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DESCRIPTION

FE(0)-BASED BIOREMEDIATION OF AQUIFERS

CONTAMINATED WITH MIXED WASTES

1.0 BACKGROUND OF THE INVENTION

The present invention is a continuing application of U. S. Provisional Patent
Application Serial No. 60/044,810 filed April 25, 1997, the entire contents of which is
specifically incorporated by reference in its entirety. The United States government has rights

in the present invention pursuant to Contract No. R-819653-01 from the Environmental

Protection Agency.

1.1 FIELD OF THE INVENTION

The present invention relates generally to the field of bioremediation. More
particularly, it concerns compositions, methods and apparatus for the removal of nitrogenous
and halocarbon pollutants from environmental sources including agricultural areas, soils,
ground and surface water, sewage, sludges, landfill leachates, and wastewater. In particular
embodiments, the invention discloses and claims compositions comprising zero-valent iron and
hydrogenotrophic bacteria for use in removing target contaminants by a synergistic

combination of abiotic and biological reductive mechanisms.

1.2 DESCRIPTION OF RELATED ART
1.2.1 ABIOTIC PROCESSES

Various abiotic processes have developed in recent years for the remediation of
hazardous environmental pollutants (National Research Council, 1994). One process for
abiotic remediation of organic and inorganic pollutants has been developed using zero-valent
iron- [Fe(0)] mediated processes.

In this process, as elemental iron is oxidized (corrodes), electrons are released

according to the following equations:

Fel — Fe2+ + 2¢ (Equation 1)
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These electrons are available for a variety of reduction-oxidation (redox) reactions.

Water is reduced to produce hydrogen gas and alkalinity in the form of OH-, with the net

reaction resulting in a pH increase:

2H0 +2e- — Hy + 20H (Equation 2)

Fe0 + 2H,0 — Fe2+ + Hy + 20H (Equation 3)

Encouraging results in both laboratory and field experiments have stimulated a rapid
increase in the use of Fe(0) as a reactive material to treat reducible contaminants (so-called
reactive Fe(0) barriers). This approach has been used to degrade waste chlorinated solvents
(e.g., Gillham and O’Hannesin, 1994; Johnson et al., 1996; Sweeny, 1980) and nitrate (Till ez
al., 1998). Reducible heavy metals such as Cr(VI) can also be removed from aqueous solution
by reduction to less toxic forms (e.g., Cr(Ill)) and subsequent precipitation and immobilization,
using Fe(0) as the sacrificial metal (Gould, 1982; Khudenko, 1987; Powell ef al., 1995; Rickard
and Fuerstran, 1968).

Semipermeable reactive Fe(0) barriers have been attractive for groundwater
remediation in that they conserve energy and water, and through long-term low operating and
maintenance costs, are considerably less costly than conventional cleanup methods. Fe(0) can
be placed in the path of a contaminant plume, either on a trench (O’Hannesin and Gillham,
1992), buried as a broad continuous curtain (Blowes et al, 1995), or injected as colloids
(Kaplan ef al., 1994), to name a few options. However, the efficacy of Fe(0) systems can be
limited by (site-specific) slow rates of reaction and by the potential accumulation of products of

equal or greater toxicity (Matheson and Tratnyek, 1994; NRC, 1994; Roberts ef al., 1996).

1.2.1.1  CHROMIUM REMEDIATION USING ABIOTIC PROCESSES

Depending upon solution chemistry and pH, Cr(VI) can be present in the form of
CrO42-, HCrOy4-, HoCrOy4, and CryO72-. All of this hexavalent chromium species could be
reduced to the less toxic, less mobile trivalent form, which is removed from solution as the
hydroxide (i.e., Cr(OH)3) under most conditions, using Fe(0) (Gould, 1982; Khudenko, 1987;
Powell et al., 1995; Rickard and Fuerstran, 1968):
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2Cro* + 6e- — 2Cr3+ (Equation 4)
3Fe0 — 3Fe2t + 6e (Equation 5)
2Cr3* + 60H- — 2Cr(OH)3 (Equation 6)
2Cr6* + 3Fel + 60H — 2Cr(OH); + 3Fe2+ (Equation 7)

The increase in pH caused by iron corrosion (Equation 3) is thus beneficial in
removing Cr(III) from solution.

When present in the environment, it is possible for the various species of Cr(VI),
and Cr(III) to be sorbed to soils and sediments. It has been shown that Cr(VI) can be reduced to
Cr(Ill) spontaneously by soil organic matter and/or by microorganisms under reducing
conditions (Wang et al., 1989; Ishibashi ef al., 1990; Yamamoto ef al., 1993). Similarly, it has
been shown that U(VI) can be reduced to U(IV) by microorganisms (Lovely and Phillips, 1992a
and 1992b; Gorby and Lovely, 1992; Thomas and Macaskie, 1996). Once Cr(VI) is reduced to
Cr(III) whether by soil organic matter or zero-valent iron, it is highly unlikely (due to kinetic
constraints) for it to be oxidized once again. Only in the presence of freshly precipitated
manganese oxides (MnO,) or a strong oxidant like Fenton’s reagent (hydroxyl radicals) can
Cr(IIT) be reoxidized.

Fe(0) has shown significant promise in reducing, and thus removing from solution,
Cr(VI) (e.g., Blowes et al., 1995; Powell et al., 1995; Gould, 1982). Presently, however, only
one field site (Elizabeth City, NC, Coast Guard site) exists where a reactive Fe(0) barrier is
being evaluated to contain and remediate a groundwater plume contaminated with both Cr(VI)

and TCE. (Morrison and Spangler, Roy E. West Geotech, Grand Junction, CO).

1.2.1.2 URANIUM REMOVAL USING ABIOTIC PROCESSES

Uranium generally exists as the uranyl cation (U022+) in soils and groundwaters. It
is tightly bound to soil and aquifer media at pH values greater than 6.0. However, it can be
complexed by sulfate and organic ligands as well. Longmire ef al. (1990) found that the

predominant species in acidic uranium mill tailings deposits of New Mexico and Colorado was
uranyl disulfate, UOZ(SO4)22'; uranyl sulfate aqueous complex, UOz(SO4)0, uranyl divalent

cations, and uranyl biphosphate, UOz(HPO4)22'; in that order. Once U(VI) is reduced to U(IV),
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it becomes much less mobile, similar to chromium. Immobilization is caused by the
precipitation of uranium dioxide, and by strong sorption of U(IV) species to soils and
sediments. Similar to Cr(III), once uranium has been reduced, it is not likely to become
mobilized again unless the pH is reduced or a strong oxidizing agent is encountered. Treatment
with zero-valent iron removes dissolved oxygen and increases the pH; both conditions which
aid the chemical reduction of chromium and uranium and which keeps them immobilized.
Hexavalent uranium can also be reduced to the less mobile U(IV) form which is

removed from solution as the oxide under most conditions:

Ub* + 2¢- — U+ (Equation 8)

U4+ + 40H — UO, + 2H,0 (Equation 9)

Here again, the increase in pH caused by Fe(0) corrosion (Equation 3) is conducive

to U(IV) precipitation from solution (Lovely and Phillips, 1992a; Morrison et al, 1995;
Thomas and Macaskie, 1996).

Unfortunately, no reports in the literature describe the use of reactive Fe(0) barriers
to reduce and remove U(VI), although a pilot facility in Durango, CO, is presently being tested
(S. Morrison of Roy E. West Geotech, Grand Junction, CO).

1.2.1.3 REMOVAL OF POLYCHLORINATED ORGANICS USING ABIOTIC PROCESSES

Polychlorinated organics can also be reduced using the e~ generated by iron
corrosion by replacing Cl atoms with hydrogen atoms. This form of reductive dechlorination is
termed hydrogenolysis (Vogel et al., 1987). Using carbon tetrachloride (CT) as an example,
first chloroform (CF) and then dichloromethane (DCM) are formed:

CCly + 2e-+ H* - CHCI3 + CI- (Equation 10)
CHCIj3 + 2e- + HY — CH,Clp + CI (Equation 11)

Several researches have shown that DCM is a "dead-end" product of abiotic
treatment of CT or CF with Fe(0) (Helland et al., 1995; Matheson and Tratnyek, 1994). Thus,

while abiotic processes are able to reduce some organic compounds, the process often results in
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endproducts which are toxic, themselves. As such, there are limitations to the use of abiotic
processes alone in the remediation of organic compounds from the environment.

TCE is reportedly converted to ethene by hydrogenolysis using Fe(0), generally
without the build-up of intermediates (Orth and Gillham, 1996), although trace amounts of
chlorinated acetylenes could be formed by TCE dihaloelimination (Roberts ef al., 1996). A
simplified stoichiometry for TCE hydrogenolysis would be:

CHCl = CCl, + 6¢- + 3H* — CH, = CH, + 3CI- (Equation 12)

3Fe0 — 3Fe2* + 6e- (Equation 13)

CHCI = CCl; + 3Fe0 + 3H* — CH, = CH; +3Fe2* + 3CI- (Equation 14)

Unfortunately, the fact that each of the above reactions is thermodynamically
feasible does not guarantee that the reactions are feasible for the removal of such compounds
from solution using only abiotic processes. The contaminants must be sufficiently reactive that
suitable transformation take place during the time the contaminated groundwater flows through
the treatment zone. Moreover, observed removal rates may reflect a number of processes other
than chemical reaction at the Fe(0) surface, including mass transport to the surface, adsorption
of reactants, and desorption and mass transport of products from the surface (Helland et al.,
1995). A positive correlation has been suggested between the mixing rate in batch reactors and
reductive dechlorination rate (Matteson and Tratnyek, 1984), presumably due to faster mass
transport resulting from the decreased thickness of the diffusion layer. That removal rates
might be mass transfer rather than reaction limited, suggests the importance of enhancing

contact between Fe(0) and the target contaminant.

1.2.2 B10TIC PROCESSES
1221  BIOTIC REMOVAL OF CHROMIUM AND URANIUM

Biotic reduction of Cr(VI) and U(VI) may be indirect or direct. Microbes can be
indirectly responsible for metal reduction by producing relatively strong reductants like H,S
from SO, and Fe(Il) from Fe(III). In most cases, abiotic reduction using HS and Fe(Il) is

much slower than direct biotic reduction (Kriegman-King and Reinhard, 1994; Doong and Wu,
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1992). A number of studies have shown that several microorganisms can directly
(intracellularly) reduce Cr(VI) to Cr(III) using Cr(VI) as an electron acceptor during microbial
respiration (Wang et al., 1989; Ishibashi et al., 1990; Yamamoto et al., 1993). Similarly, it has
been shown that U(VI) can be reduced to U(IV) by microorganisms (Lovely and Phillips, 1992a
and 1992b; Gorby and Lovely, 1992; Thomas and Macaskie, 1996). For the most part, metal
reductases have been implicated in these studies. However, there is evidence that such metals
can be used as electron acceptors for growth (Ormerod, 1991). These organisms, GS-15 and

Shewanella putrefaciens, can also use nitrate and Fe(III) as terminal electron acceptors.

1.2.2.2  B10TIC PROCESSES FOR REMEDIATING HALOCARBONS

It has also been shown that a variety of microbes can catalyze the reduction of many
chlorinated hydrocarbons. A variety of chlorinated aliphatic hydrocarbons are biotransformed
by pure and mixed methanogenic (Bagley and Gossett, 1996; Bouwer ef al., 1981; Bouwer and
McCarty, 1983; Gossett, 1985; Egli et al, 1987; Hughes and Parkin, 1996; Krone et al.,
1989a;b; Mikesell and Boyd, 1990) and non-methanogenic, anaerobic cultures (Egli et al.,
1987; Egli et al, 1988; Galli and McCarty, 1989; Egli et al., 1990; Fathepure and Tiedje,
1994). Unfortunately, however, with most biological reactions, when reductive dechlorination
is the dominant pathway, intermediates will accumulate (e.g., chloroform and dichloromethane
from CT biotransformation; vinyl chloride and the dichloroethenes from TCE and PCE
biotransformation). These metabolites are often of more concern than the parent compounds,
and thus, the art remains limited with respect to biological treatment of chlorinated
hydrocarbons. It should be noted, however, that tetrachloroethene (PCE) and TCE can be used
as electron acceptors for growth of some anaerobic organisms with the end products being
ethene or ethane (Holliger ez al., 1993; Holliger, 1995; Scholz-Muramatsu ef al., 1995).

Anaerobic conditions are required to produce the Hp from F(0) corrosion and
support the growth of useful anaerobic bacteria. Dissolved oxygen, which may be present is
some aquifers, is toxic to anaerobes and may inhibit their activity. Nevertheless, oxygen is

quickly depleted by aerobic corrosion of Fe(0) as shown by Helland e al. (1995):

2Fe0 + Oy + 4H* — 2Fe2+ + 2H,0 (Equation 15)
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This reaction induces anoxic conditions that are favorable for anaerobic

biotransformations.

1.2.2.3  CHLORINATED SOLVENTS

Chlorinated solvents such as trichloroethylene (TCE), heavy metals such as
hexavalent chromium, and radionuclides such as hexavalent uranium, are among the most
common contaminants found at DOE sites (Riley ef al., 1992). Mixtures of such contaminants
have been found in soils and sediments at 11 DOE facilities and in the groundwater at 29 sites.
While numerous physical-chemical and biological processes have been proposed to manage
DOE contaminated sites, many of these approaches are only marginally cost-effective and/or
have detrimental side effects on environmental quality, particularly pump-and-treat processes
(National Academy of Science, 1992). Consequently, there is a need to develop improved
alternatives for the remediation of sites containing these contaminants.

One alternative was the use of elemental (or zero-valent) iron (Fe(0)) in the
development of strictly abiotic processes. Although the reactivity of Fe(0) with chlorinated
compounds was recognized as early as 1925 (Rhodes and Carty, 1925), only recently has this
process received considerable attention for treating waste chlorinated solvents (e.g., Gillham
and O’Hannesin, 1994; Johnson ef al., 1996; Sweeny et al., 1980). Reducible heavy metal ions
(e.g., hexavalent chromium) and nucleotides (e.g., hexavalent uranium) can also be removed
from aqueous solution by reduction and subsequent precipitation using Fe(0) as the sacrificial
metal (i.e. “cementation”) (e.g., Gould, 1982; Khudenko, 1987; Rickard and Fuerstran, 1968).
Results from laboratory and pilot studies awakened considerable national and international
interest in the use of Fe(0) as a reactive material (so-called reactive Fe(0) barriers) to minimize
subsurface migration of such reducible contaminants. Passive, semipermeable reactive walls
are also particularly attractive in that they conserve energy and water, and through long-term
low operating and maintenance costs, are considerably less costly than conventional cleanup
methods.

Nevertheless, knowledge on the applicability and limitations of reactive Fe(0)
barriers is limited, and the feasibility of this process to treat mixtures of chlorinated solvents,
heavy metals, and radionuclides has not been demonstrated in the art. One limitation of abiotic

reduction with Fe(0) alone to remove some polychlorinated compounds such as carbon
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tetrachloride is the accumulation of transformation products of equal or perhaps greater toxicity
(Helland et al., 1995; Matheson and Tratnyek, 1994; Roberts ef al., 1996).

Several reports have suggested that a wide variety of microbes can facilitate
reductive dechlorination of polychlorinated organics (see e.g., Bouwer efal, 1981; Krone
et al., 1989a;b; Holliger et al., 1993; Vogel et al., 1987). Some microbes have also been shown
to facilitate the reduction and immobilization of reducible heavy metal ions, e.g., Cr(VI) (Wang
et al., 1989) and radionuclides e.g., U(VI) (Lovely and Phillips, 1992a; 1992b). Anaerobic
microorganisms have also been shown to respire nitrate and sulfate originating from waste
acids at uranium mill tailings (e.g., Durango, CO, and Tuba City, AZ), which is a major
challenge facing the Uranium Mill Tailing Remediation Act (UMTRA) program. However, the
availability of appropriate primary substrates has limited the success of these biotic
transformations in situ. In particular, many of these contaminants are toxic to a variety of
bacterial strains when present at high concentrations, and the rate of remediation by these

organisms has been disappointing.

1.3 DEFICIENCIES IN THE PRIOR ART

There are several chemical and biological technologies that remove nitrates, and
other inorganic compounds as well as organic compounds from water and wastewaters.
However, these processes are marginally cost-effective and/or have detrimental side-effects on
water quality. For example, physical-chemical processes involving membrane filtration
technologies or ion exchange resins are often prohibitively expensive and merely transfer the
inorganics, such as nitrates, from one phase to another, thus creating a disposal problem, and
creating large quantities of brines.

