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ABSTRACT

Demonstration-Scale Analysis of Anaerobic Bioremediation of Tetrachloroethene
DNAPL Source Zone Using Bioaugmentation and Electron Donor Delivery
by
James McDade

An experiment was designed to test the hypothesis that bioremediation within
DNAPL source zones is feasible provided all limiting factors are delivered in adequate
amounts. A demonstration-scale aboveground aquifer simulation system was
bioaugmented with a mixed anaerobic dechlorinating culture after the addition of neat
PCE below the water table. Hydrogen Releasing Compound® was introduced to the tank
to provide a long-term and steady supply of reducing equivalents for dechlorination. The
system effluent was monitored for chlorinated ethene concentrations, and results
demonstrated the dechlorination of PCE to trichloroethene (TCE) and cis-dichloroethene
(cis-DCE). Measurements at the end of the study indicated the following mole fractions

in the effluent: ¢is-DCE (66%0), TCE (24%). and PCE (10%).
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Chapter One: INTRODUCTION

Chlorinated solvents. including tetrachloroethene (PCE) and trichloroethene
(TCE), have been widely used as metal degreasers, solvents, dry cleaning fluids, printing
inks, and paint removers (/). The widespread usage of PCE and TCE has led to leaching
of chlorinated solvents into the groundwater due to leaking underground storage tanks
and drum storage areas and accidental spills. PCE and TCE may be harmful to human
health and pose unique and difficult ground water remediation challenges. One reason
for this difficulty is the propensity of these compounds to form dense non-aqueous phase
liquids (DNAPL s) in aquifers due to the characteristic of low solubility in water (2).

In the past two decades there has been an increase in research into the potential
application of anaerobic bioremediation of PCE and TCE at DNAPL sites through a
process known as reductive dechlorination. Reductive dechlorination is an obligatory
anaerobic process known to occur either cometabolically (3-5) or as a respiratory process
(6-13) referred to as halorespiration. The current approach to manage DNAPL sites
involves extraction of contaminated water from an aquifer and treatment aboveground
using air stripping or activated carbon (/4). Questions remain, however, concerning
long-term operation and maintenance expenses associated with the pump and treat,
especially when DNAPL is present. With the discovery of halorespiring bacteria capable
of transforming PCE and TCE contaminants at rapid rates, the feasibility of in situ
bioremediation technologies as a replacement to ex sizu treatment has been the subject of
considerable interest. All in siru bioremediation technologies involve the stimulation of
subsurface bacteria. In general, biostimulation involves adding a chemical that has

previously limited the growth of bacteria in the subsurface to facilitate the stimulation



process. Bioaugmentation (i.e. injecting bacteria with a unique metabolism capable of
degrading a targeted compound) is required if unique metabolic capabilities are not
present.

Biostimulation for PCE or TCE dechlorination by indigenous halorespiring
bacterial populations can be performed using many different electron donors, such as
lactate (/35). A common approach employs a proprietary product, Hydrogen Releasing
Compound (HRC). has been used to biostimulate dechlorination in siru. HRC is a
polylactate ester that slowly hydrolyzes in water to release lactic acid and other organic
acid derivatives (/6). Hydrogen is produced through the fermentation of the organic
acids from HRC, and the hydrogen serves as an electron donor in halorespiration. HRC
has been used to enhance natural attenuation at over 120 sites. with several of these sites
showing complete reductive dechlorination of PCE or TCE to ethene (/7).

The use of bioaugmentation to augment biostimulation is an outgrowth of the
study of microbial metabolism and ecology (/8). Bioaugmentation is being reevaluated
as a remediation technology from past research in the remediation of oil and BTEX
compounds. Bacteria capable of degrading these compounds are ubiquitous in the
environment, and bioaugmentation is rarely if ever necessary. Bioaugmentation of
aquifers contaminated with more recalcitrant compounds, such as PCE or TCE, may be
more important since halorespiration is a unique form of metabolisms carried out by
obligatory anaerobic bacteria.

