogen was applied at a rate of 2% of the soil (w:w). Soil and amendments were
thoroughly mixed, the moisture level was checked, and brought up to 80% of the FMC. The soil
was mixed again to distribute the added water. The vermiculite-culture was added to Trough 3,
also at 2% w/w concentration with the soil, and again thoroughly mixed. The soil was sampled
(t=0), raked to fill the sampling holes, and the drywells for microbial respiration inserted. Initial
soil respiration samples were obtained following placement in the troughs.

Pilot-Scale Materials

Trough amendments

The amendments used in the trough study , the ground rice hulls, dried blood, and vermiculite,
were obtained from the same suppliers to the same specifications as those used in the flask study.
Bioaugmentation consisted of P. aeruginosa strain 64 on vermiculite. Cell density at the time of
application to the vermiculite was 10° cells/ml.

Soil gas probes

Microorganisms in the soil consume soil pore oxygen and release carbon dioxide (CO,) as they
grow. This process, respiration, is a segment of the short-term organic carbon cycle in which
carbon is converted to CO, (mineralization). Several ecosystem-level effects can be seen when a
soil microbial community is stressed by the presence of a toxin. First, the total community
respiration level decreases as the metabolic activity decreases. Then, the respiration to biomass
ratio increases. As exposure time to the toxin increases, the nutrient turnover and the rate of
organism turnover increases. Microbial community succession demonstrates a decline in species
diversity and an overall decrease in growth and respiration with each succession. The most
sensitive biomarkers of both soil degradation and repair are those associated with microbial
metabolism, such as respiration, biomass, enzyme activity, and/or nitrogen mineralization.
While CO, production is not a completely accurate assessment of biodegradation of the
contaminant, respiration remains the most widely used indirect method to estimate
biodegradation in contaminated soils (Li, 1998; Zibilske, 1994).
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Drywells for soil respiration analysis were designed at ERDC (Figure 14) and built from parts
supplied by Plastic Supply, Inc. (Brandon, MS). The probes were constructed from a 6-inch
upper ring and cap of PVC superimposed on a 12-inch vertical dry well made of standard 2-inch
slotted PVC. The cap was equipped with a 3-way plastic stopcock purchased from Cole-

Parmer®. Tubing attached to a portable, infrared gas analyzer has a fitting for the stopcock valve.

The pump of the gas analyzer withdraws and analyzes an air sample. The probe remains in the
ground between sample events. Construction details are supplied in Nestler et al. (2001b).

Gas analysis was performed using an LMSx Multigas Analyzer® equipped with an infrared
detector and oxygen cell (Columbus Instruments, Columbus, OH). Oxygen, carbon dioxide and
methane concentrations in the soil were monitored. This unit operates effectively across a
temperature range of —10 to 40° C. The CO, detection range is from O to 40% with an accuracy
of +0.1%. The O, detection range is 0 to 25% with an accuracy of +0.5%. The aspiration rate
is 100 ml/min. The response time is 20 sec. and 30 sec. for CO, and O,, respectively.

Pilot-Scale Methods

Sampling design

Each LTU was subdivided into 20 equal sections (Figure 15). A sampling grid sized to fit the
sections was constructed from Plexiglas and drilled with 36 equidistant holes for the soil corer.

- The grid for LTU 1 was designed to fit around the soil gas probes so they didn’t have to be

removed. At each sampling interval, five randomly-selected cores were collected from each of
the 20 sections. The five soil cores for each single grid were combined in a 950 cc amber jar and
manually homogenized into a single sample. A random number generating computer program
selected seven of these 20 grids for analysis. The remaining 13 samples were archived at 4°C in
their original collection jar. The sampling holes in LTU 1 were filled by raking lightly across the
soil surface. Water was added, if necessary. LTU 2 was tilled, and the gas probes were re-
inserted. The random sampling process developed during the pilot study was instrumental in
decreasing the error inherent in soil contaminant analysis due to contaminant heterogeneity. .

Soil samples were obtained from the troughs in a similar manner to the LTUs. Replicate samples

-were obtained from each of the five sampling zones as a composite of five randomly- selected

sub-samples. The sub-samples were collected as cores, combined in a 950cc, amber glass
sample jar, and manually homogenized. The grid and soil corer used to obtain samples are
shown in Figure 16. Samples were collected from the troughs weekly following gas analysis.
Chemical and microbial analysis was perforined as scheduled, and the remainder of each sample
was archived at 4° C. The troughs were tilled after each sampling event by a rototiller with a
maximum depth of 12 in. When water was added to the troughs, it was added before tilling.

Physical analysis

Atterberg limit analysis and particle size distribution (PSD) were used to evaluate the physical
structure of both the untreated and treated soils. The Atterberg limit test was performed by the
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Geotechnical Laboratory at the WES-USAERDC (Corps of Engineers Laboratory Testing
Manual, EM-1110-2-1906, Appendix 3, III: Liquid and Plastic Limits). Particle size distribution
was measured on a Coulter LS100Q particle counter according to instrument protocol. Soil
moisture was analyzed on a Denver Instrument IR-100 moisture analyzer and validated by oven-
drying at 105°C for 24 h.

Chemical analysis

Contaminant concentration, metals, nitrogen, phophate and total organic carbon analyses were
performed by the Environmental Chemistry Branch of the Waterways Experiment Station on
both treated and untreated soil. PAH and PCP concentrations were determined using SW846
EPA Method 8270c for GC/MS after extraction by Method 3540c. Total organic carbon samples
were analyzed on a Zellweger Analytic TOC analyzer, according to instrument specifications.
The nitrogen and phosphate analysis was performed using the Lachat 8000 Flow Injection
Analyzer (FIA). The preparation methods were modified versions of EPA-600/4-79-020 (1983
revision), 365.1 and 351.2, respectively. Metals and total volatile solids were determined
according to standard methods (SW 846). Soil pH was determined for a soil-distilled water
slurry (1:1, wt/vol) using a Cole-Parmer® pH meter.

Microbial analysis

Microbial biomass and community composition of the indigeneous microbiota (and, in the case
of Trough 3, the bioaugmented soil) were determined initially and then intermittently throughout
the study. Two grams (wet weight) of the soil sample were subjected to a modified Bligh-Dyer
organic solvent extraction to quantitatively recover bacterial membrane lipid biomarkers (ester-
linked phospholipid fatty acids, PLFA) as outlined in White and Ringelberg (1998). Similarities
between single PLFA profiles were evaluated by application of a hierarchical cluster analysis.
Biomass was estimated from the total concentration of membrane lipids and ester-linked PLFA
(Balkwill et al., 1988).

Metabolic analysis

Metabolic analysis was performed on the LTUs (Phase 1 only) and the troughs in order to follow
respiration of soil microbial communities. Soil gas samples analyzed changes in 0, and CO,
concentrations over time and in response to various stimuli. Respiration was normally

monitored twice each week in the LTUs. A soil gas probe was placed in the center of each of the .
20 sampling sections of the LTU. The results from the twenty cells were averaged for each LTU
to yield a single sample value. Soil sampling was performed after gas analysis. The gas probes
of LTU 2 were removed to allow tilling of the soil and then re-inserted. The probes of LTU 1
remained in the ground.

Each trough was divided into five sample collection zones. A gas probe was placed in the center
of each zone. At a minimum, the troughs were monitored weekly for the first 6 months and daily
thereafter. Individual experiments ocaisionally required modifications of this sampling schedule.
Results of the five samples were averaged for each trough to yield a single sample value.
Following gas analysis, the probes were lifted, soil samples taken, the troughs tilled and the
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probes reinserted. Further details of the gas analysis procedure and the soil probe are found in
Nestler et al. (2001b).

Statistical analysis

The chemical analytical data were reduced to develop average sums of the concentrations of total
PAH, and individual PAH compounds. BaP Toxic Equivalent values were calculated by
multiplying the average concentration of the specific homologue by its TEQ factor. To calculate
the magnitude of reduction and the rate of degradation of these contaminants, the initial and final
concentration values were used. Zero order (concentration independent) removal rates were
assumed due to the high concentrations of the contaminants. Statistical significance of all
chemical and respiration data was established at a 95% confidence interval using n=7 (LTUs) or
n=5 (troughs). Statistical differences between LTU 1 and 2 and between Troughs 1, 2, and 3
were determined using the two-tail critical t-test.

The microbiological data of the LTUs was subjected to a Tukey HSD to determine if there was
significance to the differences between the data for the two LTUs, taking into account that more
than two samples were taken (Ringelberg et al., 1989). An evaluation of similarities between
single PLFA profiles was accomplished by application of a hierarchial cluster analysis (Wards
Method). PLFA concentrations, expressed as a molar percentage, were arcsin transformed prior
to the analysis. Correlations between PLFA and other study variables were assessed by
Spearman rank order correlation statistics. Both cluster and correlation analyses were performed
using the Statistica software package, v.5.0 (Statsoft Inc., Tulsa, OK)
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4 Accomplishments

Flask Studies

PAH removal

Figure 17 shows the gas chromatographs of solvent extracts of POPILE soil after the 11-month
microcosm study. Panel A illustrates the untreated soil. Some degradation was observed for
some of the PAHs when the soil was amended with bulking agent (ground rice hulls) and dried
blood fertilizer (panel B). There was a dramatic decrease for many of the PAHs in the
.microcosms amended with bulking agent, dried blood fertilizer and P. aeruginosa strain 64 on
the vermiculite carrier (panel C). Although S. paucimobilis strain EPA 505 was previously
shown able to degrade HMW PAHs in pure culture, it did not increase PAH removal in the study
reported here. The high concentrations of PCP (approximately 2,300 mg/kg) did not inhibit PAH
biodegradation in this soil. Table 13 shows the percent decrease relative to initial concentrations
for PAHs in the POPILE microcosms. The decrease in concentration is calculated as ¥2
absorbance from October 1999 measurements to the 11-month measurements. Amendments
with bulking agent (used in 1:1 volume of soil to bulking agent) diluted the contaminants
compared to the controls (no treatment). Therefore, we measured the PAHs in the controls (no
treatment), took %2 of those values and are reporting the % decrease observed. The biostimulated
microcosm showed a 34% decrease in total PAHs and a 59% decrease in total BaP equivalents.
The bioaugmented microcosm showed an 87% decrease in total PAHs and a 67% decrease in
total BaP equivalents.

The concentrations of several PAHs in the amended soil inoculated with P. aeruginosa
strain 64 declined significantly over the 11-month treatment period. Although various
pseudomonads have been reported capable of catabolizing some low molecular weight
PAHs, P. aeruginosa strain 64 did not degrade phenanthrene or HMW PAHSs. Therefore,
the enhancement of PAH degradation after the addition of this microorganism suggests
that the autochthonous degrading community contains some co-metabolic activity that
was stimulated by the biosurfactant-producing P. aeruginosa strain 64. One of the
triplicates in this treatment failed to show significant degradation of the higher molecular
weight PAHs, presumably due to the failure of the autochthonous population in that
microcosm to develop as it did in the other microcosms.