While biological denitrification processes can convert nitrate to innocuous
dinitrogen gas and are typically less expensive, they have adverse side-effects on water quality
due to residual organic compounds used to support heterotrophic biological activity and
excessive biomass production potentially contaminating the treated water. Therefore, what is
lacking in the prior art are effective means for the bioremediation of aqueous environments,
particularly with respect to denitrification and the removal of organic compounds such as

halocarbons, using systems which do not adversely affect the water quality.
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Unfortunately, the efficacy of strictly abiotic processes relying on Fe(0) alone is
limited by (site-specific) slow rates of reaction and by the accumulation of products of equal or
greater toxicity than the pollutants to be remediated (Matheson and Tratnyek, 1994; NRC,
1994; Roberts er al, 1996). Early work by scientists suggested the coupling of anaerobic
oxidation of Fe(0) to a reduction of chloroform was possible using methanogenic bacteria, but
no evidence suggested the use of such synergistic processes for inorganic compounds, or

organic compounds other than chloroform (Weathers ef al., 1995a;b)

2.0 SUMMARY OF THE INVENTION

The present invention overcomes these and other limitations in the prior art by
combining Fe(0) technologies with hydrogenotrophic microorganisms to exploit favorable
biogeochemical interactions to detoxifying a variety of inorganic and organic compounds. The
inventors’ suprising finding that such biogeochemical interactions could facilitate the reduction
of not only inorganic and metal-ion containing compounds, but also haloaromatic,
nitroaromatic, and organic pesticides has facilitated a revolutionary advance in the area of
microbial-based bioremediation methods. Disclosed and claimed herein are devices and
methods for the bioremediation of environmental sites and aqueous solutions using a
synergistic combination of biotic and abiotic processes. In particular, the invention concerns
iron-supported autotrophic methods which utilize a device comprising a composition containing

zero-valent iron and a culture of one or more species of hydrogenotrophic bacteria to remove

target contaminants.

21 HYDROGENOTROPHIC BACTERIAL/ZERO-VALENT IRON DEVICES

In a first embodiment, the invention concerns a device which comprises a
composition of zero-valent iron and a culture of one or more hydrogenotrophic bacteria. The
hydrogenotrophic bacteria preferably comprise one or more species of bacteria selected from
the group consisting of Acetobacterium spp., Achromobacter spp., Aeromonas spp.,
Acinetobacter spp., Aureobacterium spp., Bacillus spp., Comamonas spp., Dehalobacter spp.,
Dehalospirillum spp., Dehalococcoide spp., Desulfurosarcina spp., Desulfomonile spp.,
Desulfobacterium spp., Enterobacter spp., Hydrogenobacter spp., Methanosarcina spp.,

Pseudomonas spp., Shewanella spp., Methanosarcina spp., Micrococcus spp., and Paracoccus
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spp.  Alternatively, hydrogenotrophic bacteria present in anaerobic sludge or anaerobic
sediments may also be used in the practice of the invention.

Exemplary hydrogenotrophic bacteria include one or more strains of bacteria selected
from the group consisting of Acetobacterium woodi, Aeromonas hydrophila, Aeromonas
sobria, Alcaligenes eutrophus, Comamonas acidovorans, Dehalococcoide restrictus,
Dehalococcoide  multivorans, — Dehalococcoide  ethenogene, Desulfobacterium tiedje,
Enterobacter agglomerans, Hydrogenobacter thermophilus, Methanosarcina barkeri,
Methanosarcina mazei, Methanosarcina thermophila, Paracoccus denitrificans, Pseudomonas
aureofaciens, Pseudomonas maltophilia, Pseudomonas mendocina, and Shewanella
putrefaciens.

In illustrative embodiments, the inventors have shown that hydrogenotrophic bacterial
strains such as Paracoccus denitrificans ATCC17741, Paracoccus denitrificans ATCC35512,
Paracoccus  denitrificans ATCC13543, or Paracoccus denitrificans ATCC19367 are
particularly useful in formulating the compositions of the invention. In certain embodiments,
the inventors contemplate the use of a mixed culture of one or more of the disclosed
microorganisms. Such mixed cultures may comprise two or more hydrogenotrophic organisms,
and may also include one or more strains, species, or genera of non-hydrogenotrophic bacteria.

The zero-valent iron of the composition is preferably iron, iron alloy, or iron bimetal. in
It may be in the form of metal filings, shavings, turnings, powder, mesh, steel wool, beads,
rods, or pellets (exemplary sources include e.g., Malinkrodt, Fisher Scientific, Master Builder,
Aldrich Chemical Co., scrap metal suppliers, and the like). Iron bimetallics, composed of a
combination of Fe(0) and any of the following: Ni(0), Zn(0), Pt(0), and Pd(0), are also desirable
for the compositions and processes of the invention, as are iron-based metallic alloys. The
metal may be immobilized in a gel, matrix, or other medium, may be in combination with one
or more zeolites or minerals, and may be embedded, or immobilized onto glass, ceramic, cloth,
plastic, fiber, non-metal, metalloids, crystals, polymers, and the like. In fact, any formulation
of the zero-valent iron which permits contact with or proximity to the hydrogenotrophic
bacterial culture, and which permits or facilitates the oxidation of the metal and the liberation of
hydrogen gas to be uptaken and utilized by the bacterial culture is contemplated by the

inventors to be useful in formulating the particular iron-culture composition.
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In preferred embodiments the culture of hydrogenotrophic bacteria (either alone or in
combination with other microorganisms) is immobilized, mixed with, or in close proximity to
the solid or semi-solid substrate(s) that comprise the Fe(0) compound. The solid substrate may
be, but is not limited to, matrices, columns, chromatographic media, glass or plastic beads,
plates or surfaces, acrylic beads, acrylamides, polyacrylamides, beaded agarose, Sepharose,
tubing, vials, metal supports, mesh, fibers, polymers, ceramics, or cloth and the like. The Fe(0)
component may be attached to the solid substrate by any suitable means known to those of skill
in the art. Alternatively, the iron itself, or the device housing may serve as a substrate for the
growth of the bacterial cells. The device may be a cartridge, a filter, a vessel (including e. g,a
reactor, flask, beaker, funnel, bottle, cannister, or tank), a flow-through tubing, radiator,
fermenter, or such like. In the case of in situ remediation, the device may be comprised within
a system or remediation apparatus, and may comprise a reactive barrier, a membrane, a
cylindrical barrier, a gate-and-funnel apparatus, or any other apparatus suitable for placement in
an environmental site, and suitable for providing a means for containing the bacterial--Fe(0)
composition within the device.

The Fe(0)-containing compound may typically be present at a concentration of from
between about 1% and about 99%, more preferably from between about 10% and about 80%, or
more preferably from between about 15% and about 50% or so by weight. The iron compound
may be alone, or may be added to a porous medium or semi-porous substrate. This medium
may contain one or more aluminosilicate minerals (e. g., bentonite, montmorillonite, kaolinite,
gibbsite, microline feldspar, albite feldspar) to enhance proton generation at the Fe(0) surface
and accelerate corrosion, as described by Powell ef al. (1997). The porous medium may also be
amended with one or more zeolite minerals to retard the movement of halogenated and nitrated
organic contaminants through reactive barriers. This increases both retention time and the
removal efficiency. The medium may be formulated to promote adherence by the bacterial
culture to the iron substrate, and may be formulated to promote growth or survival of the
bacterial culture. Optionally, the medium may be formulated to contain one or more antifungal,
antiviral, or antiparasitic agents to retard or prevent the growth of fungi, virus, or parasites in
the composition. Also optionally, the composition may be augmented to provide one or more
nutrients, vitamins, minerals, or substrates for utilization by the microbial colony. In certain

instances, sorbants, such as charcoal, zeolites, or the like, may be added to the composition.
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2.2 METHODS FOR BIOREMEDIATION

In a second embodiment, the invention provides methods for detoxifying,
decontaminating, altering, removing or reducing the concentration of one or more organic or
inorganic compounds from an aqueous solution, leachate, runoff, aquifer, groundwater, surface
water, well water, an environmental site, soils, and/or agricultural or industrial sources. In
particular, compositions and methods are provided for removing, detoxifying, or reducing the
concentration of one or more inorganic or organic compound (including nitrates, nitrites,
sulfates, sulfites, strontium-, cesium-, chromium- and uranium-containing compounds,
halocarbons, haloaromatics, nitroaromatics, and compounds containing one or more nitro- or
nitroso- groups) from one or more such site. The methods encompass both in situ and ex situ
remediation procedures, and provide both apparatus for large-scale remediation, and devices for
remediation of particular pollutants. The inorganic and organic compounds may be naturally
occuring pollutants, or may be introduced into the site by the hand of man. The compounds
may be present in one or more sites, and may be present in such sites either in pure or nearly-
pure form, or may be present along with a plurality of toxic or polluting compounds. Examples
of such pollutants may include herbicides, pesticides, industrial chemicals, chemical
manufacturing byproducts, byproducts of natural decomposition processes, human or non
human wastes, landfill components, mining wastes or runoff, agricultural leachates, industrial
runoff, fertilizers and fertilizer byproducts, poisons, and the like. Such pollutants may be
present in an enviromental site as the result of a chemical spill, industrial or agricultural
accident, pipeline and storage tank failures, derailment of train cars, accidents involving
motorized transport of chemicals, explosions, storage tank ruptures, acts of sabotage, and the
like.

In an overall and general sense, the methods of the invention generally involve
identifying or selecting an aqueous solution or a soil sample or an environmental site that is
known to contain, or suspected of containing, or shown to contain, or shown to be susceptible
to pollution by, one or more of the inorganic or organic contaminants as disclosed herein, and
contacting the solution, soil, or site with a composition comprising a culture of one or more
hydrogenotrophic bacteria and a zero-valent iron composition. The aqueous solution may be

present in a pipeline, a water or sewage treatment facility, an aqueduct, drainage pond, settling
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basin, reservoir, storage vessel, or other man-made facility or the like. Alternatively, the
aqueous solution may be an environmental site such as a lake, creek, river, stream, aquifer,
pond, drainage ditch, or part of an agricultural area, irrigation system, industrial waste facility,
landfill, or the like. The environmental site may include any of these areas, and may also
include soils, subsurface areas, aquifer recharge zones, leachate areas, embankments in
proximity to agricultural sites, water sources, groundwaters, wells, and the like. The
environmental site may be defined as, or may be in proximity to, an industrial plant, a treatment
plant, a mine, or mining facility, a processing plant, a construction site, a ranch, farm, or
cultivated region, a potable or non-potable water supply, a pipeline or utility supply region,
sewage facilities, drains, or pipelines, culverts, basins, storm drains, or flood plain control
systems. In fact, the inventors contemplate that any site or aqueous solution that is suspected of
containing, or is susceptible to pollution by, or is in proximity to a region either contaminated
with, or polluted by, one or more inorganic and organic compounds may be a site chosen for
remediation using the disclosed methods and compositions.

In certain embodiments, it will be preferable to provide devices which comprise the
disclosed compositions to a source to be remediated. This is particularly preferred with the
treatment methods are in situ, such as reactive barriers, and the like which are placed into a
particular polluted site. Alternatively, where ex situ treatment is desired (e.g., in the treatment
of water supplies, pipelines, drainage or collection facilities, storage tanks, sewage treatment
plants, erc.) the inventors contemplate the use of the compositions in the manufacture of
apparatus and water treatment devices to detoxify such systems. This is particularly desirable
in the manufacture of water treatment cartridges, treatment facility machinery, and other
apparatus which may be utilized to treat a contaminated sample not present in its native
environment.

In one embodiment, the invention provides a method for removing or detoxifying
nitroaromatic compounds from an aqueous solution. The method generally involves contacting
an aqueous solution suspected of containing a nitroaromatic compound (such as trinitrotoluene,
RDX, HMX, 2-aminodintrotoluene, 4-aminodinitrotoluene, and parathion) with a composition
consisting of a culture of one or more hydrogenotrophic bacteria and an Fe(0) composition.

In a further embodiment, the invention provides a method for removing or

dehalogenating a halocarbon in an aqueous solution. This method generally involves
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contacting an aqueous solution suspected of containing a halocarbon, such as chlorinated
benzenes, trichloroethylene, perchloroethylene, dichloroethylene, vinyl chloride, chloroethane,
bromoform, dichlorodifluoromethane, trihalomethanes, tetrachlorodibenzodioxin
pentachlorophenol, chlorobenzoates, atrazine, 1,1,1-TCA, CCl,, CHCl;, DCM, or a PCB, with
a composition comprising one or more autotrophic bacteria and an Fe(0) composition.

A further aspect of the invention is a method for removing, detoxifying, or reducing
the concentration of a poison, herbicide fungicide, nematocide, or pesticide in an aqueous
solution or an environmental site. This method generally involves contacting the solution or
site suspected of containing such a chemical with a composition comprising one or more
hydrogenotrophic bacteria and Fe(0). Exemplary pesticides remediable by these methods
include methoxyclor, alachlor, metolachlor, lindane, DDT, DDE, DDD, dieldrin, aldrin,
heptachlor, chlordane, 2,4-dichlorophenoxyacetic acid, 2,4,5-trichlorophenoxyacetic acid and
atrazine.

In another embodiment, the invention provides a method for detoxifying, removing
or reducing the concentration of redox-sensitive metal ions, such as strontium (II), cesium (I),
chromium (VI), uranium (VI), technetium ( ), silver (I), or mercury (II) ions in an aqueous
solution or an environmental site. This method generally involves contacting the solution or
site suspected of containing one or more of such ions, either free in solution or complexed by
organic ligands, with a composition comprising one or more hydrogenotrophic bacteria and
Fe(0).

In a further embodiment, the invention provides a method for removing,
detoxifying, or reducing the concentration of an inorganic compound such as nitrite, nitrate,
sulfite, or sulfate in an aqueous solution or an environemental site. This method comprises
contacting the solution or site suspected of containing such an inorganic compound with a
composition comprising one or more hydrogenotrophic bacteria and Fe(0).

Another aspect of the invention is a method for reducing a nitroaromatic or a
haloaromatic compound in a sample. The method involves selecting or identifying a sample
that contains or is suspected of containing one or more such compounds with a composition
comprising one or more hydrogenotrophic bacteria and Fe(0).

The present invention further provides methods for the bioaugmentation of in situ

reactive permeable barriers, packed or fluidized bed reactors for industrial wastewater or
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landfill leachate treatment, sand filtration technologies for drinking water treatment, anaerobic
digestion for sludge treatment, cylindrical reactive barriers surrounding groundwater wells for
well head protection, and combinational approaches using membrane technologies well-known
in the art for purification and treatment of water, and in particular, municipal, potable, or water
suitable for animal and human consumption.

The efficiency of each method may be calculated as the ratio of the amount of
contaminant removed divided by the amount of contaminant initially present in the sample.
The rate of decomination may be estimated as the amount of contaminant removed divided by
its retention time in the particular treatment zone utilized for remediation. The amount of
contaminants present in a site and the amount remaining in a site following treatment may be

measured using standard analytical techniques developed for each of the particular

contaminants.

23 APPARATUS AND DEVICES FOR SYNERGISTIC BIOREMEDIATION

The inventors contemplate at least two different approaches for employing the
present methods for the bioremediation of water, agricultural extracts or soil leachates, surficial
sediments, surface waters, aquifers, groundwaters, springs, and other environmental aqueous
areas contaminated with pollutants which are remediable utilizing these methods.

In one embodiment, the invention provides in situ remediation methods, and in
particular, the use of permeable and semipermeable barriers. In situ permeable barriers, such as
those described in Great Britain Patents GB 2238533A and GB 2255081A represent illustrative
embodiments adaptable to the methods of the present invention. The disclosed technique is
substantially improved using the present method through the pumping of bacteria either into the
groundwater up-gradient from the permeable barrier, or directly into the barrier (FIG. 15A,
FIG. 15B, and FIG. 15C). Preferred permeable barrier dimensions range from about 2 to about
6 ft thick, about 25 to about 50 ft long, and from about 15 to about 30 ft deep.

In another embodiment, the invention provides methods and apparatus comprising a
treatment wall in a trench. In the simplest case, a trench of the appropriate width can be
excavated to intercept the contaminated strata and backfilled with reactive material. The
reactive material would consist of Fe(0) mixed with some of the alumniosilicate and/or zeolite

minerals and with some anaerobic hydrogenotrophic bacteria mentioned previously (FIG. 2).
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Shoring of the trench and use of an appropriate slurry or steel sheet piling may be
required for excavation to depths greater than 10 feet. Unlike conventional approaches for
groundwater cut-off walls that utilize a soil-bentonite slurry, installation of permeable treatment
walls may require the use of biodegradable polymers instead of bentonite or cement to avoid
the problem of plugging the wall with residual slurry material (Vidic and Pohland, 1996).

To overcome potential limitations to the life expectancy of the added Fe(0), the
reactive media can be placed in the subsurface in removable cassettes, as described by MSE
(1996). A temporary sheet pile box or a larger diameter caisson can be installed into the
subsurface and the screen panels can be placed on the up- and down-gradient sides, while
impermeable panels are placed on the lateral sides. Steel rail guides for the cassettes are
installed within this interior compartment and the temporary sheet piles or caisson are removed.
The cassette can be a steel frame box (e.g., 8 ft long, 5 ft wide, 1.5 ft thick) with two opposing
screened sides and two impermeable sides which is filled with the reactive media and lowered
into the cavity. By allowing replacement of cassettes with depleted reactive media, the
remediation system operation life can be extended near indefinitely.

