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Executive Summary

In the first phase of this project (Phase 1), two 11.7 m® Experimental Controlled Release Systems
(ECRS), packed with sandy model aquifer material and amended with tetrachloroethene (PCE)
DNAPL source zones, were operated in parallel with identical flow regimes and electron donor
amendments. Hydrogen Releasing Compound® (HRC®, and later dissolved lactate, served as
electron donors to promote dechlorination. One ECRS was bioaugmented with an anaerobic
dechlorinating consortium directly into the source zone, and the other served as a control
(biostimulated only) to determine the benefits of bioaugmentation. The presence of halorespiring
bacteria in the aquifer matrix prior to bioaugmentation, shown by nested PCR with phylogenetic
primers, suggests that dechlorinating catabolic potential may be somewhat widespread. PCR
analyses demonstrated that the bacteria present in the culture used for bioaugmentation in the
ECRS prevailed for almost a year. Unfortunately, even with Dehalococcoides present, complete
dechlorination to ethene was achieved at minimum (<1uM). Results demonstrated that the low
concentration of ethene produced in this first phase was not due to washout of the dechlorinating
organisms. It was also demonstrated that as long as the electron acceptor was not limiting, there
was greater energy flow to the dechlorinating populations than to the methanogens. Overall, the
results obtained in the Phase | corroborate that source zone reductive Dechlorinating of PCE is
possible at near field scale, and that a system bioaugmented with a competent halorespiring
consortium can enhance DNAPL dissolution and dechlorination processes at significantly greater
rates than in a system that is biostimulated only.

The second experiment, Phase Il, compared the fate of a mixed DNAPL source zone under a
natural attenuation scenario (no treatment, natural rates of dissolution) with a most probable
engineering approach that included biostimulation and bioaugmentation. The same experimental
ECRS tanks used on Phase | described above were emptied and repacked with uncontaminated
sandy soil. HRC® was continuously added in the influent as a pre-hydrolized (diluted) mixture
consisting of 50:50 v/iv HRC® : deionized water. The effluent concentration of ethene measured
in the biostimulated and bioaugmented tank (~ 4uM) was 4 fold higher than Phase I. This
suggests a more complete dechlorination activity that was most likely the result of the slower
groundwater seepage velocity used in this experiment (0.4 m/d) compared to the Phase |
experiment (1.6 m/d). Cumulative mass balance calculations showed that the total mass removed
at the end of the experiment in the biostimulated and bioaugmented tank was near 47% of the
total mass of PCE added to the tank. Of this removal, 26% was removed by dissolution (as
measured by the mass of PCE in the effluent) and 21% by dechlorination to lesser chlorinated
products, mainly TCE and cis-DCE. In the control tank, 34% of the PCE added to the tank was
removed, with 31% being removed by dissolution and 3% by dechlorination. The benefit of
biostimulation and bioaugmentation was observed with higher (7 fold) dechlorination activity
compared to the control tank.



1. Introduction

Background

Remediation of aquifers contaminated with chlorinated solvents (CAH) such as tetrachloroethene
(PCE) and trichloroethene (TCE) is a multi-billion dollar problem for industry and state and
federal government. Estimates of the number of DoD-administered sites containing CAH
contamination has been placed near 3000, and a large number of these are believed to contain
non-aqueous phase liquids (NAPL) (USEPA 1997). Numerous other sites under Superfund
jurisdiction are either identified or believed to contain residual source contamination. The most
frequently used treatment technologies (pump-and-treat, zero-valent iron barriers) focus on
management of CAH plumes rather than DNAPL source zones that slowly dissolve over years to
produce plumes (Stroo et al. 2003). Present technology treats the symptoms rather than the
cause. Remediation times once estimated at a few years are now known to be in the hundreds of
years for many sites. While DNAPL source zones can be contained hydraulically, cleanup to
acceptable levels has not been achieved with presently available “innovative” technology (in situ
oxidation, in situ thermal treatment, surfactant/cosolvent flooding).