Bioaugmentation to achieve chlorinated ethene metabolism has been performed
using aerobic cultures capable of cometabolic (aerobic) transformation (/9-2/) and

anaerobic cultures carryout halorespiration (/3,22-24). Examples of where anaerobic
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bioaugmentations have been performed include sites where cis-DCE was accumulating
due to the natural attenuation of PCE and TCE. Either specific organisms or a mixed
anaerobic culture have been inoculated into a contaminated aquifer to further reduce
PCE, TCE, and cis-DCE to vinyl chloride and eventually ethene. In all four studies.
ethene was produced in the aquifer, but due to several factors the evidence was not
completely conciusive if bioaugmentation or biostimulation was the cause of increased
reductive dechlorination.

The purpose of this research is to perform bioaugmentation on a system that
demonstrated no PCE dechlorinating metabolism with bacteria capable of reductive
dechlorination and to evaluate dechlorination activity. A secondary objective is to
evaluate the performance of HRC as a means of an electron donor delivery system for
source-zone bioremediation. A final objective is to determine the impact of
bioaugmentation on the DNAPL source zone. Preliminary work was done to scale-up a
mixed anaerobic dechlorinating culture, and transform a simulated aquifer from aerobic

to anaerobic conditions using acetate and lactate.
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Chapter Two: LITERATURE REVIEW

2.1 Reductive Dechlorination of Chlorinated Ethenes Overview

In the past two decades there has been an increase in research in the
bioremediation of tetrachloroethene (PCE) and trichloroethene (TCE). These two
chlorinated aliphatic compounds have increasingly been found to contaminate aquifers
throughout the world. The discovery of mixed anaerobic cultures capable of
transforming these chemicals has helped to fuel this research (/-4). Complete anaerobic
reductive dechlorination is a step-wise process, where PCE is reduced to TCE,
predominantly cis-dichloroethene (cis-DCE, other DCE isomers are not as frequently
observed as cis-DCE), vinyl chloride, and the final product of ethene (5). This pathway
is illustrated in Figure 2.1. The rate-limiting step in the sequential degradation of PCE to
ethene is the reduction of vinyl chloride to ethene (3).

Early research considered reductive dechlorination a cometabolic process.
Cometabolic dechlorination is a fortuitous conversion of a chlorinated ethene by an
enzyme or cofactor, which does not benefit the microorganism as either a carbon source
or energy source (6). Experiments have shown that both methanogenic and acetogenic
bacteria cometabolically dechlorinated PCE. Pure cultures of methanogens have reduced
PCE to TCE at slow rates, thus implying energy flow was diverted to PCE via a reduced
electron carrier (7-9). Another cometabolic process occurs with acetogenic
cometabolism of PCE, which results in slow rates of PCE reduction to TCE (6). Rates of
dechlorination with methanogenic or acetogenic bacteria are typically slow (0.5-235
nmol PCE (g protein)”' day™'). Complete dechlorination of PCE or TCE to ethene has

not been observed in pure cultures of methanogenic or acetogenic bacteria.



Figure 2.1: Pathway of microbial PCE transformation under anaerobic conditions
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In the past 10 years, isolates of pure cultures of reductive dechlorinating bacteria
that undergo an anaerobic reductive dechlorination process known as halorespiration
have been discovered. Halorespiration occurs under anaerobic conditions where the
chlorinated compound serves as the terminal electron acceptor, and another substrate,
typically hydrogen, serves as an electron donor (6). Rates of PCE reductive
dechlorination are orders of magnitude greater than cometabolic reduction (2.4 x 10%-4.5
x 10° nmol PCE (mg protein)™' day™'). The anaerobic bacterium Dehalobacter restrictus
was the first isolate that demonstrated halorespiration (/0). Several more halorespiring
bacteria capable of utilizing PCE as a terminal electron acceptor have been isolated since
Dehalobacter restrictus (11-16). These bacteria are only capable of reducing PCE to
TCE and more commonly cis-DCE. While only a small number of halorespiring bacteria
have been isolated. it is believed that many more bacteria are capable of halorespiration
that have yet to be isolated.