In a further embodiment, the invention provides methods and apparatus using an
injected treatment zone. A treatment zone which (unlike the treatment wall) is not confined
within strict boundaries can be established by using injection wells or by hydraulic fracturing
(FIG. 3).

Well systems typically involve injection of fluids or fluid/particulate mixtures for
distribution into a treatment zone within the target area of the aquifer (Vidic and Pohland,
1996). Potential advantages of this approach are that there is no need to construct a trench and
possible aquifer access at greater depths.

In a further embodiment, the invention provides methods and apparatus using a
“funnel and gate” system: In these embodiments, low-permeability cut-off walls (e.g., 10
cm/s) could be installed with gaps that contain in situ reactive zones (FIG. 4). Cut-off walls (the
funnel) modify flow patterns so that groundwater primarily flows through high conductivity
gaps (the gates). The cut-off wall could be slurry walls, sheet piles, or solid admixtures applied

by soil mixing or jet grouting. The gate would consist of a treatment wall similar to those

described above.
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Alternatively, in situ remediation may be achieved using barrier technologies such
as that of and the compositions of the present invention may also be placed in the path of a
contaminant plume, either on a trench (O’Hannesin and Gillham, 1992), buried as a broad
continuous curtain (Blowes et al., 1995), or injected as colloids (Kaplan et al., 1994).

In general, these methods involved the use of a large plastic wall or retainer, which
is inserted into the subsurface, for example, in a “funnel and gate” design. This method permits
the installation and removal of one or more cartridges into the system, without the need for
changing the entire system. In this scheme, the inventors contemplate utilizing one or more
cartridges which each comprise an Fe(0) substrate and an autotrophic bacterial population.
Then, if the bacterial culture or iron substrate needs amending, replenishing, or replacement, the
cartridge may be retrieved and a new one re-inserted with fresh substrate and microorganisms.
When indicated, natural zeolite materials may be used within the matrix of these reactive
barriers to sorb target pollutants and allow for a longer retention time, thus allowing for thinner
barriers.

The second general embodiment concerns ex situ treatment methods and devices.
Ex situ treatment includes various bioreactor modes and schemes such as sequencing batch
reactors (SBR) (FIG. 16), fluidized beds (FIG. 17), and flow-through packed columns (FIG.
18).

The SBR is a periodically operated batch, fill-and-draw reactor containing a support
structure for Fe(0) and the bacteria (FIG. 13). Each reactor in an SBR system has five discrete
cycles in each cycle. For a nitrate removal scheme these would include, (i) fill/deoxygenate,
anaerobic stir and react, (iii) settle, (iv) decant, and (v) idle, cycle adjustment and waste sludge.
An advantage of this type of treatment scheme is the flexibility in reaction times depending on
the waste being treated. Fluidized bed (FIG. 14) and flow-through packed columns (FIG. 15)
are attached growth reactors where contaminated water is continuously pumped through a
reactor containing Fe(0) and bacteria. In a fluidized bed reactor, a fine-grained iron would
serve as the support media for bacterial growth. Fluidization significantly increases the specific
surface area and allows for high biomass concentrations in the reactor. It also reduces the
clogging potential when the contaminated fluid contains suspended solids. Flow-through

packed column reactors contain Fe(0) support structures to allow for biological growth and

attachment.
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In general, the inventors contemplate that any apparatus which comprisies at least a
first inlet port, at least a first outlet port and at least one compartment that comprises an Fe(0)-
hydrogenotrophic bacterial composition may be developed to remediate target pollutants from
an aqueous solution passed through the device. Exemplary devices include flow-through
bioreactors and fluidized bed reactors. These devices may also include cartridges or self-
contained modules which form a part of a larger apparatus designed for the treatment of a water
source or aqueous supply. Such devices may be combined with other water treatment devices,
or may be placed inline with one or more additional water purifying devices as part of an
apparatus such as a water purificationsystem, a wastewater or sewage treatment system, or any
system designed to remove or reduce the concentration of inorganic and/or organic compounds
in an aqueous solution.

Also disclosed is an apparatus for denitrifying an aqueous solution. The apparatus
generally consists of one or more devices, each device comprising a culture of one or more
autotrophic bacteria, an Fe(0) composition, and a container means for contacting the solution
with the bacteria in the presence of the Fe(0) composition in such a device. Exemplary
apparatus include sequencing bactch reactor, a continuous culture system, a water treatment
plant, a sewage treatment facility, a water purifying system, a wastewater treatment facility, or a
detoxification system for aqueous solutions.

A further aspect of the invention is a semipermeable reactive barrier used for
denitrifying groundwater in situ. This device generally consists of an in-ground barrier onto
which a culture of one or more autotrophic bacteria and an Fe(0) composition is provided. The
groundwater is in contact with the bacteria and the Fe(0) composition, such that the pollutants
present in the water are remediated via the synergistic abiotic and biotic processes disclosed
herein. Illustrative examples of compounds which may be remediated by such devices include
nitrogen- or sulfur-containing compounds such as nitrate, nitrite, sulfate, and sulfite, and
compounds containing one or more redox-sensitive metal ions such as mercury, strontium,
technetium, silver, cesium, chromium, and uranium.

The present further provides compositions for use in the apparatus and devices used
in situ and ex situ for the remediation of toxic compounds from aqueous environments. Such

Fe(0)-bacterial compositions are useful in devices such as flow-through reactors, biofermenters,
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reactive barriers, packed or fluidized bed reactors, and the like which are useful in the practice
of the methods disclosed herein.

The solid support used in the composition may be in the form of an apparatus or
device which comprises a chamber, one or more inlet ports, one or more outlet ports, and a
matrix within the chamber to which the Fe(0) and bacterial cells are in proximity. In an
illustrative embodiment, the inventors passed a solution containing nitrate over a column
containing Fe(0) and a culture of autotrophic denitrifying bacteria, and nitrate was removed

from solution via the combined biotic/abiotic processes which occurred in the flow-through

bioreactor.

3.0 BRIEF DESCRIPTION OF THE DRAWINGS

The following drawings form part of the present specification and are included to
further demonstrate certain aspects of the present invention. The invention may be better
understood by reference to one or more of these drawings in combination with the detailed
description of specific embodiments presented herein.

FIG.1. An example of a treatment wall using a ditch configuration (from Vidic
and Pohnand, 1996).

FIG.2. An example of an injected treatment zone (from Vidic and Pohnand,

1996).

FIG.3. An example of a funnel and gate system (from Vidic and Pohnand,
1996).

FIG.4A. CT degradation with concomitant CF production (after Weathers and
Parkin, 1995).

FIG.4B. CT degradation with concomitant CF production and subsequent
degradation (after Weathers and Parkin, 1995). The degradation process is faster and more
complete with the Fe(0)-methanogen combination.

FIG.S. Chlorinated methanes remaining after 68 h. About one-half of the added
CT (200 nm) was converted to dechlorinated products (e.g., formate, CO, and CO;). Product

distribution changed significantly with more complete dechlorination with the iron-methanogen

combination.
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FIG.6. Removal of CF in steel-wool columns (after Weathers et al., 1997). The

iron-methanogen combination consistently removes more CF, and the process appears to be
sustainable.

FIG.7.  Effluent methane concentration in steel-wool columns (after Weathers
etal., 1997). A healthy population of methanogens was established while removing 1.5 uM of
CF.

FIG.8.  Laboratory apparatus for flow-through aquifer columns.

FIG. 9A-FIG. 9B. FIG. 9A. Autotrophic growth of P. denitrificans ATCC 17741
in a dual flask apparatus was coupled to Fe(0) corrosion and nitrate reduction. FIG. 9B. Flask
A contained metallic iron and water, and flask B contained nitrate-amended, carbonate-buffered
medium inoculated with bacteria.

FIG. 10A. CF degradation in batch reactors containing 2 g of iron filings and killed
or live cells, or mineral medium. Filled symbols indicate treatments that were not amended
with iron. All incubations received CF except those designated CF free.

FIG. 10B. DCM formation in batch reactors containing 2 g of iron filings and killed
or live cells, or mineral medium. Filled symbols indicate treatments that were not amended
with iron. All incubations received CF except those designated CF free.

FIG. 10C. Hydrogen evolution and utilization in batch reactors containing 2 g of
iron filings and killed or live cells, or mineral medium. Filled symbols indicate treatments that
were not amended with iron. All incubations received CF except those designated CF free.

FIG. 10D. Methane production in batch reactors containing 2 g of iron filings and
killed or live cells, or mineral medium. Filled symbols indicate treatments that were not
amended with iron. All incubations received CF except those designated CF free.

FIG.11. CF degradation and DCM production in batch reactors amended with
hydrogen.

FIG. 12A. Hydrogen evolution and utilization in batch reactors containing 2 g of
iron filings. None, inhibitor-free control; BESA, 50 mM BESA; Van, 100 mg/L vancomycin;
BESA + Van, 50 mM BESA and 100 mg/L vancomycin.

FIG. 12B. Methane production in batch reactors containing 2 g of iron filings.
None, inhibitor-free control; BESA, 50 mM BESA; Van, 100 mg/L vancomycin; BESA + Van,
50 mM BESA and 100 mg/L vancomycin
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FIG. 13A. Hydrogen evolution and utilization in batch reactors amended with
hydrogen. DI, deionized water control; None, inhibitor-free control; BESA, 50 mM BESA;
Van, 100 mg/L vancomycin; BESA + Van, 50 mM BESA and 100 mg/L vancomycin.

FIG. 13B. Methane production in batch reactors amended with hydrogen. DI,
deionized water control; None, inhibitor-free control; BESA, 50 mM BESA; Van, 100 mg/L
vancomycin; BESA + Van, 50 mM BESA and 100 mg/L vancomyecin.

FIG. 13C. CF degradation in batch reactors amended with hydrogen. DI, deionized
water control; None, inhibitor-free control; BESA, 50 mM BESA; Van, 100 mg/L vancomycin;
BESA + Van, 50 mM BESA and 100 mg/L vancomycin.

FIG. 14A. CF concentrations in the column reactor effluents. The average influent
CF concentration was 1.61 + 0.49 uM, and the average effluent CF concentration in the glass
bead control column was 1.29 + 0.85 uM.

FIG. 14B. Methane concentrations in the column reactor effluents. The average
influent CF concentration was 1.61 + 0.49 pM, and the average effluent CF concentration in the
glass bead control column was 1.29 + 0.85 uM.

FIG. 15A. Permeable barrier for groundwater remediation.

FIG. 15B. Plan view of the permeable barrier for groundwater remediation. Shown
is 101 Contaminated water, 102 Aquifer, 103 Groundwater, 104 Trench, 105 well and 106 iron
and bacteria reactive wall.

FIG. 15C. Profile view of the permeable barrier.

FIG. 16A-16D. Example of a sequencing batch reactor. FIG. 16A Fill (i)
Deoxygenate, FIG. 16B Anaerobic Sitr (ii), FIG. 16C Settle (iii), FIG. 16D Decant (iv), FIG.
16E Idle, Cycle Adjustment and Waste Sludge (V).

FIG.17. Example of a fluidized bed reactor.

FIG. 18. Example of flow-through packed column device of the present invention.
The column contains a composition comprising Fe(0) and autotrophic bacteria.

4.0 DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

The present invention overcomes limitations in the prior art such as those which rely
on exclusively biotic or exclusively abiotic processes. For example, the invention is superior to
the expensive “green rust” process in two critical areas: 1) the end product of “green rust”

reduction is ammonium ion, which is toxic and pollutes the water source; and 2) “green rust”
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processes have remediation rates which are unsuitable for commercial-scale flow-through
reactors and in situ remediation of leachates.

In contrast, the present invention provides gaseous (volatile) end products which are
dissipated from the aqueous solution or environmental site, and as such, the compositions of the
invention do not foul or pollute a site where it is employed. Likewise, the remediation rates
afforded by the present compositions and methods are substantially higher than those afforded
by “green rust” processes, and are therefore useful in commercial application of in situ or in-
line bioremediation. Moreover, the invention provides an important economical improvement
over the existing art, by utilizing inexpensive, readily-available Fe(0), rather than relying on
expensive or scarce components such as “green rust.”

The invention further provides improvements over the prior art processes which
require extraneous addition of hydrogen gas to fuel systems which rely on purely biotic
processes such as those methods involving hydrogen-utilizing bacteria. A major shortcoming
of these prior art methods is that large-scale H, delivery is neither cost-effective nor readily
accomplished. H, gas is only slightly soluble in water and its hazardous (and explosive)
properties make handling and storage problematic and often prohibitively expensive. The
present invention overcomes these limitations by providing a process in which the production
of H, is accomplished by the concomitant corrosion of Fe(0) substrates in solution. This
invention overcomes these and other prior-art limitations by providing a composition which
comprises Fe(0) and a culture of one or more hydrogenotrophic bacteria to permit the
development of remediation processes which exploit favorable biogeochemical interactions.

The present invention further overcomes limitations of prior art systems which
utilize methanol, a common electron donor, to support autotrophic biotic denitrification. The
stoichiometric requirement for the metabolism of methanol and nitrate is 2.5 mg CH;0H/mg
NO;-N. The diffusion coefficient of methanol is one-half that of nitrate, so in order to prevent
methanol from being flux limiting in biofilm systems, it must be fed at twice the stoichiometric
requirement (i.e. at 5 mg CH;OH/mg NO;-N) (Williamson and McCarty, 1976). This excess
methanol has detrimental side-effects on water quality, such as the production of excess
biomass and the formation of trihalomethanes. Moreover, methanol can cause blindness. Such
side-effects are absent in the present invention through the use of Fe(0) as a source for the

production of hydrogen gas . Hydrogen gas offers a second advantage over prior art methods,
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due to its higher diffusivity in aqueous media. Therefore, the accumulation of toxic compounds

such as trihalomethane, and the need for disinfecting excess biomass is eliminated when

employing the processes of the present invention.

4.1 DEFINITIONS
The following words and phrases have the meanings set forth below:

a, an: In keeping with the well-established precedent in patent law, the use of the articles
“a” and “an” are intended in all instances to mean “one or more.”

Expression: The combination of intracellular processes, including transcription and
translation undergone by a coding DNA molecule such as a structural gene to
produce a polypeptide.

Promoter: A recognition site on a DNA sequence or group of DNA sequences that provide an
expression control element for a structural gene and to which RNA polymerase
specifically binds and initiates RNA synthesis (transcription) of that gene.

Structural gene: A gene that is expressed to produce a polypeptide.

Transformation: A process of introducing an exogenous DNA sequence (e.g., a vector, a
recombinant DNA molecule) into a cell or protoplast in which that exogenous DNA
is incorporated into a chromosome or is capable of autonomous replication.

Transformed cell: A cell whose DNA has been altered by the introduction of an exogenous
DNA molecule into that cell.

Transgenic cell: Any cell derived or regenerated from a transformed cell or derived from
a transgenic cell.

Vector: A DNA molecule capable of replication in a host cell and/or to which another DNA
segment can be operatively linked so as to bring about replication of the attached

segment. A plasmid is an exemplary vector.

4.2 HALOCARBON CONTAMINATION

Fe(0) will enhance microbial activity by serving as electron donor (via water-
derived hydrogen, produced by cathodic depolarization) to support hydrogenotrophic growth
and reductive biotransformations. Bacterial viability may be further enhanced by abiotic
removal of toxic compounds by Fe(0) below toxic levels. The bacteria, in turn, might enhance

the abiotic process by removing the passivating (cathodic) hydrogen layer from the Fe(0)
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surface and by further degrading some products of reductive treatment with Fe(0).Chlorinated
aliphatic hydrocarbons (CAHs) are frequent groundwater contaminants (Riley et al., 1992).
They are susceptible to biotransformations catalyzed by pure and mixed methanogenic (Bouwer
et al., 1981; Bouwer and McCarty, 1983; Gossett, 1985; Egli et al., 1987; Krone ef al., 1989a;
Mikesell and Boyd, 1990; Bagley and Gossett, 1995; Hughes and Parkin, 1996) and
nonmethanogenic, anaerobic cultures (Egli e al., 1987; Egli et al., 1990; Egli et al., 1988; Galli
and McCarty, 1989; Fathepure and Tiedje, 1994). Electron donors that have been investigated
for methanogenic biotransformation of CAHs include methanol (Mikesell and Boyd, 1990;
Bagley and Gossett, 1995), acetate (Bouwer et al., 1981; Bouwer and McCarty, 1983; Hughes
and Parkin, 1996), and hydrogen (DiStefano et al, 1992). Hydrogen is a more
thermodynamically favorable electron donor than either methanol or acetate (Zinder, 1993), and
its high diffusivity through biofilms ensures that the target CAHs would be flux-limiting to
optimize removal rates. Nevertheless, practical problems exist with regard to the use of
hydrogen due to its low solubility in water, about 1.6 mg/L at 20°C, based on a Henry's
constant of 6.83 x 10* atm/mol (Metcalf and Eddy, Inc., 1991).