Published laboratory studies conducted at Rice University have demonstrated that rapid
dechlorination activity can occur in the immediate vicinity of pure CAH DNAPL, cause dramatic
changes in the mass transfer and partitioning characteristics of the DNAPL, and result in rapid
DNAPL dissolution (Cope et al. 2001; Adamson et al. 2004). Source zone bioremediation
harnesses the natural metabolism of dehalorespiring organisms, capable of thriving at high
concentrations of chlorinated solvent contamination, to modify the dissolution characteristics of
DNAPLs. If source zones could be effectively treated using low cost bioremediation technology,
significant reduction in remediation life cycle costs could be achieved at DoD-administered sites
(Stroo et al. 2003). Carefully controlled near-field scale demonstrations are required to validate
this benefit. A controlled test (Adamson et al. 2003) of source zone bioaugmentation at a near-
field scale using PCE DNAPL has recently been successfully completed in the Experimental
Controlled Release System (ECRS) (Reeves et al. 2000) at Rice University. Use of this system
for assessing the potential for DNAPL source zone bioremediation provides a means for
avoiding many of the difficulties inherent in field-scale work (adequate estimation of the mass
and composition of DNAPL initially present, an inability to operate a parallel independent
control study, and the high costs generally associated with experimental work at this scale).

Objectives and Demonstration

Having demonstrated the ability to construct, bioaugment, and monitor DNAPL source zones in
a controlled release system, we have a unique capability to conduct a quantitative demonstration
of DNAPL source zone bioremediation in a cost-effective manner with a known initial DNAPL
mass and composition and a parallel independent control. Conducting this demonstration was
the objective of the study proposed herein. Furthermore, the objectives of this work were, 1) to
provide a basis for critical analysis of the extant field data from ongoing tests to determine if
source zone longevity is being biologically impacted at these sites, 2) to allow for the
characterization of microbial ecology in the DNAPL source zone and downgradient using
molecular techniques for tracking and enumerating critical populations, 3) to determine whether



PCR based analysis targeting phylogenetic or catabolic biomarkers could be a reliable and cost-
effective tool to estimate dechlorination rates and, 4) develop a basis for cost and effectiveness
considerations at field scale.

Regulatory Drivers

Reports from the U.S. Environmental Protection Agency (USEPA) and the National Academy of
Sciences (NAS) have acknowledged the technical difficulties in dealing with NAPL-
contaminated sites and pressed for the development of innovative remediation approaches
(USEPA 1996; NRC 1994; NRC 1999). A 2001 expert panel workshop sponsored jointly by the
Strategic Environmental Research and Development Program (SERDP) and the Environmental
Security Technology Certification Program (ESTCP) was held to identify key research and
development needs for addressing source zone remediation. According to published reports from
this workshop (SERDP/ESTCP 2001), research into remediation of source zone contamination
has been labeled “a more pressing need at this point than research on plume restoration”.
Participants identified source zone bioremediation and bioaugmentation as among the highest
priorities.

Stakeholder/End-user Issues

Demonstration of source zone bioremediation is intended to provide unequivocal evidence that
dissolution of DNAPL can be enhanced biologically. The use of two parallel systems with
known inputs and operating conditions allows for a direct quantification of this effect. Use of
this type of flux enhancement parameter provides an estimate of the impact on source longevity,
and therefore cost comparisons with regards to duration of site monitoring/closure are possible.
This report provides information that could be followed for initiating and implementing a source
zone bioremediation system, as well as the type of monitoring and data analysis required. If
implemented on the field scale, this remediation scheme requires considerable expertise in terms
of gathering and interpreting subsurface hydrological and biogeochemical data, but no more than
is typically required in enhanced bioremediation (biostimulation) strategies. All components
used were available commercially and can be modified to meet particular site-specific needs.