Dehalococcoides ethenogenes strain 195 is the only isolate that is capable of
growth by reducing PCE completely to vinyl chloride and ethene. D. ethenogenes is able
to rapidly dechlorinated PCE to vinyl chloride, but the dechlorination of vinyl chloride to
ethene is a substantially slower step and is cometabolic (/7). Growth of D. ethenogenes
is limited, since hydrogen is the only electron donor that supports halorespiration of PCE.
Further studies have indicated that the Dehalococcoides genus is widely distributed
throughout a range of differing climatic and geographical environments, and it is possible
that several species other than D. ethenogenes may be capable of fully dechlorinating

PCE and TCE to ethene (/8).



2.2 Role of Lactate in PCE Dechlorination

Selection of an electron donor has been an ongoing topic of research in the area of
reductive dechlorination. Much of the research involved in analyzing electron donor
roles in reductive dechlorination has been done using mixed cultures. Initially, hydrogen
was thought to be the only electron donor in dechlorination. However, more recent
research has shown electron donors ranging from hydrogen to organic acids and alcohols
support growth of reductive dechlorinating mixed cultures. Lactic acid (lactate) is one of
many different organic acids that can serve as electron donors to support reductive
dechlorination.

One of the first demonstrations of lactate as an electron donor in reductive
dechlorination was using sulfate-reducing enrichment cultures. Bagley and Gossett
demonstrated that more PCE degradation occurred in cultures amended with lactate than
with acetate, hydrogen. methanol, or mixed organic acids (/9). The primary metabolic
activity observed was the oxidation of lactate to acetate by lactate-consuming sulfate-
reducing bacteria, and the final products of PCE dechlorination were TCE and c¢is-DCE
(/9). Researchers in the Netherlands discovered Rhine River sediment amended with
lactate (1 mM) and PCE (8 uM) could reductively dechlorinated PCE to ethene, and a
further reduction of ethene to ethane (20). This study was conducted under methanogenic
conditions using a mixed culture, and it was unclear whether or not all reducing
equivalents were available for reductive dechlorination (20). Another experiment also
compared several different electron donors. including lactate, using low organic carbon

aquifer material in batch microcosms. TCE was the final transformation product, and
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lactate amended microcosms produced the highest concentrations of TCE, as compared
with propionate, crotonate, butyrate, ethanol, acetate, methanol, and isopropanol (2/).

Dehalospirillum multivorans was the first bacteria isolated which demonstrated
that lactate could be used as an electron donor. The culture was isolated using pyruvate
as electron donor and PCE as electron acceptor, and later experiments were run using
lactate as an electron donor (22). The later experiments indicated that lactate could not
be utilized without TCE or fumarate as an electron acceptor, and tests showed D.
multivorans could not ferment lactate. The final product of dechlorination was c¢is-DCE.
Gerritse, ef al. used an enrichment culture grown with lactate as electron donor and PCE
as electron acceptor to isolate Desulfitobacterium species strain PCE1 (/7). Strain PCE1
was capable of fermentable growth on pyruvate, but growth on lactate required PCE,
TCE. sulfite, thiosulfate. nitrate, or fumarate as an external electron acceptor (23).
Lactate was oxidized to acetate, and PCE was reduced to ¢is-DCE via TCE.

Some reductive dechlorinating bacteria are not able to utilize lactate as an electron
donor. For many of these bacteria, hydrogen is the only electron donor that will support
reductive dechlorination. Lactate can be a very important substrate in the production of
hydrogen by the process of fermentation. Much of the early belief was that lactate, which
is rapidly fermented. would produce bursts of hydrogen that would stimulate
dechlorination for only a short time. A study by Fennell. ¢r a/. illustrated that hydrogen
produced from the fermentation of lactic acid could support dechlorination in a mixed
culture (24). These studies were conducted with lactic acid to PCE ratios of 2:1 and 1:1.
In addition Fennell, er al. discovered that cultures amended with lactic acid and pre-

fermented yeast extract accumulated propionic acid, which is a slower fermentable
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substrate (24). The slower fermentable propionic acid facilitates dechlorination longer
due to the slower production of hydrogen.