One way that hydrogen can be introduced into aqueous solution involves the use of

iron metal. When Fe' is immersed in anoxic water, hydrogen is produced (Reardon, 1996):
Fe’ + 2H,0 —» Fe*" + 20H + H, (Equation 16)

Pure cultures of methanogenic (Daniels et al., 1987; Rajagopal and LeGall, 1989;
Belay and Daniels, 1990; Lorowitz et al., 1992), homoacetogenic (Rajagopal and LeGall,
1989), and sulfate-reducing bacteria (Rajagopal and LeGall, 1989) have demonstrated the
ability to use cathodic hydrogen as an energy source for growth in short-term batch studies.
Also, anaerobic bacteria are commonly associated with the corrosion of metals (Hamilton,
1985; Lee et al., 1995). However, the ability of methanogens to sustain growth on cathodic
hydrogen in the presence of CAHs has not been established. This is particularly important
because many CAHs, especially chloroform (CF), extremely inhibitory to methanogens
(Hughes and Parkin, 1996; Bauchop, 1967; Thiel, 1969; Swanwick and Foulkes, 1971; Prins et
al., 1972; Yang and Speece, 1986; Hickey et al., 1987).

The biotransformation of CAHs using cathodic hydrogen as electron donor is

confounded by the direct, abiotic reduction of CAHs by Fe’ (Gillham and O'Hannesin, 1994;
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Matheson and Tratnyek, 1994; Helland et al., 1995; Orth and Gillham, 1995). In the presence
of 100-mesh iron powder, carbon tetrachloride (CT) underwent sequential dehalogenation to
CF and then to dichloromethane (DCM), which was not further degraded (Matheson and
Tratnyek, 1994).

Thus it is well-known that anaerobic bacteria can catalyze the reductive
dechlorination of CAHs, that CAHs can be transformed abiotically using Fe’, and that Fe’ can
support the growth of anaerobic bacteria. Furthermore, there are limitations of the biotic
process because of potential toxicity of parent CAHs and their metabolites and to the abiotic
process because of the potential buildup of "dead-end" products. It is hypothesized that the
presence of an active methanogenic consortium in the presence of Fe’ may enhance the rate and

extent of degradation of selected CAHs.

4.3 Sr(II), Cs(I), CrR(VI) AND U(VI) REDUCTION

Pure cultures of methanogenic, homoacetogenic, sulfate-reducing, and denitrifying
bacteria have demonstrated the ability to use cathodic hydrogen (reaction 3 above) as an energy
source for growth in short-term, batch studies (Daniels er al., 1987; Rajagopal and LeGall,
1989; Till et al., 1998). As noted, such organisms have also been shown to facilitate reductive
dechlorination and reduction of Cr(VI) and U(VI).

The present invention improves upon these results by providing methods for the
remediation of a variety of toxic ions using the bioaugmented Fe(0) compositions disclosed
herein. These methods improve both the rate and extent of overall contaminant removal when
compared to solely biotic based methods. In particular, compounds containing Cs(I), Sr(Il,
Cr(VI), and U(VI) are contemplated by the inventors to be remediable using the disclosed
compositions and methods. These combined biotic-abiotic processes have a number of
advantages in addition to the removal of the parent compounds. For example, abiotic removal
of Cs(I), Sr(Il), Cr(VI) and/or U(VI) from solution or soils reduces the toxicity of these metals
to the microbes, and abiotic removal of the chlorinated compounds may reduce their
concentrations to levels that are not toxic to the microbes. The microorganisms, in turn, may

further degrade dead-end products that accumulate during abiotic transformation (e. g., CF and
DCM from CT).
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4.4 IRON-SUPPORTED AUTOTROPHIC DENITRIFICATION (ISAD)

ISAD is an improvement over existing biological nitrate removal processes because
the autotrophic organisms used in this process grow on hydrogen gas produced by the corrosion
of zero-valent iron by water (i.e., "cathodic hydrogen", H,, is derived from water, H,0O).
Hydrogen gas is thermodynamically a more favorable reductant and has a greater diffusivity
through biofilms compared to the organic substrates that are commonly used to support
biological denitrification (e.g., methanol and acetate). While these properties are conducive to
enhanced nitrate removal, previous use of hydrogen as a substrate to support denitrification has
been limited by its low solubility and its hazardous (explosive) properties during handling and
storage. These limitations are overcome by using Fe(0) to continuously generate cathodic
hydrogen to support autotrophic dentrification. In this process, Fe(0) is also used as a direct
reductant to remove nitrates abiotically. In addition, autotrophic bacteria use CO, as carbon
source to synthesize new cell tissue and thus have lower biomass production that the bacteria
used in conventional denitrification systems fed organic substrates. Thus, adverse side-effects

on water quality due to residual organic compounds and excessive biomass production are

eliminated.

4.5 ORGANISMS USEFUL IN THE PRACTICE OF THE INVENTION

Mixed cultures of autotrophic, hydrogen-oxidizing, denitrifying bactefia are often
found in groundwater systems. Smith er al (1994) isolated a mixed culture of
hydrogenotrophic denitrifiers from a nitrate-contaminated sand and gravel aquifer in Cape
Cod, MA. Nine strains of hydrogen-oxidizing, denitrifying bacteria were isolated from the
aquifer with all of the strains able to grow heterotrophically as well. None of the strains were
similar to P. denitrificans.

P. denitrificans is one of the most intensively studied denitrifying microorganism
due to its nutritional versatility (Mateju et al, 1992). Its well-known capability to reduce
nitrogenous compounds with hydrogen is the basis of several approaches for denitrification of
drinking water (Dries et al., 1988; Gros er al,, 1988; Kurt et al., 1987). Using hydrogen as an
oxidizable substrate for water treatment offers a number of important benefits, such as food-
grade quality of the reductant, process reliability, low excess sludge production, and no need for

intensive monitoring or biological post-treatment to control and remove residual reductant
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(Selenka and Dressler, 1990). The main disadvantages of using hydrogen in water treatment
involve its low solubility and delivering difficulty, and the slow growth rate of autotrophic
bacteria using carbon dioxide as their sole carbon source (Dries et al., 1988).

Few bacterial strains are known to completely denitrify with hydrogen gas as the
sole energy source. Evidence exists that a consortium of bacteria is often responsible for
hydrogenotrophic denitrification. A list of several microorganisms isoalted from and identified
in hydrogenotrophic, denitrifying biofilms is show in Table 1. Liessens et al. (1992) isolated a
large diversity of organisms from a hydrogenotrophic denitrification reactor. Acinetobacter sp.,
Aeromonas sp., Pseudomonas sp., and Shewanella putrefaciens were repeatedly isolated from
the hydrogenotrophic sludge. In a hydrogenotrophic denitrification reactor at Rasseln,
Germany, Selenka and Dressler (1990) characterized the chemolithotrophic bacteria present in
the plant. They found bacterial strains as representatives of the genera Pseudomonas,
Alcaligenes, and Achromobacter. The opportunistic presence of Acinetobacter spp. unable to
reduce nitrate in the plant was unclear, although these species may be involved in creating
anoxic conditions (Liessens ef al., 1992).

Several genera of hydrogenotrophic bacteria have been identified by the inventors to
be useful in the preparation of zero-valent iron-supported cultures for remediation of a variety
of contaminants and pollutants. In particular, species of bacteria selected from the group
consisting of Acetobacterium spp., Achromobacter spp., Aeromonas spp., Acinetobacter spp.,
Aureobacterium spp., Bacillus spp., Comamonas spp., Dehalobacter spp., Dehalospirillum
spp., Dehalococcoide spp., Desulfurosarcina spp., Desulfomonile spp., Desulfobacterium spp.,
Enterobacter spp., Hydrogenobacter spp., Methanosarcina spp., Pseudomonas spp.,
Shewanella spp., Methanosarcina spp., Micrococcus spp., and Paracoccus spp are particularly
preferred for the practice of the invention. These bacterial compositions may include one or
more strains of bacteria selected from the group consisting of Acetobacterium woodi,
Aeromonas hydrophila, Aeromonas sobria, Alcaligenes eutrophus, Comamonas acidovorans,
Dehalococcoide  restrictus, Dehalococcoide multivorans, Dehalococcoide ethenogene,
Desulfobacterium  tiedje, ~Enterobacter agglomerans, Hydrogenobacter thermophilus,
Methanosarcina barkeri, Methanosarcina mazei, Methanosarcina thermophila, Paracoccus
denitrificans, Pseudomonas aureofaciens, Pseudomonas maltophilia, Pseudomonas mendocina,

and Shewanella putrefaciens. Alternatively, hydrogenotrophic bacteria present in anaerobic
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sludge or anaerobic sediments may also be used in the practice of the invention, and may be
combined with one or more pure cultures of hydrogenotrophic bacteria for the development of

compositions comprising mixed microbial cultures in combination with zero-valent iron.

4.6 HYDROGENOTROPHIC DENITRIFIERS

Since denitrification is a respiratory process, an oxidizable substrate or electron
donor is required. Most of the research and work done in the area of denitrification has been
done with heterotrophic bacteria that utilize organic compounds. The present invention focuses
on autotrophic bacteria that are characterized by their ability to obtain energy by the oxidation
of gaseous hydrogen (H,) via anaerobic respiration with nitrate and synthesize cell material by

the reductive assimilation of carbon dioxide (CO,) via the Calvin cycle.

PXY-1004, Page 030



PCT/US98/08196

WO 98/49106

29

7661 “Iv 12 SUSSSAI']
8861 “Iv 12 sau(
7661 IV 12 SU3SSAI]
2661 v 12 SUISSAI']
v661 “1v 12 YIS
7661 I 12 SUISSA]
7661 ‘v 12 SUSSSaI]
7661 “Ip 2 SUISSAI]
7661 “IP 12 SUISSII|
7661 “Jv 12 SUISSAI']
8861 “1v 12 sau(
0661 “ISISS2I(J pue BYU[2S
7661 “ID 12 SUISSAI]
7661 I 12 Suassary
7661 v 12 Suassary

0661 “I9[SS2I(] pUE BYUI[S

1010821 UOIIBO LINIUS(]
1010821 UOTIBOIJIITU(]
1010821 UOTIBOILINUI(]
10)0BaI UOTIBOIINIUS(]

Iaymbe orydonosdiQ
1010831 UOHBOIJINIUS(]
1019831 UOTBOLIIIUS(]
1030831 UOIBOLLIIIUS(]
1010831 UOTIROIJINIU(]
10}9B31 UOT)BOIJLIIUS(]
1030821 UOTIBOIJINIU(]
1010831 UOTIBOIJINIUS(]
10}9B1 UONBOIIIIIUS(]
1019821 UOTIBOIIIIUd(]
1010821 UOTIRDIJINIU(]

101081 UOHBOJIIIUS(]

vurdopuaul g

vyydojput *d
SUa1ODf0241D SPUOUIOPNIS ]
SUDOI14]1UDP SNO200DADJ
aInnod paXIN

“ds snooooo4017
snjiydowtiay] 12190Goua3oApAx]
SUDAOAOPIID SDUOWUDUIO))
ds snjppong

‘ds wnyi100qo24ny
snydo.gna sauadipoy

“ds souadiyvory

»1.iQOS ¥

vjydodpdy svuowiosay

“ds £2700q032u10

‘ds 1a10090UI0.4140Y

UAIYIY

uonedo|

eLd)Rg

SINTIAOIG ONIXAATLLINA(J ‘OIHIOYLONADOUAAH WOHA SWSINVIUOOUIIIA

[314VL

PXY-1004, Page 031



PCT/US98/08196

WO 98/49106

30

L861 “Iv 12 Em\sovcmaoq
7661 <V 12 SUIsSaI]
7661 “Iv 12 SUISSII']
7661 ‘I Jo SUISSAIT
7661 I Jo SUISSAT

8861 "0 j2 saU(]

I010BOI UONBOLJLIIUS(]
10}0B3I UOTIEOIJLIIUS(]
1010821 UONEedIIuUa(
1010821 UOLJBOI LI U]
1010821 UOHBOIJLIIUS(]

103083l UORIIJIIIUd(]

SupIfiIIuap SNJIODqOLY |
supoifaiind vjjoupmayg
DA2f140p0 DDALDS
av3uLids ‘g

1iazpnys J

suarovfaand g

UAYIY

uoned0J

BLIDJdEY

(QINNILLNOD) [ A14V ],

PXY-1004, Page 032



10

15

20

25

WO 98/49106 PCT/US98/08196
31

Hydrogen metabolism is widely distributed among various well-described
physiological groups of bacteria, such as the methanogenic and acetogenic bacteria, the sulfate-
reducers, the organotrophic fermentative bacteria, or the N,-fixing bacteria (Madigan et al.,
1987). Hydrogen is also reported to be a driving mechanism for the microbial degradation of
micropollutants, such as atrazine, in soils and in drinking water (Wierinck et al, 1990).
Aerobic hydrogen bacteria belong to different taxonomic groups and are all facultative
autotrophs with one exception, Hydrogenobacter thermophilus, which is an obligate autotroph.
The hydrogen bacteria all show versatile metabolism; many of them, especially those regarded
as Pseudomonas and Alcaligenes are characterized by the ability to use a wide variety of carbon
substrates (Mateju et al., 1992). So far, relatively few bacteria have been found that are able to
denitrify nitrate, nitrite, or nitrous oxide under hydrogenotrophic conditions (Liessens et al.,
1992).  Hydrogen-utilizing, denitrifying bacteria take up hydrogen gas by using two
hydrogenase enzymes. The first enzyme is membrane bound and used in the production of
ATP. The second enzyme is cytoplasmic (soluble) and directly reduces NAD" to NADH for
autotrophic growth via the Calvin cycle (Madigan e al, 1997). It can be seen from the
following equation that the theoretical consumption of hydrogen is 0.35 mg H, per 1 mg NO3-
~-N reduced to dinitrogen gas (N,):

2NO3- + 5H2 +2H+ = N2 + 6H20
AGg=-565.96 kJ

Experimental H, requirements have been shown to be slightly higher than the
stoichiometric values and range from 0.38 to 0.40 mg H, per 1 mg NO;-N reduced to N, (Gros
et al., 1988; Dries et al., 1988).

4.7 METHODS OF NUCLEIC ACID DELIVERY AND DNA TRANSFECTION

In certain embodiments, it is contemplated that nucleic acid segments encoding one
or more of the bacterial enzymes required for the detoxification of one or more of the target
pollutants may be cloned and used to transfect appropriate host cells to provide genetically
engineered recombinant microorganisms with enhanced activity for bioremediation of

particular contaminants. Technology for introduction of nucleic acids into cells is well-known
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to those of skill in the art. Four general methods for delivering a nucleic segment into cells
have been described:

(1) chemical methods (Graham and Van Der Eb, 1973);

(2) physical methods such as microinjection (Capecchi, 1980), electroporation
(Wong and Neumann, 1982; Fromm et al., 1985) and the gene gun (Yang et al., 1990);

(3) viral vectors (Lu et al., 1993; Eglitis and Anderson, 1988); and

(4) receptor-mediated mechanisms (Curiel et al., 1991; Wagner et al., 1992).

In a preferred embodiment, the engineering of recombinant autotrophic bacterial
cells to contain DNA segments encoding modified denitrifying enzymes is desirable for
improved denitrifying bioreactors. In such an embodiment, a mutant nucleic acid is preferable

in which the oxygen repression of the genes has been lessened or eliminated.

4.8 RECOMBINANT HOST CELLS AND VECTORS

Particular aspects of the invention concern the use of plasmid vectors for the cloning
and expression of various genes encoding detoxifying enzymes such as those involved in
bioremediation of pollutants, and in particular, denitrification by autotrophic bacteria. The
generation of recombinant vectors, transformation of host cells, and expression of recombinant
proteins is well-known to those of skill in the art. Prokaryotic hosts are preferred for such
expression, with those organisms listed in Table 1 being particularly preferred.

In general, plasmid vectors containing replicon and control sequences which are
derived from species compatible with the host cell are used in connection with these hosts. The
vector ordinarily carries a replication site, as well as marking sequences which are capable of
providing phenotypic selection in transformed cells.

Those promoters most commonly used in recombinant DNA construction include
the B-lactamase (penicillinase) and lactose promoter systems (Chang et al., 1978; Itakura et al.,
1977, Goeddel et al., 1979) or the tryptophan (frp) promoter system (Goeddel et al., 1980).
The use of recombinant and native microbial promoters is well-known to those of skill in the
art, and details concerning their nucleotide sequences and specific methodologies are in the
public domain, enabling a skilled worker to construct particular recombinant vectors and

expression systems for the purpose of producing recombinantly engineered autotrophic

bacterial host cells of the present invention.
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4.9 SITE-SPECIFIC MUTAGENESIS

Site-specific mutagenesis is a technique useful in the preparation of individual
peptides, or biologically functional equivalent proteins or peptides, through specific
mutagenesis of the underlying DNA. The technique, well-known to those of skill in the art,
further provides a ready ability to prepare and test sequence variants, for example,
incorporating one or more of the foregoing considerations, by introducing one or more
nucleotide sequence changes into the DNA. Such mutations are particularly desirable in
generating mutant strains of autotrophic bacteria capable of detoxifying the pollutants of
interest with improved properties or greater efficiency than native, unengineered bacterial cell
lines.