2. Technology Description

Technology Development and Application

Highly chlorinated solvents such as PCE and TCE contain relatively oxidized carbon and can be
reductively dechlorinated biologically in the presence of a suitable electron donor. Typical
remediation schemes have involved engineering methods to stimulate natural or introduced
microbes to dechlorinate within a contaminant plume some distance downgradient of a perceived
or delineated source zone. These strategies rely on the ability to dechlorinate aqueous-phase
contaminant in the presence of a suitable electron donor, and success is measured by the
production of ethene as the terminal product of the process. While there have been a number of
cases where enhanced bioremediation has proven successful in plume management, there has
been concern that biologically-based strategies are unable to address those sites that contain
significant amounts of contaminant present as free product. Because nearly all highly
chlorinated solvents are only sparingly soluble in water, these compounds have a limited ability
to dissolve into the aqueous phase when introduced into the subsurface. That portion of the mass
that does not dissolve remains as a DNAPL that can serve as a long-term source of
contamination. The strategies used to date have focused on (often costly) means of removing
mass. The ability for bioremediation to achieve substantial mass reduction has been given little
consideration. For the most part, reductive dechlorination has not been considered an effective
treatment strategy for these sites because of concerns about the ability to impact dissolution via
transformation of aqueous phase contaminant. Additionally, the ability of organisms to remain
active in regions of high concentrations of PCE or TCE has not been clear.

A number of recent studies have increased the interest in source zone bioremediation by
demonstrating the ability to promote rapid dechlorination in the presence of NAPL, often in the
presence of specialized microbial populations. Source zone bioremediation harnesses the natural
metabolism of dehalorespiring organisms, capable of thriving at high concentrations of
chlorinated solvent contamination, to modify the dissolution characteristics of DNAPLs. The
effect of this metabolic activity on dissolution processes is two-fold. First, rapid dechlorination
of the dominant DNAPL constituents (typically either TCE or PCE) near the oil-water interface
creates a favorable concentration gradient for rapid mass transfer to the aqueous phase.
Secondly, the NAPL composition rapidly changes from a single-component DNAPL to a
mixture that includes more soluble and less chlorinated daughter products (i.e., cis-1,2-
dichloroethene, cDCE, and vinyl chloride, VC) with a net dissolution rate (i.e., the sum of the
dissolution rate of each DNAPL constituent) much greater than the DNAPL originally present.
Laboratory-scale studies have quantified the collective effect of these processes on DNAPL
dissolution. Under equilibrium dissolution conditions, PCE in a DNAPL source was reduced by
83% when compared to abiotic controls (Carr et al. 2000). In a companion study investigating
NAPL removal in columns, PCE removal rates were enhanced by up to 16 times when compared
to dissolution alone in abiotic controls (Cope et al. 2001). In both studies, the reduction in
source longevity was highly correlated with the ability of the dechlorinating populations to
produce more soluble metabolites.  Furthermore, these studies established that high
dechlorination rates observed in previous research with an anaerobic enrichment culture (Carr et
al. 1998; Zheng et al. 2001) can be maintained in close proximity to a NAPL zone, and that



traditional perceptions about the associated toxicity and inhospitableness of these regions should
not rule out the potential for bioremediation. Subsequently, similar studies have validated this
observation at the laboratory scale (Yang et al. 2000; Yang et al. 2002; Adamson et al. 2004).

To test these findings on a larger scale, a recent near-field scale study was conducted with the
objective of evaluating the ability to inoculate a non-dechlorinating porous medium containing a
pure PCE NAPL under controlled conditions (Adamson et al. 2003). In this experiment, an
active and stable laboratory-scale dechlorinating culture was used as inoculum to develop large
volumes of culture needed to seed a previously verified field-scale simulated aquifer system,
ECRS (Reeves et al. 2000). Prior to culture addition, a known mass of pure PCE had been added
to the simulated aquifer. Results show that the introduced culture rapidly began to dechlorinate
PCE even in regions containing NAPL. Moreover, activity (measured as both rate and extent of
dechlorination) improved over the course of the monitoring period, suggesting that the culture
was stable and that the need for re-augmentation in these conditions was minimal.