Carr and Hughes demonstrated long-term success of using lactate as an electron
donor, and the final products of dechlorination as vinyl chloride and ethene with
percentages of 80% and 20% respectively (25). They compared lactate, methanol, and
hydrogen electron donor performance in a mixed culture for over a year. and observed
equal rates of dechlorination among the three electron donors. It was also observed that
dechlorination was not impacted by competition with methanogens for electron donor at
high hydrogen partial pressures (25). Methanogens would not out compete
dechlorinators for hydrogen in a mixed culture, if that mixed culture were amended with
high concentrations of lactate.

Studies have also been conducted in a fluidized bed reactor. Results showed that
lactate as an electron donor and PCE as an electron acceptor could support growth for the
mixed culture (26). This mixed culture was believed to use hydrogen as a final electron
donor in the process of dechlorination. which the fermentation of lactate provided.
Smaller concentrations of lactate produced less hydrogen, which favored the
dechlorinating bacteria over methanogenic bacteria in the competition for hydrogen (26).
2.3 Characterization of Mixed Culture

A mixed column was used to seed Bioreactor | (described in detail in Chapter 3),
which was subsequently used for the bioaugmentation of this experiment. This section
characterizes the mixed column from work previously done by Carr, Zheng, and Hughes
(27). The mixed column was started using inoculum from an anaerobic granular sludge

obtained from an upflow sludge blanket reactor (25). The upflow sludge blanket reactor



was used in a wastewater treatment facility designed to treat wastewater from the
synthesis of polyester. This inoculum was packed in an air tight, glass column (1.8 L)
and fitted with three sampling ports. Nutrient medium. characterized by Carr and
Hughes, was delivered (2 mL/min) using a peristaltic pump, and a methanol/PCE (52
mM methanol and 0.52 mM PCE) solution was delivered (0.253 mL/hr) using a syringe
pump. The hydraulic retention time of the column was 15 hours.

The inoculum was never exposed to chlorinated ethenes at the wastewater
treatment facility, but within 24-hours of exposure to PCE. TCE production was
observed, although this conversion of PCE to TCE was believed to be cometabolic and
not halorespiring (25). For two years the column exhibited dechlorination of PCE
primarily to cis-DCE with little to no vinyl chloride or ethene production. After 5 years
PCE was converted to 80% vinyl chloride and 20% ethene with the column undergoing
halorespiration (27). The culture is in continual operation, and has been operating for
approximately 9 years to date with similar ratios of vinyl chloride and ethene production.

Tests were performed on the extent of dechlorination using different electron
donors. The column was tested with a variety of electron donors including formate,
pyruvate, acetate, acetaldehyde. lactate, propionate. butyrate. methanol. ethanol. glucose.
yeast extract. and hydrogen (28). Hydrogen. pyruvate. glucose, ethanol. and yeast extract
sustained dechlorination in the mixed column with glucose, pyruvate, and hydrogen
showing the greatest extent of dechlorination. The variety of substrates able to sustain
dechlorination indicates a symbiotic relationship within the mixed column, which is also

supported by similar results from other anaerobic mixed cultures (2,7/6.20,26.29).
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2.4 Hydrogen Releasing Compound (HRC)

Hydrogen Releasing Compound® (HRC) is a proprietary product sold by
Regenesis Bioremediation Products of San Clemente, CA. HRC is a food grade,
environmentally benign, polylactate ester, which slowly hydrolyzes to release lactic acid
and serves as an option in anaerobic bioremediation (30). The polymerized lactic acid
complex 1s esterified to a glycerol alcohol, in which water hydrolyzes the ester linkage
(37). Once hydrolyzed the polylactate complex must be degraded into individual lactic
acid molecules. Lactic acid molecules, as described in the section above. can serve as a
key metabolic electron donor, after which it is fermented to produce other organic acid
(acetic and propionic acids) and hydrogen. The hydrogen drives reductive
dechlorination.