The mechanism by which P. aeruginosa strain 64 is able to stimulate the autochthonous
degrading community is not clear. Notable changes in the soil occurred in the bioaugmented
microcosms that were not observed in the control (no amendment) or the biostimulation
treatments. After a period of 3-4 weeks, the color of the PAH-contaminated soil was much
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darker in microcosms that received P. aeruginosa strain 64, which could be the result of
pyocyanin pigment production. Production of pyocyanin is coordinately regulated with
rhamnolipid (biosurfactant) production in P. aeruginosa. When soil from the amendments
inoculated with P. aeruginosa strain 64 was suspended in saline, fines remained suspended in the
tubes for hours to days compared to controls (no amendments) where the soil settled
immediately (Figure 20). Suspensions of soil amended with bulking agent and fertilizer settled
in less than an hour. The data suggests that, while P. aeruginosa strain 64 did produce
biosurfactant in situ, the concentration of the rhamnolipid did not reach or exceed the CMC of
this biosurfactant. Therefore, the increased PAH biodegradation may not be due solely to the
presence of biosurfactant micelles in the soil aqueous phase. It is possible that in micro-niches,
the concentration of rhamnolipid did achieve sufficient concentration to mobilize sorbed PAHs
into the aqueous phase via micelle formation.

There are other postulated mechanisms not dependant on micelle formation by which in situ
biosurfactant production by P. aeruginosa strain 64 might increase the bioavailability of PAHs
sorbed to soil particles. For example, thamnolipid may form or integrate into an organic matrix
sorbed onto soil particles. This matrix could either assist in the association of bacteria with soil-
sorbed PAHs or partially desorb the PAHs from the particles making them bioavailable to
naturally occurring PAH-degraders. Surfactants may sorb onto soil particles and form structures
such as hemimicelles and admicelles even when present at concentrations well below the CMC,
thus sorbed surfactants may play a role in facilitating transport of sorbed substrates (Volkering,
1998). Alternatively, the rhamnolipid could be acting on the autochthonous bacterial directly, by
modifying the cell surfaces of the bacteria, rendering them more hydrophobic and thus
encouraging bacteria-PAH interactions. Rhamnolipids produced by P. aeruginosa can modify
the cell-surface hydrophobicity of other bacteria and effect biodegradation rates (enhancing for
some bacteria and inhibiting for other bacteria; Zhang and Miller, 1994). Zhang and Miller
(1994) also reported that the bioavailability of octadecane in the presence of rhamnolipid
biosurfactant was controlled by both aqueous dispersion of octadecane and cell hydrophobicity.

Biosurfactant production

The results of the PAH desorption from two different contaminated site soils under water
extraction are presented in Figure 18 and Figure 19. The biosurfactant caused increases in the
amount of PAHs that could be extracted from soil with water, indicating that they would
consequently be more available to degrading microorganisms. Similar results were obtained for
P. aeruginosa strain 64 supernatant used to extract the PAH-contaminated soil from the POPILE
site (Figure 19).

These increases generally correlate well with the amount of surfactant added, particularly for the
lighter PAHs. Results for the higher molecular weight PAHs suggest that a threshold
concentration of the surfactant may be required to increase the solubility of these compounds in
the aqueous phase of the system. Soils are complex habitats and a wide variety of physical and
chemical factors affect the bioavailability of hydrophobic compounds. Results from aqueous
extracts of the soil indicate that the surfactant compounds produced by P. aeruginosa strain 64
can increase the concentration of at least some of the components of creosote in the aqueous
phase of the system. Increases in aqueous concentrations were generally in direct proportion to
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the amount of surfactant present. These results suggest that inclusion of P. aeruginosa strain 64
surfactant in the landfarm operation could dramatically increase the accessibility of PAH:s to soil
bacteria.

Nutrient amendment

The response of the added bacteria to the presence of the dried blood nutrients was both
subjectively and objectively apparent. P. aeruginosa strain 64 “blooms”, coloring the
soil a dull greenish color (presumably because of the production of pyocyanin, which is a
fluorescent pigment), producing a characteristic odor, and, in essence, emulsifying the
soil (soil suspensions in water remain in suspension without mixing). This is illustrated
in the photograph in Figure 20, where the left tube is the control, the middle tube is the
soil tretaed with dried blood fertilizer and vermiculite; and the right hand tube is the
sample treated with dried blood fertilizer and P. aeruginosa strain 64 on vermiculite
carrier. Soil suspensions following treatment with P. aeruginosa strain 64 and the dried
blood have reduced surface tension. To determine the effect of biosurfactant production
in situ, we extracted subsamples of the soil with water and measured the PAHs that could
be washed from the soil in the aqueous phase. Data is not shown, but the results were
similar to those shown previously for P. aeruginosa strain 64 growing in PAH-
contaminated soil (Figure 18). Washwater released 5-6 times more HMW PAHs when P.
aeruingosa strain 64 was present in soil samples versus no P. aeruginosa strain 64
amendment of the soil.

The amount of PAHs released exceeded their aqueous solubility, indicating the solubilizing
effect of the biosurfactant. From the experiments, the amount of biomass used in the inoculation
of P. aeruingosa strain 64 seemed to have little effect, therefore inoculating with the 10° cells/g
of vermiculite (added to soil at 2% by wt) appears to yield the optimal effect. Figure 21 shows
the effect of different concentrations of dried blood fertilizer on bacterial growth in PAH-
contaminated soil from SMWT site. Samples were plated on LB agar with 0.3% glycerol to
promote pigment production. The addition of 2% dried blood fertilizer worked as well as the 4%
concentration, which makes the lower concentration fertilizer addition more reasonable for field
application. In addition, experiments with EPA 505 have shown that the presence of the dried
blood did not affect the ability of the organisms to degrade PAHs.

Vermiculite carrier technology

The survival of P. aeruginosa strain 64 on the vermiculite carrier (versus vermiculite with no
added bacteria) when introduced into contaminated soil is shown in Figure 22. Total counts of
bacteria increased by three orders of magnitude in the soil supplemented with the microbe-
vermiculite, suggesting, first, that addition of LB broth had a stimulating effect on the
background microbial population and, second, that these organisms were a major part of the
population. Their dominance lasted for at least 30 days. P. aeruginosa strain 64, which is a
fluorescent pseudomonad, can be identified by the green pigment released into the agar medium
from colonies. Pigment producing colonies were observed up to about day 25, further suggesting
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bioaugmentation on vermiculite. Strain EPA 505 was not detected during this experiment. In
conclusion, it appears that high concentrations of bacterial cells can be effectively introduced
into soil when carried on vermiculite. Inoculated vermiculite can, therefore, be prepared and
stored in large quantities prior to use in a landfarming remediation, a far simpler task than
producing naked cells all at once just prior to inoculation into the soil.

Figure 23 shows the ability of the added bacteria on vermiculite to adapt to the POPILE soil
during a 110 day microcosm inncubation. Biostimulation conditions (bulking agent, BA, and
dried blood fertilizer, DB) produced an increase in viable bacterial colonies from the indigineous
populations, but the greatest bacterial numbers were produced under bioaugmentation conditions
(Pa64), demonstrating the ability of the added bacteria to survive in the highly contaminated soil.

LTU Pilot Project

Chemical characteristics

The initial nutrient composition of the soil is provided in Table 14. Compared to the optimal C:
N: P of 100:10:1 for landfarming, and as anticipated for a highly contaminated soil, the initial
nitrogen content in the soil was found to be an order of magnitude below optimum. During the
first six months, a commercially available soluble fertilizer, as NH,, was applied at
approximately a 0.2% rate to increase the nitrogen concentration in the system to the target ratio
(100:10:1). While the target concentration could be reached temporarily, it could not be
maintained due to the high concentrations of hydrophobic organics bound to the soil matrix that
impeded the soils ability to absorb moisture and the associated aqueous phase nutrients. A solid
nitrogen addition (0.2% application rate), again a commercially available brand, was attempted
with more success. The nitrogen concentration was only maintained, however, until the next rain
event, at which time it was leached out of the soil. Clearly, a specially formulated slow-release
form of nitrogen would be required to maintain nutrient levels in the soil without continual re-
application. Following each nitrogen addition, an increase in CO, production, indicative of
respiration, was observed. Phosphate was not limiting in this system and heavy metals were not
present in concentrations that would inhibit microbial activity.

The initial soil pH in the LTUs was 9. Treatment resulted in a decrease to pH 7.4 at 3
months and 4.5 months in LTUs 1 and 2, respectively. The divergence in pH trends
corresponded directly with a divergence in microbial community structure as
demonstrated by the increase in gram-negative microorganisms. By 6 months, the pH in
both LTUs had returned to 7.8. Continuing analysis of the biological community, did not
indicate a convergence of the community structure. The soil pH in both LTUs averaged
7.7 for the duration of Phase 2.

PAH removal

The average total PAH concentration at the end of Phase 2, (30 months) in LTUs 1 and 2 was
3,860 and 4,102 mg/kg, respectively. The initial total PAH concentration of the POPILE soil
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was 13,000 mg/kg (Figure 24). The reduction in total PAH in both LTU 1 and 2 was 69%. The
error bars indicate the 95% confidence limit. The final PAH concentrations are not significantly
different between LTU 1 and LTU 2 (p=0.05). Degradation in both LTUs followed an identical
first-order decay curve with a kinetic coefficient of 0.04749 ppm/month (r = 0.96209). The
half-life of PAHs in the LTUs was 14.7 months.

Removal of PAHs from the LTUs during the study was not due to volatilization from tilling
because no effect was seen when the cultivation frequency was changed after the first six
months. The conclusion is that tilling is not a driving factor in PAH degradation. A plateau
period in contaminant removal was observed in both LTUs that coincided with colder winter
weather in the second year of operation. However, during the first winter, there was no decrease
in the removal rate, which would seem to indicate the involvement of another variable. PAH
concentration continued to decline in mid-May through mid-August of 2000. There was
unusually extended high temperatures and drought during this time. High temperatures and low
soil moisture also do not appear to adversely affect PAH degradation. Reduction in the
concentration of the BaP toxic equivalent homologues over.time is shown in Figure 25 and
Figure 26 for LTU 1 and 2, respectively.

The extent of reduction of PAH homologues varied depending on the compound (i.e., number of
rings and molecular weight) and the soil treatment, as shown in Table 15. The compounds
acenaphthylene and benzo(g,h,i)perylene, and the BaP toxic equivalent homologues
indeno(1,2,3-c,d)pyrene and dibenzo(a,h)anthracene, are not shown in Table 15 because,
although they were present, the concentrations were below the machine detection limits and too
low for estimation. The risk associated with the soil toxicity is based on the Toxic Equivalency
Factors (TEF) for the seven most carcinogenic PAH homologues (Table 2). These compounds
have been indicated by a * in Table 15. Molecular weight appears to determine the sequence of
degradation (low molecular weight to high). LTU 1, which showed the greater biomass and the
higher proportion of Pseudomonas bacteria, also showed a slight, but insignificantly, greater
PAH reduction. LTU 2 appears to have achieved the concentration plateau sooner than LTU 1,
suggesting a higher rate of degradation. In the final month of analysis, both LTUs had detectable
concentrations of the toxic, 5-ring PAH, dibenzo(a,h)anthracene. We hypothesize that the
natural biosurfactant production by indigeneous pseudomonads in the LTUs became great
enough to desorb this PAH from the soil particles.