Site-specific mutagenesis allows the production of mutants through the use of
specific oligonucleotide sequences which encode the DNA sequence of the desired mutation, as
well as a sufficient number of adjacent nucleotides, to provide a primer sequence of sufficient
size and sequence complexity to form a stable duplex on both sides of the deletion junction
being traversed. Typically, a primer of about 14 to about 25 nucleotides in length is preferred,
with about 5 to about 10 residues on both sides of the junction of the sequence being altered.

In general, the technique of site-specific mutagenesis is well known in the art, as
exemplified by various publications. As will be appreciated, the technique typically employs a
phage vector which exists in both a single stranded and double stranded form. Typical vectors
useful in site-directed mutagenesis include vectors such as the M13 phage. These phage are
readily commercially-available and their use is generally well-known to those skilled in the art.
Double-stranded plasmids are also routinely employed in site directed mutagenesis which
eliminates the step of transferring the gene of interest from a plasmid to a phage.

In general, site-directed mutagenesis in accordance herewith is performed by first
obtaining a single-stranded vector or melting apart of two strands of a double-stranded vector
which includes within its sequence a DNA sequence which encodes the desired peptide. An
oligonucleotide primer bearing the desired mutated sequence is prepared, generally
synthetically. This primer is then annealed with the single-stranded vector, and subjected to
DNA polymerizing enzymes such as E. coli polymerase 1 Klenow fragment, in order to

complete the synthesis of the mutation-bearing strand. Thus, a heteroduplex is formed wherein
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one strand encodes the original non-mutated sequence and the second strand bears the desired
mutation. This heteroduplex vector is then used to transform appropriate cells, such as E. coli
cells, and clones are selected which include recombinant vectors bearing the mutated sequence
arrangement.

The preparation of sequence variants of the selected peptide-encoding DNA
segments using site-directed mutagenesis is provided as a means of producing potentially useful
species and is not meant to be limiting as there are other ways in which sequence variants of
peptides and the DNA sequences encoding them may be obtained. For example, recombinant
vectors encoding the desired peptide sequence may be treated with mutagenic agents, such as
hydroxylamine, to obtain sequence variants. Specific details regarding these methods and
protocols are found in the teachings of Maloy ef al., 1994; Segal, 1976; Prokop and Bajpai,
1991; Kuby, 1994; and Maniatis et al., 1982, each incorporated herein by reference, for that
purpose.

4.10 B10LOGICAL FUNCTIONAL EQUIVALENTS

In certain embodiments, the inventors contemplate the preparation of engineered
microorganisms having the ability to detoxify water and wastewater contaminants using the
methods disclosed herein. In one embodiment, the inventors contemplate the transformation of
autotrophic bacterial cultures, such as those listed in Table 2, to provide “second generation”
denitrifying cell lines which have improved detoxification properties. Modification and
changes may be made in the structure of the enzymes (or regulatory proteins) involved in this
detoxification to provide such recombinantly engineered host cells. Such modifications would
still lead to the creation of a host cell which encodes the necessary proteins, enzymes, or
peptides to perform such biotic bioremediation.

The following is a discussion based upon changing the amino acids of a protein to
create an equivalent, or even an improved, second-generation molecule. The amino acid
changes may be achieved by changing the codons of the DNA sequence, according to Table 2.

For example, certain amino acids may be substituted for other amino acids in a
protein structure without appreciable loss of interactive binding capacity with structures such
as, for example, antigeh—binding regions of antibodies or binding sites on substrate molecules.

Since it is the interactive capacity and nature of a protein that defines that protein's biological
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functional activity, certain amino acid sequence substitutions can be made in a protein
sequence, and, of course, its underlying DNA coding sequence, and nevertheless obtain a
protein with like properties. It is thus contemplated by the inventors that various changes may
be made in the peptide sequences of the disclosed compositions, or corresponding DNA

sequences which encode said peptides without appreciable loss of their biological utility or

activity.
TABLE 2
Amino Acids Codons
Alanine Ala A GCA GCC GCG GCU
Cysteine Cys C UGC UGU
Aspartic acid Asp D GAC GAU
Glutamic acid Glu E GAA GAG
Phenylalanine Phe F UuC Uuu
Glycine Gly G GGA GGC GGG GGU
Histidine His H CAC CAU
Isoleucine Ile I AUA AUC AUU
Lysine Lys K AAA AAG
Leucine Leu L UUA UUG CUA CUC CUG CUU
Methionine Met M  AUG
Asparagine Asn N AAC AAU
Proline Pro P CCA CCC CCG ccu
Glutamine Gln Q CAA CAG
Arginine Arg R AGA AGG CGA CGC CGG CaGU
Serine Ser S AGC AGU UCA UCC UCG UCU
Threonine Thr T ACA ACC ACG ACU
Valine Val v GUA GUC GUG GUU
Tryptophan Trp W UGG
Tyrosine Tyr Y UAC UAU

In making such changes, the hydropathic index of amino acids may be considered.

The importance of the hydropathic amino acid index in conferring interactive biologic function

PXY-1004, Page 037



10

15

20

25

30

WO 98/49106 PCT/US98/08196
36

on a protein is generally understood in the art (Kyte and Doolittle, 1982, incorporate herein by
reference). It is accepted that the relative hydropathic character of the amino acid contributes to
the secondary structure of the resultant protein, which in turn defines the interaction of the
protein with other molecules, for example, enzymes, substrates, receptors, DNA, antibodies,
antigens, and the like. Each amino acid has been assigned a hydropathic index on the basis of
their hydrophobicity and charge characteristics (Kyte and Doolittle, 1982), these are: isoleucine
(+4.5); valine (+4.2); leucine (+3.8); phenylalanine (+2.8); cysteine/cystine (+2.5); methionine
(+1.9); alanine (+1.8); glycine (-0.4); threonine (~0.7); serine (-0.8); tryptophan (-0.9);
tyrosine (~1.3); proline (-1.6); histidine (-3.2); glutamate (-3.5); glutamine (-3.5); aspartate (—
3.5); asparagine (-3.5); lysine (-3.9); and arginine (-4.5).

It is known in the art that certain amino acids may be substituted by other amino
acids having a similar hydropathic index or score and still result in a protein with similar
biological activity, i.e., still obtain a biological functionally equivalent protein. In making such
changes, the substitution of amino acids whose hydropathic indices are within +2 is preferred,
those which are within +1 are particularly preferred, and those within +0.5 are even more
particularly preferred. It is also understood in the art that the substitution of like amino acids
can be made effectively on the basis of hydrophilicity. U. S. Patent 4,554,101, incorporated
herein by reference, states that the greatest local average hydrophilicity of a protein, as
governed by the hydrophilicity of its adjacent amino acids, correlates with a biological property
of the protein.

As detailed in U. S. Patent 4,554,101, the following hydrophilicity values have been
assigned to amino acid residues: arginine (+3.0); lysine (+3.0); aspartate (+3.0 * 1); glutamate
(+3.0 £ 1); serine (+0.3); asparagine (+0.2); glutamine (+0.2); glycine (0); threonine (~0.4);
proline (0.5 * 1); alanine (-0.5); histidine (-0.5); cysteine (~1.0); methionine (—1.3); valine (-
1.5); leucine (~1.8); isoleucine (—1.8); tyrosine (—2.3); phenylalanine (-2.5); tryptophan (-3.4).
It is understood that an amino acid can be substituted for another having a similar
hydrophilicity value and still obtain a biologically equivalent, and in particular, an
immunologically equivalent protein. In such changes, the substitution of amino acids whose
hydrophilicity values are within +2 is preferred, those which are within *1 are particularly

preferred, and those within +£0.5 are even more particularly preferred.
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As outlined above, amino acid substitutions are generally therefore based on the
relative similarity of the amino acid side-chain substituents, for example, their hydrophobicity,
hydrophilicity, charge, size, and the like. Exemplary substitutions which take various of the
foregoing characteristics into consideration are well known to those of skill in the art and
include: arginine and lysine; glutamate and aspartate; serine and threonine; glutamine and

asparagine; and valine, leucine and isoleucine.

4.11 MEANS FOR PREPARING SITE-DIRECTED MUTAGENIZED ENZYMES

In certain embodiments, engineered microorganisms may be developed to enhance
the rate or specificity of pollutant detoxification by the autotrophic microorganisms. In
particular, enzymes responsible for bacterial degradation of target pollutants, and the
underlying DNA sequences which encode them may be mutagenized to improve performance
of the biotic processes. As such, the invention concerns the preparation of mutants using
recombinant DNA methodologies which are known to those of skill in the art.

Nucleic acid segments encoding degradative enzymes may be subjected to site
directed mutagenesis to prepare variants having improved remediation properties as described
above. One preferred method for the mutagenesis of such polynucleotides is the PCR™-based
strand overlap extension (SOE) (Ho et al., 1989) method. The techniques of PCR™ are well-
known to those of skill in the art, as described hereinabove. The SOE procedure involves a
two-step PCR™ protocol, in which a complementary pair of internal primers (B and C) are used
to introduce the appropriate nucleotide changes into the wild-type sequence. In two separate
reactions, flanking PCR™ primer A (restriction site incorporated into the oligo) and primer D
(restriction site incorporated into the oligo) are used in conjunction with primers B and C,
respectively to generate PCR™ products AB and CD. The PCR™ products are purified by
agarose gel electrophoresis and the two overlapping PCR™ fragments AB and CD are
combined with flanking primers A and D and used in a second PCR™ reaction. The amplified
PCR™ product is agarose gel purified, digested with the appropriate enzymes, ligated into an
expression vector, and transformed into E. coli IM101, XL1-Blue™ (Stratagene, La Jolla, CA),
JM105, or TG1 (Carter et al., 1985) cells. Clones are isolated and the mutations are confirmed

by sequencing of the isolated plasmids.
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4.12 MEANS FOR EXPRESSING ENZYMES USING RECOMBINANT VECTORS

In many cases, it may be desirable to engineer the disclosed microorganisms to
improve the detoxification activity of the cells in situ. A particular aspect of the present
invention is the production of recombinant degradative enzymes in large quantity. Such
methods are well-known to those of skill in the art, and have been described in detail
hereinabove. To overexpress one or more of the enzymes necessary for the detoxification of
environmental contaminants, DNA fragments encoding the appropriate polypeptides may be
cloned into a variety of expression vectors. Such vectors may contain a multiple restriction
enzyme cloning site that situates the nucleic acid segment of interest such that its expression is
controlled from an inducible promoter. Methods for determining orientation of the inserted
segment, induction of the promoter, growth conditions, and restriction enZyme analysis, and
recovery of the produced protein are well-known to those of skill in the art. Expression and

quantitation of the polypeptides are determinable via standard methods such as SDS-PAGE,

Western blot analysis, and protein determination assays.

5.0 EXAMPLES

The following examples are included to demonstrate preferred embodiments of the
invention. It should be appreciated by those of skill in the art that the techniques disclosed in
the examples which follow represent techniques discovered by the inventor to function well in
the practice of the invention, and thus can be considered to constitute preferred modes for its
practice. However, those of skill in the art should, in light of the present disclosure, appreciate
that many changes can be made in the specific embodiments which are disclosed and still

obtain a like or similar result without departing from the spirit and scope of the invention.

3.1 EXAMPLE 1 -- BIOAUGMENTATION OF FE(0) BARRIERS
The inventors have shown that combining Fe(0) with an active methanogenic
population can enhance the removal of chlorinated aliphatic compounds. Batch serum bottle

assays with iron powder, iron filings, or steel wool were used to investigate the potential of the

iron-methanogen treatment process. Flow-through column reactors packed with steel wool

were also used. Systems were seeded with a methanogenic enrichment culture or with pure

cultures of Methanosarcina barkeri or Methanosarcina thermophila. The transformation of
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carbon tetrachloride (CT) and its dechlorinated homologs, chloroform (CF) and
dichloromethane (DCM), are described in this example.

The iron-methanogen combination resulted in higher rates of removal and more
complete dechlorination. FIG. 4A shows that CT removal is faster when both Fe(0) and the
methanogenic enrichment are together. The effect is even more pronounced with CF, which is
produced from hydrogenolysis of CT and is subsequently removed much with the iron-
methanogen combination (FIG. 4B). Product distribution is also better for the iron-methanogen
combination, which exhibited more complete dechlorination (FIG. 5). These data and other
studies have shown that when the methanogenic enrichment is present, the predominant product
is DCM while CF is the dominant product with Fe(0) alone. With acclimation (5-10 days),
DCM is subsequently biodegraded readily. Preliminary studies with pure cultures of
Methanosarcina barkeri and Methanosarcina thermophila have shown that there may be a
pathway shift (from hydrogenolysis towards reductive hydrolysis) when Fe(0) is bioaugmented;
more "*CO» is formed when the bacteria and F e(0) are incubated together.

Pseudo-first-order rate coefficients were determined in a different set of studies to
evaluate the kinetic advantage of the iron-methanogen combination. For both carbon CT and
CF, decay rate coefficients were significantly higher for the iron-methanogen combination than
for the iron-only, bacteria-only, and iron-killed bacteria systems (Table 3). The rate coefficient
for the combined Fe(0) and live cell treatment was 2.4 times the sum of the rate coefficients for
the separate treatments containing Fe(0) or live cells. Hence, abiotic and microbial CF
degradation processes were not independent when Fe(0) and cells were combined in a single
reactor. This synergism was attributed to the production of cathodic (water-derived) hydrogen
as a result of the oxidation of Fe(0). This increased the availability of primary substrates

available for CF cometabolism.

TABLE 3

PSEUDO-FIRST-ORDER RATE COEFFICIENTS FOR CF
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Treatment Pseudo-first-order rate coefficient (day-1)
Fe(0) + live cells 0.72
Fe(0) + killed cells 0.20
live cells alone | 0.10
Fe(0) alone 0.08

Column studies with CF and steel wool showed that the process is stable over time
(FIG. 6). Removal of CF in the steel-wool column seeded with a methanogenic enrichment was
consistently higher than the steel-wool-only column. These data show that CF removal by
anaerobic bacteria using Hj as the sole electron donor is sustainable, an observation that was
uncertain based on batch studies where methanogenesis was inhibited by the presence of CF.
An active consortium of methane-producing organisms was established as evidenced by the
increased production of methane (FIG. 7).

It was shown that Fe(0) abiotically reduced nitrate to ammonium and that this
process could be enhanced by the presence of autotrophic denitrifiers which reduce nitrate to
more innocuous products (i.e., N2O and Nj). Such results are particularly important for
environmental sites such as uranium mill tailings, where waste nitric acid is a common
contaminant.

It has also been shown that removal of chlorinated compounds such as carbon
tetrachloride can be accomplished under denitrifying conditions with the production of more
oxidized end products (CO;) than usually seen under sulfate-reducing or methanogenic
conditions (Criddle et al., 1990). Denitrifiers have also been shown to directly participate in
the removal of Cr(VI) from the aqueous phase (Guan et al, 1993). Thus, the invention
provides a means for the combined synergistic processes that combine Fe(0) substrates and
detoxifying autotrophic bacterial systems to remove target environmental pollutants.

Studies demonstrate that microbial-Fe(0) treatment systems offer significant
advantages over approaches where either process is used alone to treat reducible contaminants
such as chlorinated compounds, Cr(VI), U(VI), nitroaromatic compounds, and various
agrochemicals. In a field-scale application, cells grown in a fermenter or sludge from an
anaerobic digester could be injected into a permeable, iron-containing, reactive barrier similar

to that proposed by Blowes er al. (1995). For some compounds, combined microbial-abiotic
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systems may accelerate the rate of transformation and extent of mineralization. Nevertheless,
the proliferation of bacteria in an improperly designed reactive barrier could reduce the
hydraulic conductivity of the barrier, thereby hindering the flow of groundwater through it.

Hydrogen produced from the corrosion of Fe(0) by HO serves as energy source for
the microbes and as electron donor for the biotransformation of reducible contaminants. The
present invention provides the first reported combination of iron-microbial consortia for
remediating pollution in situ and ex situ.

Although Hj is one of the most thermodynamically favorable substrates for
anaerobic microbes, its use as electron donor for bioremediation purposes has been limited by
its low solubility. The observation that cathodic Hy can support reductive dechlorination and

other reductive biotransformations by anaerobic bacteria has significant application.

3.1.1 MATERIALS AND METHODS
5.1.1.1 EXPERIMENTAL DESIGN

Batch aquifer microcosms have been used to evaluate the potential for anaerobic
bacteria to enhance the removal of Cr(VI), U(VI), and TCE in the presence of Fe(0). In order to
determine the effect of competing electron acceptors commonly found in the subsurface, Fe(0)
bioaugmentation studies were conducted under four electron acceptor conditions: denitrifying,
iron reducing, sulfate reducing, and methanogenic. For each condition, biological and abiotic
transformation mechanisms are studied separately and interactively to evaluate potential
synergistic effects and interaction mechanisms. Some microcosms were amended with Fe(0)
alone, some with bacteria, and some received both bacteria and Fe(0). Positive controls for
microbial activity consisted of Fe(0)-free microcosms fed H,. Sterile controls without Fe(0)
were included to discern biodegradation from other potential losses (Table 4).