HRC slowly hydrolyzes over a period of approximately one year to several years
depending on the form the HRC manufacture. The slow hydrolysis can greatly enhance
natural attenuation of sites exhibiting slow degradation by providing a steady source of
electron donor. HRC can be manufactured as a thick syrup. high viscosity. and flowable
liquid that is typically introduced into aquifers using a push-point injection or backfill-
auguring procedure (32). HRC can also be manufactured as a thick gel, which can be
placed in canisters and inserted into wells (3/). The thicker gel allows for an even slower
release of lactic acid that can last for several years.

HRC can be used in the remediation of dissolved phase plumes. sorbed phase
contaminants, and source-zone areas. HRC has mainly been used to degrade chlorinated
aliphatic hydrocarbons, such as PCE, TCE, TCA. and derivatives of these chlorinated

compounds (32). In addition, perchlorate, nitrate, and explosive compounds have also
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been degraded either in batch experiments or field tests using HRC (33,34). Several
factors make HRC an attractive field-scale remediation stimulant, including low
maintenance, low cost, constant hydrogen source. and desorption enhancement of
contaminant (32).

Currently, over 120 chlorinated hydrocarbon sites have used HRC as an electron
donor source. Microcosms, batch experiments, pilot-scale, and field-scale experiments
have demonstrated the effectiveness of HRC as an electron donor in reductive
dechlorination. In pilot-scale and field-scale applications, HRC can be directly injected
into an aquifer. placed in canisters in wells, and injected as a barrier (30). Of the 120
sites where HRC has been applied. 42 sites have collected enough data to sufficiently
evaluate the effectiveness. According to Koenigsberg, 9 of these sites displayed
exceptional results, 22 sites displayed positive results, 9 sites displayed moderate results,
and 2 sites displayed no response to HRC addition (30).

HRC was first tested using microcosm studies and aquifer simulation vessel
(ASV) studies. Microcosms were tested using sterilized sand spiked with differing
quantities of bacteria, concentrations of TCE (up to 140 mg/L). and differing quantities of
HRC (0.5 or 1.5 g) (32). TCE was remediated under all conditions. Researchers found
that initial concentration drops of TCE were due to adsorption on the sand. however. the
TCE eventually desorbed and was remediated in the dissolved phase (32). ASV
experiments supported the microcosm results, where TCE (6 mg/L) was degraded after 9
days using HRC (32).

The first HRC field-site investigation took place at a dry cleaners site in

Wisconsin. HRC (240 Ibs.) was injected at 12 points upgradient of a PCE source-zone



(35). The first effect of HRC was the depression of the redox potential with nitrate,
sulfate, and iron being reduced. and subsequently over 80% of PCE mass was removed in
253 days with PCE degradation rates increasing 11.5 times from background natural
attenuation rates. Vinyl chloride, which was never observed prior to HRC injection. was
observed 191 days after HRC introduction.

Another pilot study was conducted in a Florida aquifer contaminated with TCE
(148 ppb), cis-DCE (2030 ppb), and vinyl chloride (471 ppb) (36). The pilot study was
designed using HRC filled canisters inserted in eleven existing monitoring wells In one
month DO was completely depleted and sulfate reducing redox conditions were achieved.
After 12 weeks of the pilot study. TCE. cis-DCE, and vinyl chloride concentrations were
reduced 96%, 98%, and 96 % respectively. A field study in Watertown, Massachusetts
evaluated the effectiveness of HRC in an aquifer contaminated with TCE (9.9 ppm) and
PCE (0.74 ppm) using a treatment cell, which recirculated ground water (37). Similar to
the pilot study by Wu, canisters containing HRC were placed into existing wells for
delivering of HRC. Sulfide and dissolved iron levels were elevated in monitoring wells,
which suggests sulfate and iron reducing conditions in the treatment cell. while a 97%
reduction in the mass of the plume was detected. Ethene was detected in one of the
monitoring wells. suggesting complete biodegradation of PCE and TCE. Other field
applications have shown that HRC can enhance complete reductive dechlorination to
ethene (385-43).