Microbial characterization

The calculations for microbial biomass are based on the assumption that 1 pmole of phospholipid
fatty acid (PLFA) = 2.54 x 10’ cells (White and Ringelberg, 1998). Although total microbial
biomass increased in both LTUs during the initial phase (Figure 27), LTU 2 showed the greatest
increase. During the second phase, LTU 2 showed a decline in cell numbers while LTU 1
remained constant. At 22 months, LTU 1 had greater biomass than LTU 2 (p=0.008). Tilling
did have a significant impact on biomass, rapidly increasing the cell numbers. However, over
the extended time, the control (untilled) populations also increased and maintained cell numbers
effectively.
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Within the microbial biomass, there was no correlation to PAH concentration for Gram-positive
bacteria but there was for Gram-negative bacteria. As total PAH concentrations declined, Gram-
negative bacterial percentages increased. This observation was consistent for both LTUs (r of -
0.86 and -0.66 for LTU 1 and 2, respectively). The LTU microbiota showed signs of divergence,
identified by hierarchical cluster analysis, from 3 months onwards. The evolution continued
during Phase 2. By 22 months, the LTUs demonstrated different community structures (Figure
28). A Gram-negative community of mostly Pseudomonas sp. and a Gram-positive community
primarily of Bacillus sp. predominated in both LTUs at 22 months. Several PLFA were found to
differ significantly between the two LTUs. Within the Gram-negative classification, several
PLFA were identified that are indicative of Pseudomonas sp. of bacteria. Two of the distinctive
PLFA were trans acids which have been shown to increase in prevalence inside the bacterial
membrane in response to toxic exposures (Heipieper et al., 1995). The ratio of trans to cis
(product to parent) suggests an increasing bacterial response by the indigenous bacteria to the
presence of the xenobiotics in the soil. As discussed previously, many of the pseudomonads are
capable of producing surfactants that may desorb PAHs from the soil particles making them
available for biodegradation as well as increasing their chemical extractability. An increase in
the bioavailability of the toxicant would also induce an increase in the trans/cis ratio, suggestive
of surfactant production. If PAH desorption from the soil exceeded the biodegradative capacity
of the microbial population, the contaminant transformation could be slowed, or stopped, an
event which could explain the plateau in PAH removal and the lower degradation rate once the
process resumed.

In summary, none of the PLFA within the Gram-positive classification differed significantly
between the LTUs. The Gram-positive input to the functioning of the LTUs would appear to be
negligible. However, the Gram-negative input was found to be highly significant. The
consistent tilling of LTU 2 appears to have stimulated not just growth, but development of a
physiologically and taxonomically distinct microbial community. Both LTU 1 and LTU 2
demonstrated unique and different biological populations apparently capable of degrading PAHs.
The population shift could be due to the different management strategies or to production of the
surfactant itself (Colores, 2000).

Soil respiration

The respiration patterns observed in LTU 1 and 2 during the initial six months have been
discussed in detail in Hansen et al. (1999, 2000). In summary, peaks of carbon dioxide
production in the LTUs corresponded to valleys of oxygen consumption (Figure 29). LTU 2
showed a trend, during the final two months of Phase 1, towards an increase in carbon dioxide
production and a corresponding decrease in the soil oxygen concentration. This data corresponds
to microbial biomass estimates which showed greater cell numbers (per gram) in LTU 2 from 4
months on. Cultivation and nitrogen addition both appear to have a positive effect on microbial
respiration.
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Trough Pilot Project

Chemical characterization

The initial characterization of the trough study soil included total Kjeldahl nitrogen as well as
nitrate, nitrite and ammonia, total organic carbon, and total phosphate. Chemical and physical
properties examined included pH, soil buffer capacity, cation exchange capacity and field
moisture capacity. The results are presented in Table 16.

PAH removal

The initial concentrations of PAH homologues in each trough are shown in Table 17 along with
total PAH and total BaP TEF values. The initial total soil PAH concentration was 10,500 mg/kg
for Trough 1 (control), 7300 mg/kg for Trough 2 and 7200 mg/kg for Trough 3. Trough 1
(control) had no amendments. Trough 2 (biostimulation) received bulking agent and fertilizer,
while Trough 3 (bioaugmentation) received the bulking agent, fertilizer, and bacteria on
vermiculite carrier.

The final total soil PAH concentration (16 months) in Troughs 1, 2 and 3 was 9000, 900, and 900
mg/kg, respectively (Figure 30). The final concentrations were not significantly different
between Troughs 2 and 3, but the difference was significant between Trough 1 and the other
troughs (p=0.05).

An increase apparent initially in the concentration of soil PAH lasted 5 months in Trough 1 and 4
months in Troughs 2 and 3. The increase is probably a result of the weekly tilling, however,
experimental treatments could have affected the duration of this lag. Microbiological and
enzymatic data from this period suggests that the microbial communities in Troughs 2 and 3, as
well as increasing biomass, were undergoing extensive modifications of gene expression that
would allow them to use both the newly available nitrogen source and the PAH compounds as
carbon sources (Perkin et al. 2001). The degradation of the individual BaP toxic equivalent
homologues in each of the three troughs is shown in Figure 31, where panel A represents the
control, panel B, the biostimulation treatment, and panel C, the biostimulated and bioaugmented
scenario.

Using normalized concentrations (Figure 32) to take into account the addition of the bulking
material, a total PAH reduction of 12%, 86%, and 87% was observed in Troughs 1,2, and 3,
respectively after 16 months of treatment. An initial rapid decrease in PAH concentration was
observed in Trough 3, which achieved 50% degradation at 6 months. Trough 2 followed,
achieving the 50% level at 8 months. No significant reduction was observed in Trough 1 after 16
months of treatment. The PAH degradation during months 4-16 in Troughs 2 and 3 followed a
first-order decay curve. The Trough 2 kinetic coefficient was —5.08e-1 (r* = 1.322). The Trough
3 kinetic coefficient was 3.464e-1 (r* = 0.616).

The PAH reduction is shown for individual homologues over time in Table 18. Trough 3 is
shown as being representative of both Trough 2 and 3 reductions. The degradation of PAHs
appears to proceed in a pattern similar to that observed in the LTUs, with lower molecular weight
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homologues being degraded first, followed by consecutively larger molecules. When a methy!
group is attached to a structure, the degradation is delayed, as in naphthalene and 2-
methylnaphthalene. These observations are supported by the work of Leblond et al. (2001) on
PAH structure-activity relationships. It was also observed that degradation into the next higher
ring number didn’t require that the lower ring compounds be completely degraded. Work is in
progress to attempt a correlation between structure and degradation.

Microbial characterization

The dried blood used in the troughs to provide a slow-release source of nitrogen was a
complicating factor in phospholipid analysis, which was overcome by looking for
lipopolysaccharide fatty acids unique to P. aeruginosa strain 64. These are 30H10:0 and
30H12:0. They were found in the initial samples and at month 3. The change in biomass over
the course of the study is shown in Figure 33. The first month of the study saw large increases in
biomass in Troughs 2 and 3, but particularily in Trough 3. This was, presumably, due to the
bioaugmentation. The addition of dried blood enhanced microbial abundance by a factor of

4-15 times. However, the significant early differences had disappeared by month 3. Trough 3
then demonstrated a rapid recovery until 10 months when biomass values were again similar
between Trough 2 and Trough 3.

The early increases in microbial abundance in Trough 3 were associated with a clearly defined
shift in microbial community composition from that apparent in Trough 1 (control) but not
Trough 2 (biostimulation). The relative abundance of PLFA detected in Troughs 2 and 3 are
clearly distinct from those detected in Trough 1, regardless of the time sampled (Figure 34). In
Trough 1, Gram-positive PLFA biomarkers average between 15-25% throughout the 41-week
time trial. In Troughs 2 and 3, the relative abundance never exceeded 9%, and averaged 6%.

The low relative abundance of Gram-positive bacterial biomarkers in Troughs 2 and 3 was offset
by increases in the relative abundances of Gram-negative bacterial biomarkers. The PLFA
pattern detected in both of these troughs strongly suggests the enhancement of a Gram-negative
pseudomonad community.

Metabolic analysis - Trough soil respiration

The O,-CO, decrease/increase pattern seen in the LTUs was also evident in the troughs

(Figure 35). Trough 2 is shown, being representative of the respiration response in both
Troughs 2 and 3. The respiration response of the control soil to tilling (Trough 1) was minimal
to none. Respiration and removal data from the first 10 months showed good correlation with
the viable biomass data from the three troughs. Respiration continued in the treated troughs
during the winter months (study months 5-8) when the soil temperature averaged 12°C.
Microbial contaminant degradation also continued at high levels during this time. The PAH-
degrading bacteria appear to remain active over a wide range of temperatures. The increase in
CO, production after tilling is evident in Troughs 2 and 3 within 2 h (Figure 36).
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Comparison of LTUs and Troughs

Using normalized concentrations to account for addition of the bulking agent, the results from
landfarming PAHs are shown in Figure 37. Both biostimulation and bioaugmentation improved
the rate of PAH degradation over that of traditional landfarming and natural attenuation.
Bioaugmentation was the most rapid process initially, eliminating much of the bacterial
acclimation time. Efforts should be made to determine how to sustain this initial rapid phase. A
re-application of the slow release nitrogen and/or the carrier-bacteria element, are two
parameters that require further investigation. Table 19 summarizes the results of the pilot study
conditions in terms of overall removal, the speed of the process and the microbial community
produced. Both supplementation and bioaugmentation used alone or in conjunction with other
treatments (chemical, physical or biological), show promise in the remediation of highly
contaminated soils that have previously been considered unsuitable for landfarming.
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5 Conclusions on Utility in Remediation

Conclusions from Flask Studies

Biosurfactant from P. aeruginosa strain 64 can extract PAHs from sand, illite clay and creosote-
contaminated soil. P. aeruginosa strain 64 (the biosurfactant-producer used to enhance the
bioavailability of soil PAHs) and S. paucimobilis EPA 505 (providing co-metabolic degradation
of PAHs) were both successfully immobilized on vermiculite. These microbes were able to be
stored in the laboratory at room temperature on the biocarrier for two months without significant
loss in viability and metabolic activity.

Bioaugmentation of microcosms (POPILE soil with PAHs at 13,000 mg/kg, avg., and PCP at
1,500 mg/kg, avg.) was successful for P. aeruginosa strain 64. After 11 months of treatment, the
control (no treatment) showed a 23% decrease in total PAH and a 48% decrease in total BaP
toxic equivalents. The biostimulation microcosm (bulking agent and dried blood) showed a 34%
decrease in total PAH and a 57% decrease in total BaP toxic equivalents. The bioaugmentation
microcosm (bulking agent, dried blood and P. aeruginosa strain 64 on vermiculite) showed an
87% decrease in total PAH and a 67% decrease in total BaP toxic equivalents.