Assessing the potential of biological methods in source zone remediation in the subsurface
suffers from the general lack of suitable metrics or diagnostic tools for accurately quantifying
success. Mass reduction stands as the goal of all strategies, and numerous physical-chemical
methods such as surfactant flooding have been effective in removing significant portions of
contaminant from the subsurface. However, rarely is a site sufficiently characterized such that
there is certainty about the exact amount and location of free product in a heterogeneous aquifer.
Therefore, the actual extent of mass reduction is only an estimate. An alternative approach to
assess success of source zone bioremediation is to calculate the macro-scale flux of
contamination from the DNAPL to the aqueous phase. Flux of a contaminant in an aquifer can
be quantified in terms of a mass transfer rate across a given cross-sectional area (M/T/L?), and it
is a function of the difference between the saturation concentration at an interface and the bulk
concentration (Adamson et al. 2004). The ability to change contaminant flux is useful as a basis
for comparison in situations where biological activity is stimulated. Specifically, the goal of
bioremediation of source zones is to increase the local flux of contaminant into the agqueous
phase via the production of more soluble and less hydrophobic metabolites. This process yields
compounds that partition into the aqueous phase and are transported from the source zone. This
increase in flux is characterized by a higher cumulative concentration of chlorinated ethenes in
the aqueous phase than otherwise would be observed without biological activity (Cope et al.
2001).

The use of dissolution flux as a performance parameter can greatly aid in quantifying the impact
of source zone bioremediation, particularly if this effect is quantified on a near-field scale. A test
platform such as the ECRS has the potential to demonstrate this effect at a sufficient scale.
Operation of two parallel tanks with one serving as an independent uninoculated control is a
direct indication of the impact of an actively dechlorinating culture on flux. Furthermore, use of
this system for assessing the potential for DNAPL source zone bioremediation provides a means
for avoiding many of the difficulties inherent in field-scale work, in particular the adequate
estimation of the mass and composition of DNAPL initially present and the high costs generally
associated with experimental work at this scale.



An overall schematic of the technology demonstration is provided in Figure 2-1. Tests were
conducted using two ECRS platforms where temperature and all inputs were controlled and
migration of components out of (and intrusion of unwanted components into) the test zone was
eliminated. These platforms were aquifer simulation systems developed by the DoD to evaluate
remediation technologies after controlled releases of subsurface contaminants (Reeves et al.
2000). They are comprised of metal tanks (5.5 m long x 2.1 m wide x 1.8 m high) packed with a
sandy matrix and fitted with an extensive network of sampling lines and influent and effluent
controls. The data obtained from the effluent was representative of the entire cross-sectional
area perpendicular to the groundwater flow as determined by bromide tracer studies.

PLAN View PLAN View
B| ed
DN Zone S e
ELEVATION View ELEVATION View
\V4
Influent - - 00 Influent
—» Sample Sample <¢—| 20 -
N
[e]
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Decontamination
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Figure 2-1. Schematic of the Experimental Design. Two ECRS Tanks were Operated in
Parallel with Identical Aquifer, Electron Donor, and DNAPL Constituents. In Phase I, one
was Biostimulated and Bioaugmented and the Other Served as a Control (biostimulated
only). In Phase Il, one was Biostimulated and Bioaugmented and the other Served as
Control (simulating natural attenuation). In Phase I, the DNAPL was added 30 cm from the
Bottom of the Tanks, Creating a Pool. In Phase 11, the DNAPL was Added from the Top to
Form a Dispersed Plume Downgradient.



In this project, two ECRS tanks were operated in parallel with identical aquifer, electron donor,
and DNAPL constituents. In Phase I, one tank served as a non-bioaugmented control. The other
was biostimulated and bioaugmented by the addition of 15L of an anaerobic dechlorinating
consortium directly into the source zone. Carbon and electron donor requirements were satisfied
initially by the addition of HRC® and later by the addition of lactate directly upstream of the
DNAPL region. Following culture establishment and development, the dissolution flux from
residual saturation in the inoculated tank was compared to the control. Subsequently, both
systems were emptied and repacked. One tank was biostimulated and bioaugmented directly into
the source zone and the other tank served as a control (simulating natural attenuation). Because
the mass, composition, and location of the DNAPL were known in all cases, it was possible to
quantify, through data collection and modeling, the effect of bioremediation on DNAPL source
Zones.