The majority of field studies have shown that HRC produces anaerobic conditions
capable of reducing iron and sulfate with no significant decreases in dechlorination

activity. In a field study by Schuhmacher ez al. (44), a dissolved phase plume of PCE and
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TCE was treated with HRC. Areas of the dissolved plume exposed to HRC did not show
significant biodegradation as other areas of the plume treated with HRC. These areas
contained high concentrations of sulfate (370 mg/L), which the author hypothesized that
hydrogen produced from the fermentation of the HRC may be consumed in sulfate
reduction, thus competing with reductive dechlorination of PCE and TCE. Additional
HRC was added in this area reducing concentrations of sulfate (370 mg/L to 98 mg/L),
and Schuhmacher et al. believe increased doses of HRC can mitigate sulfate reduction
competition with reductive dechlorination.

HRC has been proven in both microcosm and field studies as an effective electron
donor. The ability of HRC to serve as a biostimulant makes it an attractive enhancer for
natural attenuation, which may be occurring at extremely slow rates. Natural attenuation
occurring on sites with minimal reductive dechlorination in many instances can be
stimulated to completely reduce PCE or TCE to ethene. HRC has been shown to enhance
reductive dechlorination in the dissolved chlorinated ethene plume, as well as, in the
DNAPL source-zone. The correct placement and loading of HRC is critical in the
effectiveness of the compound to stimulate reductive dechlorination.

2.5 Experimental Controlled Release System

As a part of a Department of Defense, the Advanced Applied Technology
Demonstration Facility (AATDF) program developed a controlled aquifer testing system.
This system was designed to facilitate the controlled release of a contaminant. calculate
mass balance of contaminant and by-products, and monitor real-time clean-up
technologies efficiency (435). The system has the general attributes of being portable.

tightly sealed, pilot-scale, flexibly designed. easy to construct, easy to operate and
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maintain, affordable. and promote rapid testing. These attributes allow the test system to
be shipped to sites anywhere in the country and allow testing on a variety of remediation
technologies on a variety of different contaminants.

After analysis of many different testing facilities throughout North America. the
Experimental Controlled Release System (ECRS) was designed. ECRS consisted of a
process equipment skid, instrumentation building, soil tank, and other reservoirs and
treatment equipment. The actual experimentation of remediation technologies on
contaminants occurs in the soil tank. The soil tank is a rectangular, reinforced steel
sludge container (Galbreath. Inc., Mansfield, TX) with dimensions of 18 ft long x 7 ft
wide x 6 ft high and a total volume of 27-yd’ or 243 ft’. The tank can be retrofitted with
pipes and tubing in a variety of ways to facilitate a variety of different testing situations.
The ECRS tank at Rice University was previously at Arizona State University, where air-
sparging tests were performed using it.

2.6 Bioaugmentation

Many synthetic compounds can persist in the environment for long periods of
time due to the lack of biotic or abiotic degradation. In many cases these compounds are
harmful to the environment, and rapid removal of the compounds is essential. The
natural response of indigenous microbial populations may not be rapid enough to rely
upon for the degradation of toxic compounds (46). To increase the response of
indigenous microbial populations or to establish a non-existent population could be
performed by bioaugmentation. Bioaugmentation can be defined as the introduction of
microorganisms capable of transforming a target toxic compound into a contaminated

media. Bioaugmentation, also known as inoculation, may be required if microorganisms
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capable of degrading a particular compound are absent. Bioaugmentation may also be
necessary if indigenous populations may require long acclimation periods for
microorganisms to degrade a particular compound, or stressful environmental conditions
that inhibit indigenous populations exist (46).

Bioaugmentation has historically been very successful in bioreactors or other
engineered systems. Bioreactors provide conditions readily altered for optimal growth of
microorganisms, which is in contrast to field sites (46). Alexander provides a record of
several bioreactor bioaugmentation successes for 1,2-dichloroethane. TCE. phenanthrene.
anthracene, 3-chlorobenzoate, and dimethyl sulfide. Microcosms simulating soil or
aquifer conditions, which are bioaugmented, have also been successful for a variety of
contaminants. Successful bioaugmentation in soil, ground water, and surface water is
less frequently observed.