To investigate potential synergistic or antagonistic substrate interactions, the
transformation of the target compounds was studied when present together and separately.
Differences in removal efficiencies and product distribution were evaluated statistically using
Student’s r-test at the 95% confidence level. These studies demonstrated the benefits of
combining Fe(0) with anaerobic bioremediation to remove various contaminant combinations.

The data also establish time scales for removal of the target contaminants below acceptable
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levels, and assesses the nature of the contaminant mixture and redox conditions and how they

affect removal kinetics and product distribution.
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TABLE 4

BATCH REACTOR SETS FOR EACH ELECTRON ACCEPTOR CONDITION

Set Description Number of
Number Replicates
1 Abiotic reactor with Fe(0), amended with TCE + Cr(VI) + 3
UV
2 Abiotic reactor with Fe(0), amended with TCE 3
3 Abiotic reactor with Fe(0), amended with Cr(VI) 3
4 Abiotic reactor with Fe(0), amended with U(VI) 3
5 Resting cells (without Fe(0)) amended with TCE + Cr(VI) + 3
Ul
6 Resting cells (without Fe(0)) amended with TCE 3
7 Resting cells (without Fe(0)) amended with Cr(VI) 3
8 Resting cells (without Fe(0)) amended with U(VI) 3
9 Biologically active (without Fe(0), fed H2) amended with TCE 3
+ Cr(VI) + U(VI)
10 Biologically active (without Fe(0), fed H)) amended with TCE
11 Biologically active (without Fe(0), fed Hp) amended with 3
Cr(VI)
12 Biologically active (without Fe(0), fed Hp) amended with 3
U]
13 Bioaugmented Fe(0), amended with TCE + Cr(VI) + U(VI) 3
14 Bioaugmented Fe(0), amended with TCE 3
15 Bioaugmented with Fe(0), amended with Cr(VI) 3
16 Bioaugmented Fe(0), amended with U(VI) 3
17 Abiotic controls (without Fe(0), fed Hp), amended with TCE + 3
Cr(VI) + U(VI)
TOTAL 51
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In one study, an objective was to determine the effect that Fe(0) had on the viability
of various microbial populations (i.e., denitrifiers, iron reducers, sulfate reducers, and
methanogens) exposed to Cr(VI), U(VI), and chiorinated solvent mixtures, and to evaluate the
effect that bacteria have on the abiotic reduction of the target contaminants by Fe(0).

Another study determined how environmental factors and substrate interactions
affected the efficiency of bioaugmented Fe(0) barriers to attenuate the migration of chlorinated
solvents, radionuclide, and heavy metal mixtures under various electron acceptor conditions.
Continuous flow aquifer columns were constructed to mimic iz situ conditions of microbial and
Fe(0) exposure to contaminant mixtures (Table 5). As was the case with microcosm studies,
biological and abiotic processes were studied separately and interactively to analyze the
synergistic effect of combining Fe(0) with microorganisms. Selected perturbations of the
hydraulic regime and of the redox conditions were applied to evaluate how engineered
manipulations affect removal efficiency and product distribution.

The ability of bioaugmented Fe(0) barriers to remove excess nitrate and sulfate from
uranium mill tailings is also evaluated in these columns. The effect of microbial growth on

hydrodynamic properties may also be evaluated using tracer studies.

TABLE 5

FLOW-THROUGH COLUMN SETS

Set Description Number of
Number Replicates
1 Abiotic columns, packed with aquifer material + Fe(0), 2
fed TCE + Cr(VI) + U(VI)
2 Biologically active, packed with aquifer material (no 2

Fe(0)), fed TCE + Cr(VI) + U(VI)

3 Biologically active, packed with aquifer material + Fe(0), 2
fed TCE + Cr(VI) + U(VI)
4 Controls, packed with aquifer material (no Fe(0)), fed 2

bactericide + TCE+ Cr(VI) + U(VI)

TOTAL 8
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5.1.1.2  MICROCOSM PREPARATION

Aquifer microcosms are prepared in triplicate with 200 mL of basal mineral medium
and 50 g of aquifer material in 250-mL serum bottles. The medium is bicarbonate-buffered
near pH 7. This provides bicarbonate for autotrophic growth and precludes confounding effects
by phosphate buffers reacting with iron. Microcosms are purged continuously with N,/CO,
(80/20 vol./vol.) to remove dissolved oxygen. Prior to capping them with Mininert valves,
microcosms are amended with either Master Builder— Fe(0) filings (15% by weight) (Orth and
Gillham, 1996), anaerobic bacteria, or both. The anaerobic bacteria are enriched from soil and
sewage sludge under appropriate electron acceptor conditions. Sterile controls are autoclaved
and poisoned with HgCl, (200 mg/l). No treatment controls (without Fe(0) or bacteria
addition) are also prepared to obtain a baseline for comparing the effectiveness of different

treatments. All microcosms are incubated quiescently in the dark at 20°C.

The basal medium provides inorganic nutrients for microbial growth (e.g., NH,",
trace metals, and the respective electron acceptor(s)) and contains various combinations of
target contaminants (Table 3). Initial concentrations are representative of those found at natural
sites. Levels of TCE contamination have been reported as 0.0002-870 mg/L in groundwaters
and 0.0002-12,000 mg/kg in soils and sediments; levels of chromium contamination have been
reported as 0.004-9 mg/L in groundwater and 1-6,900 mg/kg in soils and sediments; and levels
of uranium contamination have been reported as 0-11,700 mg/L in groundwater and 0.0002-16
mg/kg in soils and sediments (Riley et al., 1992).

Electron acceptors, Hp, CH,, Cr(VI), Cr(Ill), U(VI), UIV), TCE and its
dechlorinated homologues are monitored over time in each microcosm to compare lag periods
and biodegradation rates for different treatment sets.

The lag period is determined as the time during which contaminant concentrations
remain constant. Pseudo zero-order rates can be estimated as the ratio of contaminant removed
(corrected for appropriate controls) to the corresponding time after the lag period. This
information is used to statistically evaluate the ability of different treatments and mixtures to

stimulate (or inhibit) the degradation of individual contaminants.
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5.1.1.3  AQUIFER COLUMNS

Eight glass columns (58 cm long, 2.2 cm ID) equipped with lateral sampling ports
are packed with aquifer material as described by Siegrist and McCarty (1987) (FIG. 8). One
pair ("treatment" set) is packed with a mixture of aquifer material and Master Builder— Fe(0)
filings (15% by weight) (Orth and Gillham, 1996) and is seeded with anaerobic
microorganisms. Two pairs ("no-treatment” sets) are packed with either seeded aquifer material
alone or a aquifer material with Fe(0) filings alone; and a fourth pair ("sterile control" set) is
packed with aquifer material and autoclaved for 4 h at 120°C. The feed solution to the sterile
set also contains a bactericide (HgCl, at 200 mg/L). Cr(VI), U(VI), and TCE is initially fed at
10 mg/l (each). Influent analogue concentrations are based on the findings of the aquifer slurry
studies. Columns are fed in an upflow mode at 2 ml/h (about 0.5 ft/day superficial velocity)
using Harvard Model 22 syringe pumps equipped with 100 ml gas-tight glass and Teflon
syringes (FIG. 9). Column effluents are analyzed regularly for residual target contaminants,
pH, dissolved oxygen, nitrate, nitrite, sulfate, ferrous iron, and methane. A Microtox—> system
is used to evaluate the efficacy of different columns in reducing the effluent toxicity.

Bromide tracer studies are performed at the beginning and end of the study to
determine changes in liquid detention time, pore volume, and dispersion in the packed columns.
A bromide solution (50 mg/l) is continuously injected at 2 ml/h. Effluent bromide
concentrations are monitored until they reach influent levels. The mean liquid detention time is
estimated as the time required for the effluent bromide concentration to reach 50% of the
influent concentration. This time is multiplied by the flow rate in order to estimate the pore
volume of the aquifer column. Porosity is calculated as the ratio of pore volume to the total
volume of the column. The liquid detention time is also used as a baseline to evaluate potential
retardation of target contaminants caused by adsorption. Retardation factors is estimated as the
ratio of the time required for 50% breakthrough of BTX in sterile columns to the mean liquid
retention time. The dispersion coefficient is estimated by fitting the bromide breakthrough data

to an advection/dispersion solution (van Genutchten and Parker, 1984).
S5.1.1.4  ANALYTICAL METHODS

Gas chromatography with mass spectrometry (GC-MS), flame ionization (GC-FID),

or electron capture (GC-ECD) is used for measurement of TCE and its degradation products.
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GC-MS is performed using a Finnigan MAT GCQ mass spectrometer (San Jose, CA). A purge
and trap extraction system (Tekmar 3000 Purge and Trap, Cincinnati, OH) is used for GC-MS
analysis of volatiles, as described in EPA Method 8260A. The volatile organic chemicals
perchloroethylene, trichloroethylene, dichloroethylenes, vinyl chloride, ethene and ethane are
analyzed via these methods.

Reduced iron is analyzed in solution by the ferrozine method or the phenanthroline
method (1992 Standard Methods 3500-Fe D), and total dissolved iron is analyzed after 0.2 pm
membrane filtration by Perkin Elmer 3300 Atomic Absorption Spectrometer (Norwalk, CT)
with carbon furnace (Standard Methods 3500-Fe B).

Hexavalent chromium is analyzed colorimetrically using a modified SW-846
Method 7196A. In the absence of interfering amounts of substances such as molybdenum,
vanadium, and mercury, Cr(VI) is determined by a red-violet color producing reaction with
diphenylcarbizide in acid solution. 95 mL of sample extracted with 3% sodium carbonate
(Katz, 1991) is mixed with 2 mL of diphenylcarbazide solution and sulfuric acid is added to
bring solution pH to approximately 2. The solution is allowed to stand for 10 min and is then
transferred to a 1 cm cuvette for colorimetric measurement at 540 nm. Kazi and Katz (1987)
showed that this extraction procedure selectively removes both the soluble and insoluble
hexavalent chromium without oxidizing the trivalent chromium. Digestion of the sample with a
sulfuric-nitric acid mixture, and then oxidation with potassium permanganate, converts all
chromium species to Cr(VI) (Clesceri et al., 1989). This is then reacted with diphenylcarbide
and filtered to determine total chromium. The amount of Cr(III) is determined as the difference
between total chromium and Cr(VI). The presence of Cr(Ill) may be confirmed by electron
spin resonance spectroscopy (Lieber et al., 1964).

Total dissolved uranium is measured by radiochemical methods (Standard Methods
7500-U B). Radioisotopes 235, and 238 may be separated by the isotopic method using
electrodeposition (Standard Method 7500-U C). These analyses are performed using a
Beckman LS6000IC liquid scintillation counter (Fullerton, CA).
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5.2 EXAMPLE 2 -- FE(0) AS AN ELECTRON DONOR AND ENERGY SOURCE

FOR ISAD

To demonstrate that Fe(0) can serve as the ultimate electron donor and energy
source for chemoautotrophic, biological dentrification, a dual-flask apparatus was used (see
FIG. 9, insert). Two 250-ml Erlenmeyer flasks were fused at the top. An opening was made on
the side of each flask for sample addition or removal. One flask contained 10 g of Fe(0) and
100 ml of water, and the other flask contained 100 ml of mineral medium with nitrate (40 mg/!
as N). The flasks were purged with N,/CO, (80:20, vol./vol.) following inoculation with P.
denitrificans. This set up permitted the diffusion of cathodic H, from the Fe(0)-containing
flask through the connecting glass tubing to the seeded flask while avoiding potential microbial
inhibition by iron species. Nitrate was removed below detection limits within 5 days in this
apparatus with a concomitant increase in microbial concentration as measured by optical
density at 600 nm (FIG. 9). No nitrate removal or microbial growth was observed in control
runs, lacking either nitrate, Fe(0) or inoculum, indicating the Fe(0) corrosion and nitrate
reduction were coupled via hydrogenotrophic denitrifiers.

Studies were also conducted in batch reactors to investigate nitrate reduction
kinetics and to determine biotic and abiotic nitrate removal products in the presence of iron
powder (2.02 mz/g, Aldrich Chemical Co., Milwaukee, WI), iron filings (0.14 mz/g, Fisher
Chemical Co., Fairlawn, NJ), and steel wool (0.0075 m2/g, Rhodes American, Chicago, IL).
Serum bottles (250 ml) capped with Miniert® valves were filled with 100 ml of
carbonate-buffered, minimal medium with nitrate (50 mg/l as N). Ten g of acid-washed Fe(0)
powder, Fe(0) filings, steel wool, or 40 ml H, (1 atm) gas were used as electron donors. Some
reactors were seeded with hydrogenotrophic denitrifiers, either axenic cultures of
P. denitrificans ATCC 17741 and P. denitrificans (formerly Thiosphaera pantotropha), ATCC
35512, or mixed cultures of indigenous aquifer microorganisms enriched with H, and nitrate.
Control (unseeded) reactors were similarly prepared. The reactors were purged with N,/CO,
(80:20, vol./vol.) following inoculation to remove dissolved oxygen and to provide a carbon
source of autotrophic growth.

In the absence of bacteria, Fe(0) powder exhibited faster rates for both nitrate
removal and H, production than Fe(0) filings. This was attributed to the higher specific surface

area available for reaction in the Fe(0) powder. In seeded reactors, however the more reactive
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Fe(0) powder had an inhibitory effect on biological dentrification. This was attributed to the
large increase in pH (pH >10) due to Fe(0) corrosion. The inhibitory effect of high pH on
dentrification was verified in separate incubations with H,-fed P. denitrificans, which ceased to
remove nitrate at pH values greater than 10. Rectors containing Fe(0) filings and bacteria did
not exhibit such a large pH increase and completely removed the added nitrate within one
month, while abiotic reactors with Fe(0) filings did not. Thus, denitrifiers had a more
beneficial effect when combined with the less reactive Fe(0) filings than with the more reactive
Fe(0) powder.

Batch studies were also conducted to compare the fate of nitrate when Fe(0) powder,
steel wool, or H, gas served as electron donors. An axenic culture of P. denitrificans was used
for inoculation. An acetylene block technique was performed on seeded reactors to quantify
biological dentrification (per N,O accumulation) As in the previous study, faster nitrate
removal occurred in reactors containing Fe(0) powder than in reactors containing steel wool or
H, gas. Incubation times to remove all of the added nitrate (50 mg/l as N) were 8 days for the
seeded reactors amended with Fe(0) powder and 12 days for the seeded reactors amended with
steel wool or with H, gas. Nevertheless, the end products for the reactors containing steel wool
more closely resembled the ideal H,-amended reactors (Table 6), where most of the initial
nitrate was biologically denitrified (as shown by N,O accumulation) rather than reduced to the

less favorable product, ammonium, as seen in the reactors containing Fe(0) powder.
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To investigate the ability of bacteria to sustain nitrate removal in the presence of
Fe(0) in a flow-through system, columns packed with steel wool and seeded with mixed
cultures of indigenous, aquifer denitrifiers were operated over several months. The columns
used were constructed by fusing two 25 mm, threaded-glass connectors (Ace Glass, Vineland,
NJ) together. The columns had an inner diameter of 2.5 ¢cm and were 26.5 cm long. The ends
were sealed with threaded, PFTE stoppers containing fitied-glass filter discs (Ace Glass).
Sampling ports were made along the length of the column by making a small opening and
fusing a 1.5 dram vial with the bottom cut of onto the column. The sample ports were capped
with 13 mm, Teflon®-lined Mininert® valves (Alltech Associates, Inc., Deerfield, IL).

Mineral medium containing nitrate (50 mg/l as N) was pumped in an up-flow mode
into the columns using a Masterflex® (Barrington, IL) 7523-30 peristaltic pump with a 7519-15
pump head. The influent reservoir was a 25-liter Nalgene™ polyethylene carboy (Nalge Co.,
Rochester, NY). The influent reservoir was continually purged with an N,/CO, (80:20,
vol./vol.) gas mix using Masterflex® 6426-16 tubing (3.1 mm inner diameter) with a stone
diffuser. The influent tubing was Masterflex® 6402-14 tubing with 1.6 mm inner diameter.
The tubing was approximately 2.4 m long, running from the bottom of the influent reservoir to
the head of the column. The effluent tubing was Teflon® having an inner diameter of 1.6 mm
and a length of about 0.5 m. The end of the effluent tubing was adapted for sampling with a
flangeless ferrule and nut arrangement, a 1/4-28 adapter male luer lock fitting. Hamilton
(Reno, NV) 3-way sampling valves were placed influent and effluent to the columns in order to
redirect flow for sample collection, dissolved oxygen measurement, or to stop flow in the
system. Preliminary results over 4 months show that this is a sustainable process, and that

seeded columns exhibit higher nitrate removal efficiencies (60%) than unseeded controls

(40%).