The culture used for bioaugmentation has consistently demonstrated the ability to dechlorinate
high concentrations of PCE (including mixed NAPL) to ethene. Extensive molecular
characterization studies have demonstrated that the culture contains multiple dechlorinating
species, including Dehaloccoides spp., that appear to be key in dechlorinating beyond cDCE
(Hendrickson et al. 2002; Major et al. 2002). Successful scale-up procedures have already been
developed and were followed in this work. A previous bioaugmentation trial with this culture
demonstrated survival and activity of a diverse microbial population in situ (Adamson et al
2003).

Design parameters included water table depth, flow rate (and resulting water velocity), mass of
DNAPL added, culture density, mass of electron donor added, and locations for additions and
sampling.

Applications of the technology include any DNAPL-contaminated site that has suitable
hydrogeologic characteristics to be a candidate for biostimulation and/or bioaugmentation. The
project was designed to provide quantitve evidence that enhanced dissolution is possible in the
presence of an actively dechlorinating microbial population, and thus should increase the
acceptability of source zone bioremediation as an practical remediation alternative.

Previous Testing of the Technology

The ECRS platforms have been used to test chlorinated solvent and surfactant fate and transport
on several occasions. The most pertinent is the recent demonstration of the inoculation and
dechlorination of an introduced PCE DNAPL, conducted at Rice University in 2001-2002
(Adamson et al. 2003). This research was partially funded under a SERDP project titled “Foam
Delivery of Hydrogen for Enhanced Aquifer Contacting and Anaerobic Biodegradation of
Chlorinated Solvents” (project number ER-1203), part of as an on-going project that also
included use of the ECRS as a partial means of validating surfactant-promoted foam formation
and transport. A second SERDP project titled “Low-Volume Pulsed Biosparging of Hydrogen
for Bioremediation of Chlorinated Solvent Plumes” (ER-1206) relied on a second ECRS tank
during the investigation. This project (concluded in 2003) further demonstrated the effectiveness
of this system in studying bioaugmentation in treating subsurface contamination, and a



component of the study involved establishment of a DNAPL source zone. Hydrogen sparging
was an effective means of stimulating dechlorination and did not result in excessive tunneling or
stripping of contaminants.

Factors Affecting Cost and Performance

Costs for this demonstration were fairly well delineated based on previous experiments. The use
of two parallel tanks and flow distribution systems provided additional unit costs with some
opportunities for favorable economies of scale (particularly with regard to personnel time
allotted to design and monitoring). Because most analytical work was conducted with existing
equipment, the need for greater than anticipated sample analysis resulted in only marginally
higher costs.

Due to the controlled nature of the near-field scale system (inputs and outputs are known and
quantifiable), many of the factors that could affect performance were negligible, especially those
associated with hydraulic control. The main factor that negatively impacted performance was the
clogging of the effluent lines due to microbial growth and the accumulation of byproducts such
as hydrogen sulfide. This issue was solved by monitoring the water table and cleaning the
effluent lines on a daily basis using either bleach and/or pressure (N, gas).

Advantages and Limitations of the Technology

The primary strength of source zone bioremediation as a technology is the ability to impact
source zone longevity through relatively inexpensive means. The process relies on enhancement
of dissolution of contaminant into aqueous phase via the formation of more soluble metabolites.
Other source zone remediation technologies exist, including in situ oxidation, in situ thermal
treatment, and surfactant/cosolvent flooding. However, there is concern that none are capable of
removing sufficient mass to reach desired clean-up levels. Furthermore, each of these
technologies rely on costly inputs, either in terms of chemical additions or electrical
requirements.  Source zone bioremediation does not require removal or manipulation of
sediments, and chemical additions are restricted to compounds that generally have unit costs
below $1 U.S. /kg. The technology demonstration described in this plan was intended to
quantify the effect of biological activity on dissolution, thus providing a true indication of the
promise and applicability of source zone bioremediation.

A potential limitation of the technology was the formation of chlorinated metabolites during the
remediation process. While the production of these compounds can be considered desirable in
terms of transferring mass from NAPL to aqueous phase, the potential formation of significant

amounts of cDCE and VC means that downgradient remediation of these contaminants must be
taken into account as part of a comprehensive plan.

3. Demonstration Design

Performance Objectives

The objectives for project performance are summarized in Table 3-1.



Table 3-1. Performance Objectives.