The addition of microorganisms to improve metabolic capability was more problematic due to
their sensitivity to soil conditions (i.e., toxic creosote components, competition with indigenous
microbial communities, etc.). No improved decrease in PAHs was observed in soil microcosms
after microorganism addition. We were not able to detect these bacteria in the POPILE soil after
a couple of days. Clearly more research is required to make it a useful and practical tool to
increase co-metabolic degradation of HMW PAHs.

Conclusions from LTUs

Respiration analysis, coupled with reduction in heavy PAHs (4, 5, and 6 ring), demonstrated
significant biological activity in the pilot-scale units even at the very high contaminant
concentrations found in the POPILE soil. Microbiological characterization, using PLFA
analysis, showed an increase in biomass and a divergence of community composition between
the LTUs corresponding to the different treatments. LTU 2, specifically, showed an increase in
the relative percentage of Gram-negative bacteria. However, the microbial communities of both
LTUs were able to degrade PAHs into the 4-ring homologues, including BaP toxic equivalent
compounds. Therefore, while it appears that limited cultivation had a positive impact on the
microbial biomass, in the final analysis, cultivation had minimal impact on PAH removal, with
both pilot units achieving 69% reduction in total PAH.
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One of the parameters under study at pilot-scale before field evaluation was the addition of water
and nutrients to the soil. The high concentration of hydrophobic contaminants in the soil
inhibited aqueous phase nutrient additions and results indicated that use of slow-release nutrients
applied in a solid form would be a more effective method of maintaining an appropriate C: N: P
ratio.

Conclusions from Trough Study

Weekly tilling actually decreased the capacity of the indigeneous, unsupplemented microbial
community to degrade PAHs, even when accompanied by soil moisture control. The control
trough showed a 12% decrease in PAH contamination compared to the control LTU, which
showed >50% decrease in the same amount of time (16 months). However, loss of low
molecular weight PAHs through photolytic degradation from the LTUs could account for some
of the difference as the LTUs were exposed to direct sunlight while the troughs had only indirect,
natural light. ’

Supplementation (Trough 2) with a bulking agent, to increase aeration, water holding capacity,
and soil condition, and slow release nutrients, greatly increased the capacity of the indigeneous
communities to degrade PAHs. Bioaugmentation plus supplementation (Trough 3) was able to
increase the initial rate of PAH removal over that of supplementation alone. Troughs 2 and 3
showed an 86 and 87% removal, respectively.

Troughs 2 and 3 developed similar microbial communities due to the weekly tilling and the
supplementation. While these communities were different from those in Trough 1, (no
supplementation), they were also different from the microbial communites established in either
of the LTUs (limited tilling, no supplementation).

Utility to Remediation of Highly Contaminated Soil

The pilot scale evaluation provided several elements of useful information for remediation of
PAH-contaminated DoD facilities, and other sites where landfarming is a potential remediation
technology. It is traditionally believed that, for landfarming treatment, cultivation of the
contaminated soil through intensive tilling is required for successful bioremediation. This study
demonstrated that this may not always be the case. While tilling appears to enhance the
biodegradation of PAHs initially, primarily by increasing the microbial biomass, overall,
landfarming of PAHs doesn’t appear to be driven by soil mixing. Soil moisture content also
doesn’t seem to be as important as previously thought. Therefore, preliminary, pilot-scale
studies should be done in order to optimize conditions favorable to the full-scale effort. High
contaminant concentration usually eliminates landfarming immediately as a remediation option.
Again, this study demonstrated that this might not be necessary, especially if time is not a
consideration. Even at the high PAH concentrations associated with the POPILE soils,
successful bioremediation is possible.
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The use of genetically-engineered microorganisms (GEMs), a technology developed to pilot-
scale by the PCB bioremediation thrust area, also holds promise for treatment of PAH
contaminated soil. The vermiculite biocarrier developed during this project has already been
proven successful within the PCB thrust area and has great potential for use in bioremediation of
contaminated soil. Biosurfactant-producing microorgansisms, such as were isolated and
characterized during this study, being a “green technology” are more acceptable in public
opinion than commercial chemical additives. The use of the very slow-release nitrogen fertilizer
in the pilot-scale units also hasgreat potential to improve landfarming successof any soil
contaminant and, in addition, decrease operation and maintenance costs.

When setup costs and operation and maintenance (O&M) costs are calculated, overall
remediation expenditures could be significantly reduced if a PAH landfarming site were treated
quarterly instead of weekly (Rast, 2001). As an example, based on 1999 RACER cost estimates
for the Northeast, USA, traditional landfarming of this soil would require a minimum $3.5
million for a single year of treatment. One alternative, 6 months of intensive treatment followed
by 6 months of minimal treatment, would require approximately $1.6 million. A second
alternative, 12 months of minimal treatment, would require less than a $0.5 million, primarily
due to decreased expenditures for tilling and watering. Therefore, choices in landfarming
options could provide significant savings at sites where time is not a factor. As well as
decreasing costs, by limiting the intervention at a site the potential for human exposure to the
contaminant is decreased, the production of fugitive dust (air particulates) is decreased, and the
possibility of accidental groundwater contamination is decreased.

The significance of these positive results is further enhanced in light of the excessive PCP co-
contamination, commonly found in PAH contaminated sites, but rarely studied in conjunction
with PAH degradation in the laboratory. Biological degradation of seemingly high
concentrations of PAHs has not been successfully demonstrated in previous efforts. As this
study showed, microbiological analysis coupled with contaminant degradation analysis,
demonstrated biological degradation of the recalcitrant compounds. Biological degradation of
PAHs with previously reported inhibitory PCP concentrations is possible, and appropriate for
sites where time is available for long-term active bioremediation.
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6 Recommendations for Transitional
Research

PAH Availability in Soil and Regulatory Clean-Up Levels

In theory, soils contaminated with PAHs may be treated utilizing various clean-up strategies.
However, many proposed strategies have significant economic and feasibility problems. What is
needed is an effective technology that supports the economics of disposal, eliminates adverse
contaminant impacts, and supports the reuse of treated contaminated soils. Regardless of
whether the biotreatment system is passive (natural attenuation) or engineered (in-place
treatment), a pragmatic solution is to focus active biotreatment on the available contaminant
fraction. Research is needed to identify the factors affecting the bioavailability of PAHs on soil
and how this affects treatment rates and acceptable toxicological endpoints. Research is then
needed to use the bioavailability information to develop a technical base for enhancing natural
.recovery processes involved in in situ biotreatment of PAH-contaminated soils. Such research
could result in providing guidelines for the assessment and prediction of the bioavailability of
PAHs for in situ biotreatment.

The natural recovery process could be enhanced through the use of genetically engineered
microorganisms (GEMs) as indicated in the accompanying SERDP report on PCB
bioremediation. In this repor,t the use of GEMs was successful in the biodegradation of
chlorinated organics in the laboratory. Bioaugmentation in this study was accomplished with the
use of vermiculite as a biocarrier, a technology developed by the PAH thrust area. GEMS would
be a logical next step in investigating PAH biodegradation.

Beyond availability, the issue of residual contamination is still unresolved in the case of
biological treatment of PAHs where an understanding of the complex interactions between
hydrophobic organic contaminants and soil is key to establishing realistic risk assessment
criteria. Cleanup criteria based only on the chemical properties of the contaminant leads to an
over-prediction of the risks associated with the contamination. However, leaving an immobile,
bound residue in the soil after cleanup needs to be justified scientifically. On the other hand, if
residuals are released, the rate should be sufficiently slow to allow consumption by the microbial
community. Thus, an alternative environmental endpoint (clean-up level) may be appropriate,
rather than basing decisions solely on total concentration of contaminant in the soil or sediment.
Thermal programmed desorption (TPD) is one new technology available to study the first of
these issues, the mechanism of PAH binding to the soil, the process that affects their
bioavailability in the environment.
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Phytoremediation of PAHs

Phytoremediation is defined as the use of green plants to remove, contain or decrease the toxicity
from environmental contaminants. As a final polishing step to landfarming phytoremediation
should be further studied. It is a cost-effective technology with many advantages over highly
engineered solutions, including public acceptance. It is only in the last decade that research has
been conducted on phytoremediation of PAHs. Recent studies have shown that plants are
capable of removing, not just the smaller molecular weight PAHs, such as anthracene, but also
HMW compounds, such as chrysene and benzo(g,h,i)pyrene. In contrast to phytoremediation of
metals, which is an extraction process, large organic compounds like the PAHs are degraded in
the rhizosphere, root zone, of the plant. The rhizosphere comprises the top three to six feet of
soil. Various elements of the rhizosphere appear to play a role in the degradation. First, the soil
around the roots is very different in chemistry and physical structure from the bulk soil. The root
system of the plant is a moist, aerobic environment, which promotes microbial activity. '
Secondly, an exudate is released from the roots, into the surrounding soil. The exudate is
composed of simple sugars, amino acids, enzymes, aliphatic and aromatic compounds, and
vitamins, and has been shown to increase the dissipation of soil-bound PAHs when applied to
soil as a single treatment. Third, there are active microbial and fungal communities associated
with the root system. These are enhanced by the root exudate in ways that are not completely
understood. Growth, and the development of biomass, is certainly one response, but in some
plant species the exudate appears to favor selection of microorganisms that degrade the
contaminant.

Plants can be incorporated into current treatment strategies in several ways. The most recent
development is an alternative agricultural technique, plant-based biotechnology. The goal of this
“molecular farming” is to produce large quantities of root exudate to be used as a soil
amendment. As these exudates vary between species and soil conditions, a systematic study
needs to be undertaken before this technology is feasible.

The most promising method of incorporating phytoremediation into soil PAH remediation is to
develop a new paradigm of treatment that utilizes rhizospheric degradation as part of a treatment
train. Once a contaminated soil has been treated by landfarming, for example, a plant cover
would be established. The advantages are:

plant cover reduces both wind and water erosion from the treated soil,
the improved soil structure allows continued bioremediation
naturally occurring, nitrogen-fixing microorganisms reduce the need for chemical
fertilizers, reducing costs,

e the roots establish an optimal environment and furnish energy for growth of
microorganisms,

o the exudate contains oxidative enzymes that contribute to PAH degradation.

Current research indicates that the establishment of plants on contaminated sites may be
an economic, effective, low maintenance approach to complete soil PAH remediation.
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7 Technology Transfer

Technologies for bioremediation and natural attenuation of organic compounds have developed
dramatically over the past 15 years due to extensive programs carried out in the US and in
Europe. The possible breadth of application of bioremediation continues to be inhibited by
significant data gaps in our ability to apply the principles of biotechnology to chemical
contamination. There is a considerable amount of field experience available, and protocols have
been developed, for the bioremediation of easily degradable compounds such as petroleum
hydrocarbons and chlorinated aliphatic solvents. However, until now, the development of
similar state-of-the-art protocols for bioremediation of the more recalcitrant polycyclic aromatic
hydrocarbons (particularly at high concentrations) has continued to lag. This demonstration and
its publication of improved bioremediation of these more toxic, high molecular weight PAHs
through bioaugmentation and biostimulation will enhance the potential for more frequent and
successful use of biotreatment as a viable options for PAH cleanup.