5.3 EXAMPLE 3 -- CATHODIC H, AS ELECTRON DONOR FOR CHCL,

CO-METABOLISM BY A MIXED, METHANOGENIC CULTURE

The inventors have exploited the use of elemental iron (Feo) for treatment of highly
chlorinated organic compounds. While early studies found little microbiological contribution
to degradation in laboratory and field tests, recent work has focused exclusively on abiotic

processes. In studies conducted with a mixed, methanogenic culture, however,
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pseudo-first-order rate coefficients for chloroform degradation were at least 3.6 times greater in
serum bottle incubations containing 40 mesh iron filings and live cells as compared to
incubations containing Fe’ and killed cells, Fe'-free incubations with live cells. CF
cometabolism and methanogenesis was apparently supported using cathodic hydrogen produced
by anaerobic corrosion of the added Fe’. The use of selective microbial inhibitors showed that
H,-consuming methanogens and not homoacetogens were responsible for CF degradation. The
sustainability of the process was established in a 60-day column study using steel wool as
support for microbial growth. The observation that cathodically produced H, can support

reductive dechlorination by anaerobic bacteria has significant practical implications.

3.3.1 MATERIALS AND METHODS
5.3.1.1 BATCH REACTORS

Batch studies were conducted in the dark at 20°C using 25 mL liquid volume in
sealed, 38 mL serum bottles. Duplicates were used for all treatments. Bottles were incubated
in an inverted position on a circular action shaker table (Lab-Line) at 200 rpm. Initial batch
studies examined the effect that amending methanogenic incubations with Fe® had on the
kinetics of CF transformation. Iron filings (2 g, 40 mesh, specific surface area 0.237 mz/g,
Malinkrodt) were weighed into selected bottles. Bottles were then filled with DI water, sealed
with Teflon™-coated rubber septa (West Co., Phoenixville, PA), and capped with aluminum
crimp caps. Bottles were flushed with N,/CO, gas (80:20, v/v) through the septa to displace the
water. A 100 mL glass, gas-tight syringe (Scientific Glass Engineering, Australia) was used to
inject bottles with 25 mL of either freshly prepared mineral medium, cell suspension from a
stock culture reactor, or autoclaved cell suspension (120°C for 20 min). The headspace gas
exited through a 25-gauge needle. The mineral medium used in these studies was the same as
that supplied to the stock culture reactor. Transformation studies were initiated by injecting a
volume of CF stock solution through the septum with a 10 pL syringe. CF-free controls
containing iron and live cell suspension were used to investigate the inhibition of
methanogenesis by CF. Bottles were sampled periodically for CF, DCM, hydrogen, and

methane. The liquid-gas mass transfer coefficient, k; o0 was determined using the method of

Tatara et al. (1993).
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A study was conducted to elucidate the possible roles of methanogens and
homoacetogens in cathodic hydrogen consumption and CF degradation. Two microbial
inhibitors were used for this purpose: bromoethanesulfonic acid (BESA) and vancomycin.
BESA is a specific methanogenic inhibitor (Sparling and Daniels, 1987). Vancomycin is an
antibiotic that inhibits eubacterial cell wall formation (Bock and Kandler, 1985). Incubations
containing 2 g of iron filings were amended with neither, one, or both of the inhibitors at
concentrations of 50 mM BESA (Zinder et al., 1984; Aguilar e al., 1995) or 100 mg/L
vancomycin (DiStefano et al., 1992; Aguilar er al., 1995; Freedman and Gossett, 1989; Perkins
et al., 1994). Fe'-free incubations with a N,/CO, headspace received 2 mL of H,/CO, gas and
neither, one, or both of the inhibitors at the same concentrations. The bottles were sampled
daily for hydrogen and methane. When hydrogen reached low levels in some of the
H,-amended incubations, the headspace of all of the H,-additional 2 mL of H,/CO, gas was
injected into the serum bottles. This cycle was repeated once more, and this time a volume of

CF-saturated stock was also injected into the bottles.

5.3.1.2  COLUMN REACTORS

A study employing column reactors was conducted over a 60-d period to determine
if the CF degradation activity observed with batch reactors was sustainable. Three glass
chromatography columns (2 cm i.d. x 20 cm) were used to study the transformation of CF
under continuous-flow conditions. Steel wool (0.0075 mz/g, Medium 1, Rhodes/American,
Chicago, IL) was used as an iron source and physical support for the attachment of bacteria.
The chemical composition of the steel wool, as reported by the manufacturer, was (in %) Fe
(52), Si (30), C (16), Mn (1.25), P (0.7), and S (0.05). Two columns were packed end-to-end
with 5.5 g sections of an unrolled steel wool pad. The third column was used as a sterile
(autoclaved) control to evaluate volatilization losses and was filled with 5 mm-diameter glass
beads. One steel wool-filled column was seeded with two 100 mL aliquots of cell suspension
from the stock culture reactor using a 100-mL glass, gas-tight syringe. The microorganisms
were allowed to colonize the steel wool for 2 days with no flow to the column. The columns
were then operated for 2 w with CF-free influent, using the same medium that was supplied to
the stock culture reactor, but without the addition of acetic acid. The medium was buffered by

adding 1 mL of 1 N HC] to 200 mL of fresh medium and then adjusting the pH to 6.7 with
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NaHCO;. After 2 w, CF was added to the feed solution from the CF stock solution using a 10
pL syringe. Influent was pumped into the columns through Teflon™ tubing from 25 mL glass,
gas-tight syringes (Hamilton) with a syringe pump (Harvard Apparatus). The columns were fed
upflow at a volumetric flow rate of 7.9 mL/d. The porosity of the steel wool- and glass
bead-filled columns was 0.90 and 0.30, respectively, resulting in superficial velocities of 2.8
and 8.4 cm/d and hydraulic retention times of 7.2 and 2.4 d, respectively. Effluent samples
were taken with disposable syringes attached to Teflon™ tubing, which extended to the top of

the steel wool or glass beads.

5.3.1.3  CHEMICALS AND STOCK SOLUTIONS

CF (high-performance liquid chromatography (HPLC) grade) and DCM (certified
American Chemical Society (ACS) grade) were purchased from Fisher Scientific (Pittsburgh,
PA). Stock aqueous solutions of CF and DCM were prepared by adding about 5 mL of each
chemical to 25 mL of autoclaved, distilled deionized water in 43 mL glass serum bottles sealed
with Teflon™-lined rubber septa and aluminum crimp caps. Other chemicals used included
acetic acid (glacial, Malinkrodt), methane gas (100%, Scott Specialty Gases),
2-bromoethanesulfonic acid (98%, Aldrich Chemical Company, Milwaukee, WI), and

vancomycin (Sigma Chemical Company, St. Louis, MO).

53.1.3  STOCK CULTURE REACTOR

The source of organisms was a magnetically stirred, 9.5 L glass reactor containing
an acetate-enriched methanogenic cell suspension volume of 8 L. The reactor was maintained
at 20°C with a 40-d hydraulic retention time, such that 200 mL of cell suspension was removed
daily and replaced with fresh medium. The medium recipe has been listed previously (Hughes
and Parkin, 1996). The medium was buffered with NaHCO, as needed to maintain a reactor pH
of 6.9 £ 0.1. The volatile suspended solids concentration of the reactor averaged 245 + 20

mg/L (n = 5) at the time the studies were conducted.
53.14 ANALYTICAL METHODS

CF, DCM, H,, and CH, were determined by gas chromatography (GC) using

headspace analysis. Headspace samples were withdrawn using a locking, gas-tight syringe
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(Precision Sampling Corp., Baton Rouge, LA) equipped with a 22-gauge side-port needle and
then injected into a GC. The headspace of 38 mL batch reactors was directly sampled by this
method. For the column reactors, a 1 mL aqueous sample was taken from an effluent sample
port with a 3 mL disposable plastic syringe and, using a 25-gauge needle, injected into a 5 mL
glass vial sealed with a Teflon™-coated, rubber septum and screw cap. The headspace of this
bottle was then injected into a GC.

CF was analyzed using an HP 5890 Series II GC equipped with an electron capture
detector and a DB-5 capillary column (J and W Scientific, Folsom, CA). DCM and CH, were
analyzed on a HP 5890 Series II GC equipped with a flame ionization detector and a DB-WAX
capillary column (J and W Scientific). H, was analyzed on a HP 5890 Series II GC equipped
with a thermal conductivity detector using a Hayesep Q packed column (Alltech Associates).
For the 38 mL batch reactors, sample sizes for CF, DCM, H,, and CH, were 100, 500, 100, and
100 pL, respectively, with corresponding detection limits of 1.7, 15.3, 188, and 9.3 nmol/bottle,
respectively. For the column reactors, a 500 pL sample size was used for CF, DCM, and CH,,
and detection limits were 0.07, 0.78, and 2 uM, respectively.

Acetate concentrations were determined by HPLC analysis using a PRP-X300
column (Hamilton), Gilson Model 306 pump, and Model 805 manometric module (pulse
dampener). Peak areas were integrated using Gilson 712 Controller Software version 1.2. The
detection limit was approximately 0.08 mM.

Biomass was measured as volatile suspended solids using Method 2540 E in
Standard Methods (APHA, 1985). The pH was measured with a pH meter (Beckman Model F
72) and combination electrode (Fisher Scientific, Pittsburgh, PA).

5.3.2 RESULTS
5.3.2.1  BATCH REACTORS

CF was transformed most rapidly in the incubations containing live cells and Fe’
(FIG. 10A). DCM was detected only in the treatments containing cells and Fe® (F1G. 10B).
The H, concentration in the incubations containing live cells and Fe’ differed sharply
depending on the presence of CF. H, behavior in the incubation containing live cells, Fe’, and
CF was similar to H, behavior in the treatment containing mineral medium and iron until the

CF concentration in the live cell-Fe’-CF treatment reached low levels, whereas H, in the
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CF-free incubation containing live cells and Fe” remained at low levels throughout (FIG. 10C).
Likewise, CF affected methane production in the live cell-F e’ treatments; low levels of methane
were measured in the live cell-Fe® incubation containing CF until the CF concentration reached
low levels, while methane was steadily produced at a faster rate in the CF-free live cell-Fe’
incubation (FIG. 10D).

CF was rapidly transformed and DCM was produced when Fe’-free incubations
containing live cells were amended with 2 mL of H,/CO, (80:20, v/v) gas (FIG. 11). The slow
disappearance of CF in the H,-free control containing live cells indicated that an external
electron donor was required for rapid CF transformation. Furthermore, adding H, to
incubations containing autoclaved cell suspension had little effect on CF transformation,
indicating that CF transformation using H, as an electron donor was enzymatic.

FIG. 12A and FIG. 12B show the impact of the inhibitors on cathodic hydrogen and
methane levels in the incubations containing cells and iron. The behavior of the incubations
was controlled by the methanogenic inhibitor BESA: bottles containing BESA alone or BESA
and vancomycin responded similarly, while bottles containing vancomycin alone or no inhibitor
behaved similarly. Hydrogen levels were similar in all bottles for the first 2 days. After this,
the H, concentration in the BESA-amended incubation sets continued to increase, while the
concentration of H, in the vancomycin or inhibitor-free incubations decreased, eventually
becoming nondetectable (FIG. 12A). Similarly, methanogenesis was inhibited in both
incubation sets containing BESA as compared to the inhibitor-free incubations or the
incubations containing vancomycin only (FIG. 12B).

FIG. 13A, FIG. 13B, and FIG. 13C show the impact of the inhibitors on hydrogen
consumption, methane production, and CF transformation in incubations supplied with H,. In
general, the behavior of the incubations was controlled by BESA, and vancomycin alone had no
effect. During the first 2 days, neither of the inhibitors appeared to affect H, consumption.
After this, however, the rate of H, consumption in the incubations containing vancomycin or no
inhibitor remained steady, while the rate of H, consumption in the incubations amended with
BESA alone or BESA and vancomycin decreased (FIG. 13A). The relatively constant H,
concentration in the control reactor confirmed that the decrease in the H, levels in the live cell
incubations was not due to volatile losses. Acetate was not detected (<0.08 mM) in liquid

samples taken from the incubations during the first 3 days. Methane production in the
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incubations containing BESA alone or BESA and vancomycin was severely inhibited in
comparison to methane production in the vancomycin- or inhibitor-free incubations (FIG. 13B).
When bottles were resupplied with H,, vancomycin had no effect on either H, consumption or
methane production, while BESA severely inhibited both (FIG. 13A and FIG. 13B). Bottles
were resupplied with H, on the ninth day and spiked with CF. Vancomycin alone had no
impact on CF transformation (FIG. 13C). Moreover, the rate of CF transformation in
incubations amended with BESA alone or BESA and vancomycin was similar and lower than

in BESA-free incubations. Hydrogen consumption and methane production were inhibited in

the presence of CF.

5.3.2.2  CONTINUOUS-FLOW COLUMN STUDIES

The CF concentration in the effluent from the abiotic, steel wool column, averaging
0.41 £ 0.17 uM, was consistently greater than that from the methanogenic, steel wool column,
which averaged 0.00 + 0.02 pM CF (FIG. 14A). In fact, on only one occasion was CF
detectable in the methanogenic column effluent. A small peak on chromatograms was visible at
the DCM elution time (2.3 min) in samples from these two columns on several sampling
events; however, this peak was not integrated. The effluent from the glass bead control
column, 1.29 + 0.85 uM CF, was not statistically different (at the 95% level) from the influent
CF concentration, 1.61 = 0.49 uM CF. This indicated that the loss of CF addition was initiated
and increased 1 order of magnitude during the next 36 d to 7.43 mg of CH,/L on d 61 (FIG.
14B). The pH of the effluent from the methanogenic, steel wool column and the abiotic, steel

wool column was 8.3 and 8.7, respectively.

53.3 DISCUSSION

When the data shown in FIG. 4A was plotted as In(M/M,) versus ¢ (where M is the
total mass of CF (nmol of CF) in at bottle at time ¢, and M, is the initial mass of CF (nmol of
CF)), linear plots were produced, indicating that CF transformation rates followed first-order
kinetics. Slopes of these plots, i.e., pseudo-first-order rate coefficients, K(d'l), were then
compared. The CF transformation rate coefficient for the treatment containing Fe’ and live
cells, 0.72 d™* (r2 = 0.96), was greater than the value of k for the treatment containing live cells

only, 0.10 d™ (/* = 0.81); killed cells and Fe’, 0.20 d”* (+* = 0.99); and mineral medium and Fe’,
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0.08 d' (¢ = 0.63). The large value of the gas-liquid mass transfer coefficient, «;a, 95 d”,
ensured that CF transformation kinetics were not limited by the rate of mass transfer between
the liquid and gas phase.

Interestingly, combining Fe’ and live cells was synergistic with respect to CF
degradation; the rate coefficient for the combined Fe’ and live cell treatment was 2.4 times the
sum of the rate coefficients for the separate treatments containing Fe® or live cells. Hence,
abiotic and microbial CF degradation processes were not independent when Fe® and cells were
combined in a single reactor. This synergism apparently resulted from the production of
hydrogen as a result of the oxidation of Fe® (Reardon, 1996), which was then used as a primary
substrate for CF cometabolism. The detection of hydrogen in the incubations to which Fe’ was
added (FIG. 4C) and the stimulation of CF degradation when hydrogen was added directly
support these conclusions (FIG. 5).