Several factors distinguish between successfulness of bioaugmentation on a field-
scale and a controlled environment like a bioreactor or microcosm bottle. These factors
have been divided into three categories and summarized in Table 2.1. The metabolic
factors entail subsurface conditions where an essential substrate is limited in its
availability to the targeted bacteria. The substrate could be nutrients (nitrogen,
phosphorous. inorganic nutrient, etc.), carbon source, or even the contaminant (46).
Insufficient bacterial transport is also a key factor in the lack of success of
bicaugmentation. Lack of transport is caused by physical filtration of the bacteria and
adsorption of the bacterial cells by soil particles. A recent study showed that
Burkholderia cepacia capable of degrading TCE was injected into the subsurface and

traveled only a few centimeters from injection point (46).
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Table 2.1: Factors that affect the success of bicaugmentation in soil, ground water,
or surface water

Metabolic Factors Environmental Factors Other Factors
Limiting Nutrients (N, P, inorganic) Temperature Insufficient bacterial transport
Use of other carbon source pH Suppression by predators or
parasites
Need for a carbon source Salinity
Concentration of organic substrate Toxins

too low to support growth

Adapted from Alexander, 1999 (46).



The subsurface environment is more dynamic than a microcosm bottle or a
bioreactor. Bioaugmented microbial populations are subjected to a variety of abiotic and
biotic stresses that are hard to simulate in an ideal environment like a microcosm bottle or
bioreactor (46). Microorganisms capable of degrading a particular contaminant have an
advantage. but this advantage may not be enough to compensate for the survival in a
natural environment. Survival and growth are dependent upon more than just possessing
the ability to degrade a particular compound.

Much of the bioaugmentation work has been involved in the soil matrix.
Inoculation of the soil on a field-scale level has been performed for many compounds
with a variety of bacteria. Many herbicides, oil. polychlorinated biphenyls, and
nitrophenols have been successfully mineralized to safer products by the use of
bioaugmentation in the soil matrix (46).

Much of the preliminary work involved in ground water bioaugmentation has
been performed in microcosms or column studies. Results from these studies are
presented below. One of the first microcosm bioaugmentation studies was performed
using Pseudomonas cepacia G4 and PR1. which cometabolically transform TCE to CO»
and other nonvolatile products in an aerobic environment (#7). This transformation is
substrate induced by compounds such as phenol and tryptophan. Bioaugmentation was
performed on groundwater and aquifer sediment microcosms with inoculation of bacteria
densities of 10° to 10 bacteria/mL. Groundwater microcosms degraded TCE (20 and 50
um) to non-detect levels, and aquifer sediment microcosms showed similar results at

higher bacterial concentrations.



A series of column studies were performed using cores of aquifer material and
inoculated with the same bacteria as in the above study. A high-density single
bioaugmentation and a low-density semi-continuous bioaugmentation were performed in
columns spiked with TCE (250 pg/L) and both phenol (6.5 mg/L) and lactate (15 mg/L)
(48). Inoculation of the columns was done with cell concentrations of 7 mg/L. Phenol-
fed bioaugmented soil columns transformed twice as much TCE as non-bioaugmented
phenol-fed microcosms.

Munakata-Marr. et al. performed a long-term study (280 days) using the same
aquifer column microcosms (49). Results showed initial TCE degradation but eventually
dissolved oxygen was depleted and TCE transformation declined. Dissolved oxygen
appeared to be the limiting factor in successful bioaugmentation. Once bioaugmentation
ceased, phenol-fed microcosms returned to or surpassed previous TCE transformation
rates, but unfed and lactate-fed microcosms lost all transformation activity. The TCE
transformation in the phenol-fed microcosms was believed to be from indigenous bacteria
in the aquifer material and not bioaugmented bacteria.

Column studies were performed using surfactant and bioaugmentation to enhance
the remediation of TCE (50). Surfactant was used to first mobilize the DNAPL and then
deliver the bacterial strain ENV 435, which cometabolically degrades TCE with methanol
serving as an energy source. Results indicated that the DNAPL was mobilized through
the sand column. bacterial delivery was enhanced by the surfactant, and that a 95-99%
removal of TCE was achieved.

Bioaugmentation with cometabolic TCE transforming bacteria can be limited.

First, dissolved oxygen concentrations must be sufficient throughout bioaugmentation to