The combination of the use of known surfactant-producing bacteria in conjunction with
vermiculite carried bioaugmentation, enhanced nutrient delivery, and appropriate bulking agent
application provides the basis for a variety of field applications on higher concentrations of toxic
PAHs not previously thought possible. The advances described herein allow the vast body of
knowledge and experience in bioremediation and natural attenuation to be extended to
hydrophobic organic compounds previously thought recalcitrant, such as the polychlorinated
biphenyls (PCBs) and pesticides. The accompanying SERDP report on PCB bioremediation, for
example, describes the use of the vermiculite carrier developed in the PAH project in the
delivery of GEMS for chlorinated biphenyl biodegradation.

We have documented a succinct progression of bench- and pilot-scale demonstrations that
applied sound scientific principles and assessed practical engineering issues in the development
of enhanced parameters for contaminant remediation. The major payoff of the work will come
in the future when successful bioremediation based on the success described herein is used
routinely to enhance cleanup of sites contaminated with PAHs and other appropriate
hydrophobic compounds.

As listed in the attachments, the work funded under the SERDP program portrayed here has been
showcased in many venues, including national and international conferences focusing on
recalcitrant compounds, bioremediation, and microbiology, peer review journals, and technical
reports. A book is planned in the near future written for practitioners in the field of
bioremediation. A device to monitor microbial respiration during bioremediation and natural
attenuation was designed, tested and submitted for patent during this study. This device is a low-
cost, low technology, means to decrease the costs associated with the operation and maintenance
of landfarming facilities without sacrificing human health and safety.

46

B54

Appendix B Polycyclic Aromatic Hydrocarbons




References

Agency for Toxic Substances and Disease Registry (ATSDR). 1995. Public Health Statement for
Polycyclic Aromatic Hydrocarbons (PAHs). Atlanta, GA: U.S. Department of Health and Human
Services, Public Health Service, updated June, 2001.

Aitken, M.D., W.T. Stringfellow, R.D. Nagel, C. Kazunga, and C. Chen. 1998. Characteristics of
phenanthrene-degrading bacteria isolated from soils contaminated with polycyclic aromatic
hydrocarbons. Can. J. Microbiol. 44:743-749.

Alexander, M. 1995. How Toxic are Toxic Chemicals in Soil? Environ. Sci. Technol. 29(11): 2713-2717.

Arino, S., R. Marchal and J.-P. Vandecasteele. 1998. Involvement of a rhamnolipid-producing strain of
Pseudomonas aeruginosa in the degradation of polycyclic aromatic hydrocarbons by a bacterial
community. J. Appl. Microbiol. 84:769-776.

Atlas, R.M. 1993. Bacteria and bioremediation of marine-oil spills. Oceanus 36:71-81.

Banat, LM. 1995. Characterization of biosurfactants and their use in pollution removal- state of the art.
Acta Biotechnol. 15:251-267.

Agency for Toxic Substances and Disease Registry (ATSDR). 1995. Toxicological profile for polycyclic
aromatic hydrocarbons. Atlanta, GA: U.S. Department of Health and Human Services, Public Health
Service.

Baldrian, P., in der Wiesche, C., Gabriel, J., Nerud, F., and Zadrazil, F. 2000. Influence of cadmium and
mercury on activities of ligninolytic enzymes and degradation of polycyclic aromatic hydrocarbons by
Pleuotus ostreatus in soil. Appl. Environ. Microbiol. 66: 2471-2478.

Balkwill, D.L., Leach, F.R., Wilson, J.T., McNabb, J.F., White, D.C. 1988. Equivalence of microbial
biomass measures based on membrane lipid and cell wall components, adenosine triphosphate, and
direct counts in subsurface aquifer sediments. Microbial. Ecol. 16, 73-84.

Banat, .M. 1995. Characterization of biosurfactants and their use in pollution removal — state of the art.
Acta Biochtechnol. 15: 251-267.

Bastiaens, L., Springael, D., Wattiau, P., Harms, H., de Wachter, R., Verachtert, H., and Diels, L. 2000.
Isolation of adherent polycyclic aromatic hydrocarbon (PAH)-degrading bacteria using PAH-sorbing
carriers. Appl. Environ. Microbiol. 66: 1834-1843.

Boldrin, B., A. Tiehm and C. Fritzsche. 1993. Degradation of phenanthrene, fluorene, fluoranthene, and
pyrene by a Mycobacterium sp. Appl. Environ. Microbiol. 59:1927-1930.

Boonchan, S., Britz, M.L., and Stanley, G.A. 2000. Degradation and mineralization of high molecular
weight polycyclic aromatic hydrocarbons by defined fungal-bacterial ccultures.
Appl.Environ.Microbiol. 66: 1007-1019.

Bosma, T.N.P.; Middeldorp, P.J.M.; Schraa, G.; and Zehnder, A.J.B. 1997. Mass transfer limitation of
biotransformation: Quantifying bioavailability. Environ. Sci. Technol. 31(1): 248-252.

Bouchez, M., Blanchet, D., and Vandecasteele, J-P. 1995. Degradation of polycyclic aromatic
hydrocarbons by pure strains and defined strain associations: inhibition phenomena and cometabolism.
Appl. Microbiol. Biotechnol. 43:156-164.

Brown, R.A,, Hicks, P.M., Hicks, R.J. and M.C. Leahy. 1995. Postremediation Bioremediation, p. 77-84.
In R.E. Hinchee, J.T. Wilson, and D.C. Downey (eds.), Intrinsic Bioremediation, Battelle Press,
Columbus, OH.

47

Appendix B Polycyclic Aromatic Hydrocarbons B55




Burns, L.A., Meade, B.J., and Munson, A.E. 1996. Toxic Responses of the Immune System, In, Klaassen,
C.D. (ed.), Casarett and Doull’s Toxicology. The Basic Science of Poisons, 5th ed., McGraw-Hill,
NY, p.355-402.

Chen, S., and M.D. Aitken. 1999. Salicylate stimulates the degradation of high molecular weight
polycyclic aromatic hydrocarbons by Pseudomonas saccharophila P15. Environ. Sci. Technol.
33:435-439.

Churchill, S.A., R.A. Griffin, L.P. Jones and P.F. Churchill. 1995. Biodegradation rate enhancement of
hydrocarbons by an oleophilic fertilizer and a rhamnolipid biosurfactant. J. Environ. Qual. 24:19-28.

Churchill, S., J. Harper and P. Churchill. 1999. Isolation and characterization of a Mycobacterium species
capable of degrading three- and four-ring aromatic and aliphatic hydrocarbons. Appl. Environ.
Microbiol. 65:549-552.

Colores, G.M., R.E. Macur, D.M. Ward and W.P. Inskeep. 2000. Molecular analysis of surfactant-driven

microbial population shifts in hydrocarbon-contaminated soil. Appl. Environ. Microbiol. 66:2959-
2964.

Cooper, D.G., S.N. Liss, R. Longay and J.E. Zajic. 1989. Surface activities of Mycobacterium and
Pseudomonas. J. Ferment. Technol. 59:97-101.

Cooper, D.G., C.R. MacDonald, S.J.B. Duff and N. Kosaric. 1981. Enhanced production of surfactin from
Bacillus subtilis by continuous product removal and metal cation addition. Appl. Environ. Microbiol.
42:408-412.

Cooper, D.G. and D.A. Paddock. 1984. Production of a biosurfactant from Torulopsis bombicola. Appl.
Environ. Microbiol. 47:173-176.

Cooper, D.G. and J.E. Zajic. 1980. Surface-active compounds from microorganisms. Adv. Appl.
Microbiol. 26:229-253.

Cornelissen, G., H. Rigterink, M.M. Ferdinandy, and P.C. van Noort. 1998. Rapidly desorbing fractions of
PAHs in contaminated sediments as a predictor of the extent of bioremediation. Environ. Sci. Technol.
32:966-970.

Costerton, J.W.; Cheng, K.J.; Geesey, G.G.; Ladd, T.J.; Nickel, J.C.; Dasqupta, M.; and Marrie, T. 1987.
Annual Review of Microbiology, 41: 435-464.

Dagher, F., E. Deziel, P. Lirette, G. Paquette, J. Bisaillon and R. Villemur. 1996. Comparative study of five
polycyclic aromatic hydrocarbon degrading bacterial strains isolated from contaminated soil. Can. J.
Microbiol. 43:368-377.

Dean-Ross, D. and C. Cemniglia. 1996. Degradation of pyrene by Mycobacterium flavescens. Appl.
Microbiol. Biotechnol. 46:307-312.

Desai, J.D., and .M. Banat. 1997. Microbial production of surfactants and their commercial potential.
Microbiol. Mol. Biol. Rev. 61:47-64.

Deschenes, L., P. Lafrance, J.-P. Villeneuve and R. Samson. 1996. Adding sodium dodecy! sulfate and
Pseudomonas aeruginosa UG2 biosurfactants inhibit polycyclic aromatic hydrocarbon biodegradation
in a weathered creosote-contaminated soil. Appl. Microbiol. Biotechnol. 46:638-646.

Edwards, D. R.G. Luthy and Z. Zhongbao. 1991. Solubilization of polycyclic aromatic hydrocarbons in
micellar nonionic surfactant solutions. Environ. Sci. Technol. 25:127-133.

Erickson, D.C.; Loehr, R.C.; and Neuhauser, E.F. 1993. PAH loss during bioremediation of manufactured
gas plant site soils. Water Res. 27(5): 911-919.

Erickson, M., Dalhammer, G. and Borg-Karlson, A.K. 2000. Biological degradation of selected
hydrocarbons in an old PAH/creosote contaminated soil from a gas works site.
Appl.Microbiol.Biotechnol. 53: 619-626.

48

B56 Appendix B Polycyclic Aromatic Hydrocarbons




Environmental Protection Agency (EPA). 1984. Health Effects Assessment for Polycyclic Aromatic
Hydrocarbons (PAH). EPA 549/1-86-013. Cincinnati, OH. Environmental Criteria and Assessment
Office. :

Fautz, B., S. Lang and F. Wagner. 1986. Formation of cellubiose lipids by growing and resting cells of
Ustilago maydis. Biotechnol. Lett. 8:757-762.

Finnerty, W.R. 1994. Biosurfactants in environmental biotechnology. Curr. Opin. Biotechnol. 5:291-295.

Fletcher, M. 1991. The physiological activity of bacteria attached to solid surfaces. Adv. Microb. Physiol.
32: 53-85.

Fredrickson, J., D. Balkwill, G. Drake, M. Romine, D. Ringelberg and D. White. 1995. Aromatic-
degrading Sphingomonas isolates from the deep subsurface. Appl. Environ. Microbiol. 61:1917-1922.

Fritzsche, C. 1994. Degradation of pyrene at low defined oxygen concentrations by a Mycobacterium sp.
Appl. Environ. Microbiol. 60:1687-1689.

Gas Research Institute. 1995. Environmentally Acceptable Endpoints in Soil: Risked-Based Approaches to
Contaminated Site Management Based on the Availability of Chemicals in Soil, Draft Report of
Workshop Proceedings, Gas Research Institute, Chicago, IL.