Reductive dechlorination is an electron-consuming process, the stimulation of which
by the addition of an exogenous electron donor is common (Bagley and Gossett, 1995;
Freedman and Gossett, 1989; Fathepure and Boyd, 1988). Although H, stimulated CF
degradation, CF inhibited hydrogen consumption and methane production (FIG. 4C and FIG.
4D), which is a common effect of CF on methanogenic systems (Hughes and Parkin, 1996;
Bauchop, 1967; Thiel, 1969; Swanwick and Foulkes, 1971; Prins et al., 1972; Yang and
Speece, 1986; Hickey ef al., 1987). It should be noted that, while the consumption of H, in
incubations containing CF is not noticeable (FIG. 10C), only 1 nmol of H, is required for the

reduction of 1 nmol of CHCl; to CH,Cl,, according to
CHCl; + H, —» CH,Cl, + H' + CI’ (Equation 17)

Consequently, during the first 3 d, for example, a negligible amount (about 0.1%) of the H,
produced (at least 60 pmol of H,) would have been required for the degradation of about 80
nmol of CF. |

The studies conducted with microbial inhibitors support the hypothesis that
methanogenic bacteria were responsible for cathodic hydrogen consumption and CF
dechlorination using cathodic hydrogen as electron donor. Vancomycin, shown by Murray and
Zinder (1984) to inhibit eubacteria at the concentration used in this study, 100 mg/L, had little

or no impact on cathodic hydrogen consumption or methanogenesis when added alone to
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bottles containing iron (FIG. 12A and FIG. 12B). In contrast, BESA, a methanogenic inhibitor,
inhibited both of these processes to a similar degree regardless if added alone or with
vancomycin (FIG. 12A and FIG. 12B). Similar results were seen in treatments to which
hydrogen was added directly: vancomycin had no impact on hydrogen consumption or
methanogenesis when added alone, while both of these processes were inhibited in bottles that
contained BESA alone or BESA and vancomycin (FIG. 13A, FIG. 13B). Utilization of
hydrogen by methanogens for metabolic purposes may account for the decrease in hydrogen
concentration in the BESA-inhibited incubations in the early stage of this study. Acetate, a
product of homoacetogens, was not detected. Furthermore, vancomycin by itself had no impact
on CF degradation as compared to an inhibitor-free control (FIG. 13C). In contrast, CF
degradation was inhibited to the same degree in bottles containing BESA alone or BESA and
vancomycin, compared to an inhibitor-free control (FIG. 7C). The slow rate of CF degradation
in the BESA-inhibited bottles supports the hypothesis that methanogens were responsible for
CF degradation. BESA is a structural analogue of coenzyme M (2-mercaptoethane sulfonic
acid) (Sparling and Daniels, 1987), which is unique to methanogens (Balch and Wolfe, 1979).
The prosthetic group of methyl reductase is coenzyme F,;, (Ellefson et al., 1982), a nickel
porphynoid that facilitates the reduction of CF and other chlorinated aliphatics in abiotic studies
when a bulk reducing agent such as titanium (III) citrate or dithiothreitol is provided (Krone et
al., 1989a; Gantzer and Wackett, 1991). Methanogens contain other metallocoenzymes, such
as cobalt corronoids, that are not directly affected by BESA and that have also been shown to
reduce CF and other chlorinated aliphatics (Gantzer and Wackett, 1991; Krone et al., 1989b;
1991; Assaf-Anid et al., 1994; Chiu and Reinhard, 1995; 1996; Stromeyer ef al., 1992; Lewis et
al., 1996). Hence, although BESA may completely inhibit methanogenesis and F,;,-mediated
CF reduction, BESA may not stop the degradation of CF by pure or mixed methanogenic
cultures.

The extent of CF removal in the microbial steel wool column was consistently
greater than in the abiotic column during the 60-d experimental period. This illustrates that CF
cometabolism by anaerobic bacteria using cathodic hydrogen as the sole electron donor is
sustainable, a finding that was uncertain based on the batch studies where methanogenesis was
strongly inhibited in the presence of CF (FIG. 10A, FIG. 10B, FIG. 10C, and FIG. 10D). The

increase in the concentration of methane in the effluent from the microbial steel wool column
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no doubt reflects the growth of hydrogenotrophic methanogens within the column as well as
acclimation to CF. Based on the presumed increase in methanogenic biomass during the study,
it is reasonable to assume that higher influent CF concentrations than those studied here could
be reduced to nondetectable levels in the effluent.

This example illustrates the utility of microbial metallic iron treatment systems as an
advantage over abiotic zero-valent iron schemes. In a field-scale application of this technology,
cells grown in a fermenter or sludge from an anaerobic digester could be injected into a
permeable, iron-containing, reactive barrier similar to the reactor originally proposed by
Blowes et al. (1995). For some compounds, combined microbial abiotic systems may
accelerate the rate of transformation and extent of mineralization; dichloromethane, a CF
dechlorination product, does not undergo measurable abiotic transformation by iron (Matheson
and Tratnyek, 1994) but can be utilized as a growth substrate by acclimated anaerobes
(Freedman and Gossett, 1991; Stromeyer et al., 1991; Braus-Stromeyer et al., 1993; Maegli et
al., 1995). Conversely, anaerobic bacteria reduct TCE to ethene or ethane via dichloroethylene
and vinyl chloride (Freedman and Gossett, 1989; Wild ef al., 1995), while abiotic iron systems

reduce TCE to ethene and ethane without the production of these intermediates (Orth and

Gillham, 1995).
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All of the compositions, methods and apparatus disclosed and claimed herein can be
made and executed without undue experimentation in light of the present disclosure. While the
compositions and methods of this invention have been described in terms of preferred
embodiments, it will be apparent to those of skill in the art that variations may be applied to the
compositions, methods and apparatus and in the steps or in the sequence of steps of the
methods described herein without departing from the concept, spirit and scope of the invention.
More specifically, it will be apparent that certain agents which are both chemically and

physiologically related may be substituted for the agents described herein while the same or
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similar results would be achieved. All such similar substitutes and modifications apparent to
those skilled in the art are deemed to be within the spirit, scope and concept of the invention as

defined by the appended claims.
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CLAIMS:

A device comprising a composition comprising zero-valent iron and a culture of one or

more hydrogenotrophic bacteria.

The device in accordance with claim 1, wherein said hydrogenotrophic bacteria
comprise one or more species of bacteria selected from the group consisting of
Acetobacterium spp., Achromobacter spp., Aeromonas spp., Acinetobacter spp.,
Aureobacterium  spp., Bacillus spp., Comamonas spp., Dehalobacter spp.,
Dehalospirillum spp., Dehalococcoide spp., Desulfurosarcina spp., Desulfomonile spp.,
Desulfobacterium spp., Enterobacter spp., Hydrogenobacter Spp., Methanosarcina spp.,

Pseudomonas spp., Shewanella spp., Methanosarcina spp., Micrococcus spp., and

Paracoccus spp.

The device in accordance with claim 1 or 2, wherein said hydrogenotrophic bacteria
comprise one or more strains of bacteria selected from the group consisting of
Acetobacterium woodi, Aeromonas hydrophila, Aeromonas sobria, Alcaligenes
eutrophus, Comamonas acidovorans, Dehalococcoide restrictus, Dehalococcoide
multivorans, Dehalococcoide ethenogene, Desulfobacterium tiedje, Enterobacter
agglomerans, Hydrogenobacter thermophilus, Methanosarcina barkeri,
Methanosarcina mazei, Methanosarcina thermophila, Paracoccus denitrificans,

Pseudomonas aureofaciens, Pseudomonas maltophilia, Pseudomonas mendocina, and

Shewanella putrefaciens.

The device in accordance with any preceding claim, wherein said hydrogenotrophic

bacteria comprise Paracoccus denitrificans ATCC17741, Paracoccus denitrificans

- 76
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ATCC35512, Paracoccus denitrificans ATCC13543, or Paracoccus denitrificans
ATCC19367.

The device in accordance with any preceding claim, wherein said zero-valent iron
comprises Fe(0) metal, an Fe(0) alloy, or an Fe(0)-Ni(0), Fe(0)-Zn(0), Fe(0)-Pt(0), or
Fe(0)-Pd(0) bimetal.

The device in accordance with any preceding claim, wherein said zero-valent iron

comprises filings, shavings, turnings, wool, powder, mesh, beads, rods, pellets, or
flakes.

The device in accordance with any preceding claim, further comprising a support.

The device in accordance with any preceding claim, further comprising a glass,
concrete, metallic, zeolite, mineral, fiber, fiberglass, ceramic, plastic, polymeric, or resin

support.

The device in accordance with any preceding claim, comprised within an environmental

site.

The device in accordance with any preceding claim, comprised within a landfill site, an

agricultural site, an agricultural runoff site, or an irrigation site.

] Page 077
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The device in accordance with any preceding claim, further defined as an in sifu reactive

barrier.

The device in accordance with claim 11, further defined as a permeable barrier, a

semipermeable barrier, a treatment wall, and injected treatment zone, or a funnel and

gate system.

The device in accordance with any one of claims 1 to 8, further defined as an ex sifu

bioreactor.

The device in accordance with claim 13, comprising an inlet port, an outlet port and a

container means for containing said composition.

The device in accordance with claim 13 or 14, further defined as a continuous culture
system, a flow-through packed column, an inline water filter, a biofermenter, a fluidized

bed, a sequencing batch reactor, or an anaerobic digester.

The device in accordance with any one of claims 13 to 15, comprised within a water-

wastewater- or sewage-treatment system.

The device in accordance with claim 16, comprised within a water treatment system, a

Sewage or wastewater treatment system, a municipal water supply system, or a pollution

decontaminationsystem.
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The device in accordance with any preceding claim, comprised within a system for

remediating pollution in an aqueous solution or an environmental site.

A device in accordance with any preceding claim, for use in detoxifying or remediating an

aqueous solution or an environmentai site.

A device in accordance with any one of claims 1 to 18, for use in treating environmental

pollution.

A device in accordance with any one of claims 1 to 18, for use in treating agricultural

leachate, water, wastewater, groundwater, surface water, an aquifer, or sewage.

A device in accordance with any one of claims 1 to 18, for use in reducing the

concentration of a nitrogen- or sulfur-containing compound in an aqueous solution or an

agricultural site.

The device in accordance with claim 22, wherein said nitrogen- or sulfur-containing

compound comprises nitrate, nitrite, sulfate, or sulfite.

A device in accordance with any one of claims 1 to 18, for use in reducing the
concentration of a haloaromatic or nitroaromatic compound in an aqueous solution or an

agricultural site.
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The device in accordance with claim 24, wherein said wherein said nitroaromatic
compound is trinitrotoluene, RDX, HMX, 2-aminodintrotoluene, 4-aminodinitrotoluene,
or parathion, and said haloaromatic compound is tetrachlorodibenzodioxin

pentachlorophenol, chlorobenzoate, atrazine, or 1,1,1-TCA.

A device in accordance with any one of claims 1 to 18, for use in reducing the

concentration of a metal ion-containing compound in an aqueous solution or an

agricultural site.

The device in accordance with claim 26, wherein said metal ion-containing compound

comprises strontium (II), cesium (I), chromium (VI) uranium (VI), technetium (VII),

silver (I), or mercury (II).

A device in accordance with any one of claims 1 to 18, for use in removing or reducing

the concentration of a pesticide in an aqueous solution or an environmental site.

The device in accordance with claim 28, wherein said pesticide comprises methoxyclor,
alachlor, metolachlor, lindane, DDT, DDE, DDD, dieldrin, aldrin, heptachlor,

chlordane, 2,4-dichlorophenoxyacetic acid, 2,4,5-trichlorophenoxyacetic acid or

atrazine.

Use of a device in accordance with any one of claims 1 to 18, in the manufacture of a
apparatus for removing or reducing the concentration of an organic or an inorganic

compound in an aqueous solution or an environmental site.

: 0
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Use of a device in accordance with any one of claims 1 to 18, in the manufacture of a

system for remediating pollution.

Use of a device in accordance with any one of claims 1 to 18, in the manufacture of a

water, a wastewater, or a sewage treatment apparatus.

Use of a device in accordance with any one of claims 1 to 18, in the manufacture of an
apparatus for reducing the concentration of an organic or an inorganic compound in an

aqueous solution or in an environmental site.

A method of removing or reducing the concentration of an organic or inorganic
compound in an environmental site, comprising providing to said site an effective
amount of a composition comprising zero-valent iron and a culture of one or more

hydrogenotrophic bacteria, or a device in accordance with any one of claims 1 to 18.

A method for denitrifying groundwater or an environmental site in situ comprising
contacting said groundwater or said environmental site with a composition comprising
zero-valent iron and a culture of one or more hydrogenotrophic bacteria, or a device in

accordance with any one of claims 1 to 18.

A method for removing or reducing the concentration of a nitrogen- or sulfur-containing
compound in a sample, comprising contacting a sample suspected of containing said
compound with a composition comprising zero-valent iron and a culture of one or more

hydrogenotrophic bacteria, or a device in accordance with any one of claims 1 to 18.
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The method in accordance with claim 36, wherein said nitrogen-containing compound is

nitrate or nitrite, and said sulfur-containing compound is sulfate or sulfite.

The method in accordance with claim 36 or 37, wherein said nitrogen-containing

compound is nitrate or nitrite.

A method for removing or reducing the concentration of a nitroaromatic compound in a
sample, comprising contacting a sample suspected of containing said nitroaromatic
compound with a composition comprising zero-valent iron and a culture of one or more

hydrogenotrophic bacteria, or a device in accordance with any one of claims 1 to 18.

The method in accordance with claim 39, wherein said nitroaromatic compound is

trinitrotoluene, RDX, HMX, 2-aminodintrotoluene, 4-aminodinitrotoluene, or parathion.

The method in accordance with claim 39 or 40, wherein said nitroaromatic compound is

trinitrotoluene, RDX, or HMX.

A method for removing or reducing the concentration of a halocarbon compound in a
sample, comprising contacting a sample suspected of containing said halocarbon with a
composition comprising zero-valent iron and a culture of one or more hydrogenotrophic

bacteria, or a device in accordance with any one of claims 1 to 18.

The method in accordance with claim 42, wherein said halocarbon is carbon
tetrachloride, dichloromethane, a polychlorinated biphenyl, a chlorinated benzene,

trichloroethylene, perchloroethylene, dichloroethylene, vinyl chloride, chloroethane,
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bromoform, dichlorodifluoromethane, trihalomethanes, tetrachlorodibenzodioxin

pentachlorophenol, a chlorobenzoate, atrazine, or 1,1,1-TCA.

The method in accordance with claim 42 or 43, wherein said halocarbon is carbon
tetrachloride, dichloromethane, trichloroethylene, perchloroethylene, dichloroethylene,
vinyl chloride, chloroethane, dichlorodifluoromethane, trihalomethanes,

tetrachlorodibenzodioxin pentachlorophenol, a chlorobenzoate, atrazine, or 1,1,1-TCA.

The method in accordance with any one of claims 42 to 44, wherein said halocarbon is

carbon tetrachloride, trichloroethylene, or dichloromethane.

A method for removing or reducing the concentration of a haloaromatic compound in a
sample, comprising contacting a sample suspected of containing said haloaromatic
compound with a composition comprising zero-valent iron and a culture of one or more

hydrogenotrophic bacteria, or a device in accordance with any one of claims 1 to 18.

The method in accordance with claim 46, wherein said haloaromatic compound is a

polychlorinated  biphenyl, a chlorinated benzene, tetrachlorodibenzodioxin

pentachlorophenol, a chlorobenzoate, atrazine, or 1,1,1-TCA.

A method for degrading or detoxifying a pesticide, comprising contacting a sample
suspected of containing said pesticide with a composition comprising zero-valent iron
and a culture of one or more hydrogenotrophic bacteria, or a device in accordance with

any one of claims 1 to 18.
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The method in accordance with claim 48, wherein said pesticide is methoxyclor,
alachlor, metolachlor, lindane, DDT, DDE, DDD, dieldrin, aldrin, heptachlor,
chlordane, 2,4-dichlorophenoxyacetic acid, 2,4,5-trichlorophenoxyacetic acid or

atrazine.

The method in accordance with claim 48 or 49, wherein said pesticide is atrazine.

A method for detoxifying a metal ion-containing compound, comprising contacting a
sample suspected of containing said compound with a composition comprising zero-
valent iron and a culture of one or more hydrogenotrophic bacteria, or a device in

accordance with any one of claims 1 to 18.

The method in accordance with claim 51, wherein said compound comprises strontium
(I), cesium (I), chromium (VI) uranium (VI), technetium (VII), silver (I), or mercury
(D).

The method in accordance with claim 51 or 52, wherein said compound comprises

chromium (VI) or uranium (VI).

A method for reducing the concentration of nitrite-, nitrate-, sulfite-, or sulfate-
containing compound in an aqueous solution or environmental site, comprising (a)
selecting an aqueous solution or an environmental site containing said compound; and
(b) contacting said solution or site with a composition comprising zero-valent iron and a

culture of one or more hydrogenotrophic bacteria, or a device in accordance with any

one of claims 1 to 18.
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A method for reducing the concentration of a nitroaromatic compound in an aqueous
solution or environmental site, comprising (a) selecting an aqueous solution or an
environmental site containing said nitroaromatic compound; and (b) contacting said
solution or site with a composition comprising zero-valent iron and a culture of one or

more hydrogenotrophic bacteria, or a device in accordance with any one of claims 1 to
18.

A method for reducing the concentration of a pesticide or organic pollutant in an
aqueous solution or environmental site, comprising (a) selecting an aqueous solution or
an environmental site containing said pesticide or pollutant; and (b) contacting said
solution or site with a composition comprising zero-valent iron and a culture of one or

more hydrogenotrophic bacteria, or a device in accordance with any one of claims 1 to

18.

A method for reducing the concentration of a mercury-, silver-, technetium-, strontium-,
cesium-, chromium- or uranium-containing pollutant in an aqueous solution or
environmental site, comprising (a) selecting an aqueous solution or an environmental
site containing said pollutant; and (b) contacting said solution or site with a composition
comprising zero-valent iron and a culture of one or more hydrogenotrophic bacteria, or a

device in accordance with any one of claims 1 to 18.

A method for reducing silver (I), mercury (II), technetium (VII), strontium (II), cesium
(I), chromium (VI) or uranium (VI) ions in an aqueous solution, comprising contacting
an aqueous solution suspected of containing one or more of said ions with a
composition comprising zero-valent iron and a culture of one or more hydrogenotrophic

bacteria, or a device in accordance with any one of claims 1 to 18.
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