Georgiou, F., 8.C. Lin and M.M. Sharma. 1990. Surface-active compounds from microorganisms.
Bio/Technology 10:60-65. :

Gibson, D., R. Roberts, M. Wells and V. Kobal. 1973. Oxidation of biphenyl by a Beijerinckia species.
Biochem. Biophys. Res. Commun. 50:211-246.

Givindaswami, M., D. Feldhake, B. Kinkle, D. Mindell and J. Loper. 1995. Phylogenetic comparison of two
polycyclic aromatic hydrocarbon-degrading mycobacteria. Appl. Environ. Microbiol. 61:3221-3226.

Gray, M.R., D.K. Banerjee, M.J. Dudas and M.A. Pickard. 2000. Protocols to enhance biodegradation of
hydrocarbon contaminants in soil. Bioremediation J. 4:249-257.

Grimberg, S. J., Stringfellow, W. T. and Aitken, M. D. 1996. Quantifying the biodegradation of
phenanthrene by Pseudomonoas stutzeri P16 in the presence of a nonionic surfactant. Appl. Environ.
Microbiol. 62:2387-2392.

Grosser, R., D. Warshawsky and J. Vestal. 1991. Indigenous and enhanced mineralization of pyrene by a
Mycobacterium sp. Appl. Environ. Microbiol. 57:3462-3469.

Guha, S. and Jaffe, P. R. 1996. Biodegradation kinetics of phenanthrene partitioned into the micellar phase
of nonionic surfactants. Environ. Sci. Technol. 30: 605-611.

Guha, S., P.R. Jaffe and C.A. Peters. 1998. Bioavailability of mixtures of PAHs partitioned into the micellar
phase of a nonionic surfactant. Environ. Sci. Technol. 32:2317-2324.

Guha, S., C.A. Peters, and P.R. Jaffe. 1999. Multisubstrate biodegradation kinetics of naphthalene,
phenanthrene, and pyrene mixtures. Biotechnol. Bioeng. 65:491-499.

Hamann, C., J. Hegemann, and A. Hildebrandt. 1999. Detection of polycyclic aromatic hydrocarbon
degradation genes in different soil bacteria by polymerase chain reaction and DNA hybridization.
FEMS Microbiol. Lett. 173: 255-263.

Hansen, L.D., Nestler, C., Channell, M., Ringelberg, D., Fredrickson, H., Waisner, S. 1999.
Bioremediation treatability study for remedial action at Popile, Inc. site, El Dorado, Arkansas. Phase
II. Pilot-scale evaluation. ERDC/EL TR-00-08, U.S. Army Engineer Research and Development ’
Center, Vicksburg, MS.

Hansen, L.D., Nestler, C., Ringelberg, D., Pritchard, H., Jones-Meehan, J. 2000. Bioremediation of
PAH/PCP Contaminated Soils from POPILE Wood Treatment Facility. In: Alleman, B.C., Leeson, A.
(Eds.). In Situ and On-Site Bioremediation. Battelle Press, Columbus, Ohio, pp. 145-152.

Hansen, L.D., Nestler, C.C., and Ringelberg, D. 2001. “Extended Bioremediation Study of the Popile, Inc.
Site, El Dorado, Arkansas” ERDC\EL TR-01-12, U.S. Army Engineer Research and Development
Center, Vicksburg, MS.

49

Appendix B Polycyclic Aromatic Hydrocarbons

B57




Harmsen, J. 1991. Possibilities and limitations of landfarming for cleaning contaminanted soils, p. 255-
272. In R.E. Hinchee and R.F. Olfenbuttel (eds.), /n Situ Bioreclamation: Applications and
Investigations of Hydrocarbon Contaminated Site Remediation. Butterworth-Heinemann, London.

Hatzinger, P.B. and M. Alexander. 1995. Effect of aging of chemicals in soils on their bioavailability and
extractability. Environ. Sci. Technol. 29:537-545.

Heipieper, H.J., Loffeld, B., Keweloh, H., de Bont, J.A.M. 1995. The cis/trans isomerization of
unsaturated fatty acids in Pseudomonas putida S12: an indicator for environmental stress due to organic
compounds, Chemosphere 30: 1041-1051.

Heitkamp, M., W. Franklin, and C. Cerniglia. 1988a. Microbial metabolism of polycyclic aromatic
hydrocarbons: isolation and characterization of a pyrene-degrading bacterium. Appl. Environ.
Microbiol. 54:2549-2555.

Heitkamp, M., M. Freeman, D. Miller, and C Cerniglia. 1988b. Pyrene degradation by a Mycobacterium
sp.: identification of ring oxidation and ring fission products. Appl. Environ. Microbiol. 54:2556-2565.

Ho, Y., M. Jackson, Y. Yang, J.G. Mueller, and P.H. Pritchard. 2000. Characterization of Fluoranthene-
and Pyrene-Degrading Bacteria Isolated from Soil and Sediment. J. Indus. Microbiol. and Biotechnol.
24: 100-112.

Hommel, R K., O. Stuwer, W. Stuber, D. Hafersburg and H.P. Kleber. 1987. Production of water-soluble
surface-active exolipids by Torulopsis apicola. Appl. Environ. Microbiol. 26:199-205.

Hunt, W.P., K.G. Robinson and M.M. Ghosh. 1994. The role of biosurfactants in biotic degradation of
hydrophobic organic compounds, p. 318-322. /n R.E. Hinchee, B.C. Alleman, R.E. Hoeppel and R.N.
Miller (eds.), Hydrocarbon Bioremediation, Lewis Publishers, Boca Raton, FL.

Jimenez, I. and R. Bartha. 1996. Solvent-augmented mineralization of pyrene by a Mycobacterium sp.
Appl. Environ. Microbiol. 62-2311-2316.

Jixin, T., M.J Carroquino, B.K. Robertson, and M. Alexander. 1998. Combined effect of sequestration and
bioremediation in reducing the bioavailability of polycyclic aromatic hydrocarbons in soil. Environ.
Sci. Technol. 32:3586-3590.

Johnson, J.H., Jr. 1998. Composting of hPAH. SERDP report.

Kastner, M., M. Breuer-Jammali and B. Mahro. 1994. Enumeration and characterization of the soil
microflora from hydrocarbon-contaminated soil sites able to mineralize polycyclic aromatic
hydrocarbons (PAH). Appl. Microbiol. Biotechnol. 41:267-273.

Kastner, M., Breuer-Jammal, M., and Mahro, B. 1998. Impact of inoculation protocols, salinity and pH on
the degradation of polycyclic aromatic hydrocarbons (PAHs) and survival of PAH-degrading bacteria
introduced into soil. Appl. Environ. Microbiol. 64: 359-362.

Kastner, M. and B.M. Mahro. 1996. Microbial degradation of polycyclic aromatic hydrocarbons in soils
affected by the organic matrix of compost. Appl. Microbiol. Biotechnol. 44:668-675.

Kelsey, J.W.; Kottler, B. D.; and Alexander, M. 1997. Selective Chemical Extractants To Predict
Bioavailability of Soil-Aged Organic Chemicals. Environ. Sci. Technol. 31(1): 214-217. »

Kim, E., P. Aversano, M. Romine, R. Schneider and G. Zylstra. 1996. Homology between genes for the
aromatic hydrocarbon degradation in surface and deep-subsurface Sphingomonas strains. Appl.
Environ. Microbiol. 62:1467-1470.

Kiyohara, H., K. Nagao and K. Yana. 1982. Rapid screen for bacteria degrading water insoluble, solid
hydrocarbons on agar plates. Appl. Environ. Microbiol. 43:454-457.

Kretschmer, A., H. Bock and F. Wagner. 1982. Chemical and physical characterization of interfacial-

active lipids from Rhodococcus erythropolis grown on n-alkane. Appl. Environ. Microbiol. 44:864-
870.

50

B58 Appendix B Polycyclic Aromatic Hydrocarbons




Lang, S. and F. Wagner. 1987. Structure and properties of biosurfactants, p. 21-47. In, N. Kosaric, W.L.
Cairns and N.C.C. Gray (eds.), Biosurfactants and Biotechnology. Marcel Dekker, Inc., New York,
NY.

Lang, S. and F. Wagner. 1993. Biological activities of biosurfactants, p. 251-268. In, N. Kosaric (ed.),
Biosurfactants (Surfactant Science Series. Vol. 48), Marcel Dekker, Inc., New York, N.Y.

Lang, S. and D. Wullbrandt. 1999. Rhamnose lipids- biosynthesis, microbial production and application
potential. Appl. Microbiol. Biotechnol. 51:22-32.

Laurie, A. and G. Lloyd-Jones. 2000. Quantification of pAindc and nahAc in contaminated New Zealand
soils by competitive PCR. Appl. Environ. Microbiol. 66:1814-1817.

Leblond, J.D., Schultz, T.W., and Sayler, G.S. 2001. Observations on the preferential biodegradation of
selected components of polyaromatic hydrocarbon mixtures. Chemosphere 42, 333-343.

Li, D. 1998. Soil gas sampling useful in designing and monitoring of in situ bioremediation processes.
Hazardous Waste Consultant 16(2): 1.20-1.22.

Lin, S.C. 1996. Biosurfactants: recent advances. J. Chem. Technol. Biotechnol. 66:109-120.

Lin, S.C., M.A. Minton. M.M. Sharma and G. Georgiou. 1994. Structural and immunological
characterization of a biosurfactant produced by Bacillus licheniformis JF-2. Appl. Environ. Microbiol.
60:31-38.

Lin, J. and Wang, H.Y. 1991. Use of coimmobilized biological systems to degrade toxic organic
compounds. Biotechnol. Bioeng. 36: 273-279.

Liu, Z., Jacobson, A. M. and Luthy, R. G. 1995. Biodegradation of naphthalene in aqueous nonionic
surfactant systems. Appl. Environ. Microbiol. 61: 145-151.

Lloyd-Jones, G., and D.W. Hunter. 1997. Characterization of fluoranthene- and pyrene-degrading
Mycobacterium-like strains by RAPD and SSU sequencing. FEMS Microbiol. Let. 153:51-56.

Loehr, R.C.; and Webster, M. T. 1997. Effects of Treatment on Contaminant Availability, Mobility, and
Toxicity", Chapter 2, In Linz, D.G.; Nakles, D.V., (Eds.), Environmentally Acceptable Endpoints in
Soil, American Academy of Environmental Engineers, Annapolis, MD.

Luthy, R.G.; Dzombak, D.A.; Peters, C.A.; Roy, S. B.; Ramaswami, A.; Nakles, D.V.; and Nott, B.R.
1994. Remediating Tar-Contaminated Soils at Manufactured Gas Plant Sites.. Environ. Sci. Technol
28(6): 266A-277A.

Luthy, R.G.; Aiken, G.R.; Brusseau, M.L.; Cunningham, S.D.; Gschwend, P.M.; Pignatello, J.J.; Reinhard,
M.; Traina, S.; Weber, W.W., Jr.; and Westall, J.C. 1997. Sequestration of Hydrophobic Organic
Compounds by Geosorbents. Environ. Sci. Technol 31: 3341-3347.

Madsen, T. and Kristensen, P. 1997. Effects of bacterial inoculation and nonionic surfactants on
degradation of polycyclic aromatic hydrocarbons in soil. Environ. Toxicol. Chem. 16: 631-637.
Mabhaffey, W., D. Gibson and C. Cerniglia. 1988. Bacterial oxidation of chemical carcinogens: formation
of polycyclic aromatic acids from benzo[a]anthracene. Appl. Environ. Microbiol. 54: 2415-2423,
Maslin, P. and R.M. Maier. 2000. Rhamnolipid-enhanced mineralization of phenanthrene in organic-metal

co-contaminated soils. Bioremediation J. 4:295-308.

Matsuyama, T., T. Murakami, M Fujita, S. Fujita and I. Yano. 1986. Extracellular vesicle formation and
biosurfactant production by Serratia marcescens. J. Gen. Microbiol. 132:865-875. '

Meyer S., R. Moser, A. Neef, U. Stahl U, and P. Kampfer. 1999. Differential detection of key enzymes of
polyaromatic-hydrocarbon-degrading bacteria using PCR and gene probes. Microbiol. 145: 1731-
1741.

Miller, R.M. 1995. Surfactant-enhanced bioavailability of slighty soluble organic compounds, p. 33-54. In
H.D. Skipperand R.F. Turco (eds.), Bioremediation Science and Application., Soil Sci. Soc. Amer.,
Madison, WI.

51

Appendix B Polycyclic Aromatic Hydrocarbons

B59




Moore, J.N.; Brook, E.J.; and Johns, C. 1989. Grain Size Partitioning of Metals in Contaminated Coarse-
Grained River Flood Plain Sediment. Environmental Geology and Water Science, 14(2): 107-115.

Mueller, J.G., Cemniglia, C.E. and P.H. Pritchard. 1995. Bioremediation of Environments Contaminated by
Polycyclic Aromatic Hydrocarbons,p. 125-194. In, R. Crawford and D. Crawford (eds.),
Bioremediation, principles and applications, Cambridge Press.

Mueller, J., P. Chapman, B. Blattmann and P. Pritchard. 1990. Isolation and characterization of a
fluoranthene-utilizing strain of Pseudomonas paucimobilis. Appl. Environ. Microbiol. 56:1079-1086.

Mueller, J., R. Devereux, D. Santavy, S. Lantz, S. Willis and P. Pritchard. 1997. Phylogenetic and
physiological comparisons of PAH-degrading bacteria from geographically diverse soils. Antonie
Leeuwenhoek 71:329-343.

Mueller, J.G., Lantz, S.E., Blattmann, B.O. and P.J. Chapman. 1991a. Bench-scale evaluation of
alternative biological treatment processes for the remediation of pentachlorophenol- and creosote-
contaminanted materials: slurry-phase bioremediation. Environ. Sci. Technol. 25:1055-1061.

Mueller, J.G., Lantz, S.E., Blattmann, B.O. and P.J. Chapman. 1991b. Bench-scale evaluation of
alternative biological treatment processes for the remediation of pentachlorophenol- and creosote-
contaminated materials: solid-phase bioremediation. Environ. Sci. Technol. 25:1045-1055.

Mueller, J., S. Lantz, R. Devereux, J. Berg and P. Pritchard. 1994. Studies on the Microbial Ecology of
Polycyclic Aromatic Hydrocarbon Degradation, /n R. Hinchee, A. Leeson, L. Semprini and S. Ong
(eds.), Bioremediation of Chlorinated and Polycyclic Aromatic Hydrocarbons, Lewis Publishers, Boca
Raton, FL p. 218-230

Mueller, J.G., Pritchard, P.H., Tischuk, M., Brourman, M., Swallow, P., Tabe, M., and J. Smith. 1998.
Biostablization technology for treating PAH-and PCP-impacted soil to environmentally acceptable
endpoints: ten-year field assessment. Proceeding of 42" OHOLO Conference, May 3-6, 1998, Eilat,
Israel.

Mueller-Hurtig, R., F. Wagner, R. Blaszczyk and N. Kosaric. 1993. Biosurfactants for environmental
control, p. 251-268. InN. Kosaric (ed.), Biosurfactants (Surfactant Science Series, vol. 48), Marcel
Dekker, Inc., New York, N.Y.

National Research Council. 1994. Alternatives for Groundwater Cleanup, National Research Council
Report, National Academy Press, Washington, D.C.

National Research Council. 1997. Contaminated Sediments in Ports and Waterways, Cleanup Strategies
and Technologies, National Research Council Report, National Academy Press, Washington D.C.

Nestler, C.C., Hansen, L.D., Ringelberg, D., and Talley, J.W. 2001a. Remediation of Soil PAH:
Comparison of Biostimulation and Bioaugmentation, In V.S.Magar, A.Leeson (Eds.), Ex Situ
Biological Treatment Technologies, Battelle Press, Columbus, Ohio. v

Nestler, C.C., Hansen, L.D., Waisner, S., and Talley, J.W. 2001b. Monitoring Bioremediation Through In-
Situ Soil Respiration, In V.S.Magar, A.Leeson (Eds.), Innovative Methods in Support of
Bioremediation, Battelle Press, Columbus, Ohio.

Neu, T. 1996. Significance of bacterial surface-active compounds in interaction of bacteria with interfaces.
Microbiol. Rev. 60:151-166.

Nisbet, C., and LaGoy, P. 1992. Toxic Equivalency Factors (TEFs) for polycyclic aromatic hydrocarbons
(PAHs). Reg. Toxicol. Pharmacol. 16: 290-300.

Oberbremer, A., R. Muller-Hurtig and F. Wagner. 1990. Effect of the addition of microbial surfactants on
hydrocarbon degradation in a soil population in a stirred reactor. Appl. Microbiol. Biotechnol.
32:485-489.

Oh, Y .-S., Mmaeng, J. and Kim, S.-J. 2000. Use of microorganisms-immobilized polyurethane foams to
adsorb abd degrade oil on water surfaces. Appl. Microbiol. Biotechnol. 54: 418-423.

52

B60 Appendix B Polycyclic Aromatic Hydrocarbons




O’Reilly, K.T. and Crawford, R.L. 1989. Degradation of pentachlorophenol by polyurethane —
immobilized Flavobacterium cells. Appl. Environ. Microbiol. 55: 2113-2118.

Park, K.S., Sims, R.C., Dupont, R.R., Doucette, W.J. and Matthews, J.E. 1990. Fate of PAH compounds
in two soil types: Influence of volatilization, abiotic loss and biological activity.
Environ.Toxicol.Chem. 9:187-195.

Patel, R.M. and A.J. Desai. 1997. Surface-active properties of rhamnolipids from Pseudomonas
aeruginosa GS3. J. Basic Microbiol. 37:281-286.

Perkins, E., Hansen, L.D., Nestler, C.C., Byrnes, J. 2001. Changes in abundance of in-situ aromatic
degrading bacteria during a pilot scale landfarming of a polycyclic aromatic hydrocarbon contaminated
soil, In, Proceedings of the Ninth International Symposium on Microbial Ecology, Amsterdam.

Petry, T., Schmid, P., and Schlatter, C. 1996. The use of toxic equivalency factors in assessing
occupational and environmental health risk associated with exposure to airborne mixtures of polycyclic
aromatic hydrocarbons (PAHs). Chemosphere 32 (4): 639-648.

Pignatello, J.J. and B. Xing. 1996. Mechanisms of slow sorption of organic chemicals to natural particles.
Environ. Sci. Technol. 30:1-11.

Pinelli, D., Fava, F., Nocentini, M., and Pasquali, G. 1997. Bioremediation of a polycyclic aromatic
hydrocarbon-contaminated soil by using different aerobic batch bioreactor systems. J. Soil Contam. 6:
243-256.

Pitot, H.C., III and Dragan, Y.P. 1996. Chemical Carcinogenesis, In, Klaassen, C.D. (ed.), Casarett and
Doull’s Toxicology. The Basic Science of Poisons, 5™ ed., McGraw-Hill, NY, p- 201-267.

Pollard, S.J., Hrudey, S.E., and P.M. Fedorak. 1994. Bioremediation of petroleum- and creosote-
contaminated soils: A review of constraints. Waste Management and Res. 12:173-194.

Potter, C.L., J.A. Glaser, L.W. Chang, J.R. Dosani, and R.F. Herrmann. 1997. Degradation of polynuclear
aromatic hydrocarbons under bench scale compost conditions. Environ. Sci. Technol. 33:1717-1725.

Pritchard, P.H., J. Jones-Meehan, J.G. Mueller and W. Straube. 1999. Bioremediation of high molecular
weight PAHs, p. 157-169. In Fass et al. (eds), Novel Approaches for Bioremediation of Organic
Pollution, Kluwer Academic, Plenum Publishers, New York, N.Y. ’

Pritchard, P.H., Lin, J-E, Lantz, S. and J.G.Mueller. 1995. The Use of Microbial )
Encapsulation/Immobilization for Biodegradation of PAHs, p. 211-220. /n R.E. Hinchee and S.K.Ong
(eds.), Bioremediation of Polycyclic Aromatic Hydrocarbons, Lewis Publishers, Boca Raton, FL.

Providenti, M.A., C.A. Flemming, H. Lee and J.T. Trevors. 1995. Effect of addition of rhamnolipid
biosurfactants or rhamnolipid-producing Pseudomonas aeruginosa on phenanthrene mineralization in
soil slurries. FEMS Microbiol. Ecol. 17:15-26.

Rast, J.C. 2001. O&M cost estimates: Covering all the bases. Pollut. Eng. January, 6 pg.

Rehmann, K., H. Noll, C. Steinberg, and A. Kettrup. 1998. Pyrene degradation by Mycobacterium sp.
strain KR2. Chemosphere 36:2977 2992. ,

Rhee, S.-K., Lee, G.M., and Lee, S.-T. 1996. Influence of a supplementary carbon source on
biodegradation of pyridine by freely suspended and immobilized Pimelobacter sp. Appl. Microbiol.
Biotechnol. 44: 816-822.

Ringelberg, D.B., Davis, J.D., Smith, G.A., Pfiffner, S.M.,Nichols, P.D., Nickels, J.S., Hensen, M.J.,
Wilson, J.T., Yates, M., Kampbell, D.H., Read, H.W., Stocksdale, T.T. and White, D.C. 1989.
Validation of signature polar lipid fatty acid biomarkers for alkane-utilizing bacteria in soils and
subsurface aquifer materials. FEMS Microbiol. Ecol. 62:39-50.

Rocha, C. and C. Infante. 1997. Enhanced oily sludge biodegradation by a tensio-active agent isolated
from Pseudomonas aeruginosa USB-CS1. Appl. Microbiol. Biotechnol. 47:615-619.

53

Appendix B Polycyclic Aromatic Hydrocarbons B61




Schneider, J., R. Grosser, K. Jayasimhulu, W. Xue, and D. Warshawsky. 1996. Degradation of pyrene,
benzo[a]anthracene, and benzo[a]pyrene by Mycobacterium sp. strain RIGII-135, isolated from a
former coal gasification site. Appl. Environ. Microbiol. 62:13-19.

Schocken M. and D. Gibson. 1984. Bacterial oxidation of polycyclic aromatic hydrocarbons acenaphthene
and acenaphthylene. Appl. Environ. Microbiol. 48:10-16.

Schwarzenbach, R .P.; Gschwend, P.M., and Imboden, D. M. 1993. Environmental Organic Chemistry,
John Wiley & Sons, Inc., New York.

Singer, M.E. and W.R. Finnerty. 1984. Microbial metabolism of straight-chain and branched alkanes, p. 1-
60. /n, R.M. Atlas (ed.), Petroleum Microbiology, Macmillan Publishing Co., New York, N.Y.

Stringfellow,W.T. and M.D. Aitken. 1995. Competitive metabolism of naphthalene, methylnaphthalenes,
and fluorene by phenanthrene-degrading pseudomonads. Appl. Environ. Microbiol. 61: 357-362.

Stringfellow, W.T., S. Chen, amd M.D. Aitken. 1995. Induction of PAH degradation in a phenanthrene-
degrading pseudomonad, p. 83-89. In R.E. Hinchee, F.J. Brockman and C.M. Vogel (eds), Microbial
Processes for Bioremediation, Battelle Press.

Stumm, W. 1992. Adsorption. Chapter 4, In, Chemistry of the Solid-Water Interface, John Wiley & Sons,
Inc., New York, NY.

Talley, J.W. and Sleeper, P.M. 1997. Roadblocks to the implementation of biotreatment strategies.
Ann.N.Y.Acad.Sci. 829: 16-29.

Talley, J.W., Luthy, R.G., Ghosh, U., Zare, R.N., Gillette, J.S., and Pritchard, P.H. 2000. Biostabilization
of polycyclic aromatic hydrocarbons (PAHs) under denitrification conditions in sediments. SERDP
Annual Technical Report.

Tiehm, A. 1994. Degradation of polycyclic aromatic hydrocarbons in the presence of synthetic surfactants.
Appl. Environ. Microbiol. 60:258-263.

Thibault, S.L., Anderson, M., and Frankenberger, W.T. 1996. Influence of surfactants on pyrene
desorption and degradation in soil. Appl. Environ. Microbiol. 62: 283-287.

Thoma, G. 1994. Summary of the Workshop on Contaminated Sediment Handling, Treatment
Technologies, and Associated Costs, held April 21-22. Background paper prepared for the Committee
on Contaminated Sediments, Marine Board, National Research Council, Washington D.C.

U.S. Army Corps of Engineers. 1996. Bioremediation using landfarming systems. ETL 1110-1-176, 158
pgs.

Vogel, T. 1996. Bioaugmentation as a soil bioremediation approach. Curr. Opinions Biotechnol. 7: 311-
316.

Volkering, F., A.M. Breure, J.G. Van Andel and W.H. Rulkens. 1995. Influence of nonionic surfactants on
bioavailability and biodegradation of polycyclic aromatic hydrocarbons. Appl. Environ. Microbiol.
61:1699-1705.

Volkering, F., AM. Breure and W.H. Rulkens. 1998. Microbiological aspects of surfactant use for
biological soil remediation. Biodegradation 8:401-417.

Walter, U., M. Beyer, J. Klein and H.-J. Rehm. 1991. Degradation of Pyrene by Rhodococcus sp. UW1.
Appl. Microbiol. Biotechnol. 34:671-676.

Weir, S.C., Dupuis, S.P., Providenti, M.A., Lee, H., and Trevors, J.T. 1995. Nutrient-enhanced survival of
and phenanthrene mineralization of alginate-encapsulated and free Pseudomonas sp. UG14r cells in
creosote-contaminated soil slurries. Appl. Microbiol. Biotechnol. 43: 946-951.

Weissenfels, W.D., Beyer, M., Klein, J., and H.J. Rehm. 1991. Microbial metabolism of fluoranthene:
isolation and identification of ring fission products. Appl. Microbiol. Biotechnol. 34:528-535.

White, D.C. and Ringelberg, D.B. 1998. Signature Lipid Biomarker Analysis In: R.S. Burlage, R.Atlas,

D. Stahl, G.Geesey, and G. Sayler (eds.), Techniques In Microbial Ecology. Oxford University Press,
Inc. New York. p. 255-272.

54

B62 Appendix B Polycyclic Aromatic Hydrocarbons




immunotoxicity. In, Dean, J.H., Luster, M.1., Munson, A.E., and Kimber, I. (eds.). Immunotoxicology
and Immunopharmacology, 2" ed., Raven Press, N, p. 123-142.

Willumsen, P.A., Karlson U., and P.H.Pritchard. 1998. Response of Fluoranthene-Degrading Bacteria to
Surfactants. Appl. Microbiol. Biotechnol. (in press).

Yabuuchi, E., I. Yano, H. Oyaizu, Y. Hashimoto, T. Ezaki and H. Yamamato. 1990. Proposals of
Sphingomonas paucimobilis gen. Nov. and comb. Nov., Sphingomonas parapaucimobilis sp. nov.,
Sphingomonas yanoikuyae sp. Nov., Sphingomonas adhaesiva sp. Nov., Sphingomonas capsulata
comb. Nov., and two genospecies of the genus Sphingomonas. Microbiol. Immunol. 34:99-119.

Yakimov, M.M., K.N. Timmis, V. Wray and H.L. Fredrickson. 1995. Characterization of a new
lipopeptide surfactant produced by thermotolerant and halotolerant subsurface Bacillus licheniformis
BASS50. Appl. Environ. Microbiol. 61:1706-1713.

Yare, B. 1991. A comparison of soil-phase and slurry-phase bioremediation of PNA-containing soils, p.
173-1187. InR.E. Hinchee and R.F. Olfenbuttel (eds.), In Situ Bioreclamation: Applications and
Investigations of Hydrocarbon Contaminated Site Remediation, Butterworth-Heinemann, London.

Ye D., M. Siddiqi, A. Maccubbin, S. Kumar and H. Sikka. 1996. Degradation of polynuclear aromatic
hydrocarbons by Sphingomonas paucimobilis. Environ. Sci. Technol. 30: 136-142.

Zajic, J.E. and A.Y. Mahomedy. 1984. Biosynthesis of surface active agents, p. 221-298. In, R M. Atlas
(ed.), Petroleum Microbiology, MacMillan Publishing Co., New York, N.Y.

Zajic, J.E. and C.J. Panchal. 1977. Bioemulsifiers. CRC Crit. Rev. Microbiol. 5:39-66.

Zhang W., E.J. Bouwer, and W.P. Ball. 1998. Bioavailability of hydrophobic organic contaminants:
Effects and Implications of sorption-related mass transfer on bioremediation. Ground Water Monit.
Remediat. 18: 126-138.

Zhang, Y., W.J. Maier, and R.M. Miller. 1997. Effect of rhamnolipids on the dissolution, bioavailability,
and biodegradation of phenanthrene. Environ. Sci. Technol. 31:2211-2217.

Zhang, Y. and R.M. Miller. 1992. Enhanced octadecane dispersion and biodegradation by a Pseudomonas
rhamnolipid surfactant (biosurfactant). Appl. Environ. Microbiol. 58:3276-3282.

Zhang, Y., and R.M. Miller. 1994. Effect of Pseudomonas rhamnolipid biosurfactant on cell
hydrophobicity and biodegradation of octadecane. Appl. Environ. Microbiol. 60:2101-2106.

Zhang, Y. and R.M. Miller. 1995. Effect of rhamnolipid (biosurfactant) structure on solubilization and
biodegradation on n-alkanes. Appl. Environ. Microbiol. 61:2247-2251.

Zibilske, L.M. 1994. Carbon Mineralization, In “Methods of Soil Analysis, Part 2. Microbiological and
Biochemical Properties”, R.W.Weaver et al.(ed). Soil Science Society of America, Madison, W1,
p.835-863.

White, K.L., Jr., Kawabata, T.T., and Ladics, G.S. 1994. Mechanisms of polycyclic aromatic hydrocarbon

55

Appendix B Polycyclic Aromatic Hydrocarbons B63




Clay Particles Micropare
; and/or Oxide
\ Coatings Mesopore
! WATER OR GAS

IN MACROPORES

Encapsulated T~
Amorphous SOM

COMBUSTION RESIDU
Mineral Phase

Combustion
Residue, e.g., Soet™

-

\
/I GEOSORBENT A

1 Fst
4 Dense SOM— % Boge:

\
Amorphous SO
Aged or Weathered NAPL \

Figure 1. Model of PAH residence in soil
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Figure 2. Project history leading to the selection of landfarming as a PAH treatment technology
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Surfactants were Tween 80 (squares) and Triton X-100 (triangles)
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Figure 11. Photograph of the LTU pilot project illustrating the land treatment units, the primary
and secondary containment systems, and the leachate collection system
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Figure 12. Trough assembly

Figure 13. Change in soil texture following addition of the rice hulls as bulking agent
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Figure 14. Diagram of soil gas sampling probe used to monitor microbial respiration in situ
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Figure 15. Design of random sampling process for the LTUs
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Figure 16. Photograph of sampling grid and soil corer used to collect samples from the troughs
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Figure 17. Chromatographs of solvent extracts from microcosms containing POPILE soil after 11
months

69

Appendix B Palycyclic Aromatic Hydrocarbons B77




B Saline
B 50% Culture Supernatant
W 100% Cuiture Supernatant

Concentration (ppm)
N
[,

0 P i " - -
R AT A Y Y R I U S
&~ ) & & < & & & F &£ @
& &L 5 L & & A
& ° < & & © |
& é&o & ¢
Compound © ¥

Figure 18. Concentration of PAHs in aqueous extracts of SMWT soil with saline (control) and
with the addition of P. aeruginosa strain 64 culture supernatant
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Figure 19. Concentrations of PAHs in aqueous extracts of POPILE wood treatment site soil at
two concentrations of crude biosurfactant produced by P. aeruginosa strain 64
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Figure 20. Emulsification of PAH-contaminated soil from microcosms
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Figure 21. The effects of varying concentration of dried blood fertilizer on bacterial growth in
SMWT site soil inoculated with P. aeruginosa strain 64 :

71

Appendix B Polycyclic Aromatic Hydrocarbons ‘ B79




1.00E+10

1.00E+09 1

1.00E+08

1.00E+07 1

1.00E+06 1

1.00E+05 1

Total Plate Counts (CFU/ml)

1.00E+04 1

1.00E+03 1

——Pa 64 on verm
- yninoculated soil

1.00E+02
0

T

10

r

15

20 25
Time (days)

T T T

30 3B 40 45
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Figure 26. LTU 2 BaP Toxic Equivalent Homologues
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Figure 28. Final community composition in the LTUs by hierarchial cluster analysis
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Figure 30. A comparison of treatment effect on PAH removal from the troughs
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Figure 31. Changes in BaP TEQ compounds in the trough study
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Figure 33. Effect of different amendments on biomass in trough pilot study
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Figure 36. The effect of tilling on microbial respira