Type of Performance | Primary Performance | Expected Actual Performance
Objective Criteria Performance (Metric) | Objective Met?
Qualitative 1. Enhance contaminant | Increase in cumulative | Yes
mobility through mass in effluent,
production of specially by the
metabolites formation of cDCE
2. Faster remediation Increase in cumulative | Yes
mass in effluent
Quantitative 1. Reduce contaminant | > 20% relative to Yes
mass control
2. Enhance dissolution | > 20% relative to Yes
control
3. Microbial +/- of dechlorinating Yes
colonization and organisms in/near
enumeration source zone coupled
with enumeration of
critical species
4. Cost comparison > 25% savings relative | Yes
to control

Selecting Test Site

The test site selected for this project was the Rice University campus. Because of the unique
nature of the testing system, there was no need to screen candidate demonstration sites. The
demonstration required sufficient space to place two ECRS tanks, the associated influent and
effluent lines, and flow control equipment. The tanks were housed inside the Ryon Laboratory
to ensure constant temperature conditions, and the existing water supply and sewer capabilities
were utilized. Most of the analytical equipment was located on campus; therefore, all analyses
were performed on campus, with the exception of some microbial testing that was conducted at
the Georgia Institute of Technology.

Test Site Description

Because the test site was not a subsurface location, there was no true contaminant history for the
site. However, the controlled release system had been used in a previous demonstration and
many of the associated hydrogeologic characteristics were similar.

The experimental system consisted of two metal tanks (5.49 m long, 2.13 m wide, 1.83 m high)
open to the atmosphere (Figure 3-1). These are the same ECRS systems that were described by
Adamson, et al. (2003). Fine masonry sand (New Caney, Texas) was emplaced to provide
model aquifer material. The physical-chemical properties of the sand used are shown in
Appendix A (Table A-1). Packing was performed by saturated, continuous fill to a depth of
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approximately 1 m. This sand-water saturation strategy was designed to enhance distribution of
the sand and to minimize mounding, channeling, and other heterogeneities that can occur during
packing. The tanks were then drained at a rate of 500 mL/min to induce compaction and then
saturated to a depth of 1 meter.

Multiple internal sampling or injection points (0.6 and 1.3 cm ID, respectively) were installed
using stainless steel tubing during tank packing. The source water for the ECRS was from the
Rice University (Houston, Texas) tap water supply. The tap water was not dechlorinated before
use because no inhibitory effects were observed previously (Adamson et al., 2003). Each tank
was fitted with two influent and two effluent lines. Effluent lines were placed on both sides of
each end of the tanks to minimize preferential flow and channeling. Flow was controlled using
electronic flow meters (McMillan Co., Georgetown, Texas) in the influent and effluent lines to
maintain a near constant rate (22-30 L/h). Activated carbon canisters (liquid phase activated
carbon; total surface area of 1,050 m?/g, TIGG Corp., Heber Springs, Arkansas) were installed in
the effluent lines to remove chlorinated solvents before discharge to the sewer.

Pre-Demonstration Testing and Analysis

This project did leverage heavily against two recently projects funded by SERDP (ER-1203 and
ER-1206) that validated the appropriateness of the ECRS in demonstrating enhanced
bioremediation. The opportunity to simultaneously operate two tanks allows for the integration
of data and techniques from these studies.

The ability to construct, bioaugment, and monitor DNAPL source zones in this controlled release
system was demonstrated in the preliminary trial (Adamson et al. 2003), and many of the same
techniques were utilized in the current study. Establishment of anaerobic conditions occurred
after approximately 1 month of electron donor addition. The mass of PCE added (1 L) as well as
the injection location proved suitable in establishing a source zone and residual concentration in
the effluent (=10 mg/L). The inoculum mass (21500 mg/L) resulted in colonization by the
dechlorinating consortium without the need for re-inoculation. Dechlorination to TCE
(immediate formation), cDCE (dominant product after 225 days), and VC (dominant product
after 302 days) occurred over the course of the monitoring period. These milestones were used
as guidelines for assessing the expected onset of microbial activity within the system.
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Figure 3-1. Picture of the ECRS.

The dechlorinating culture used was developed from an anaerobic methanogenic consortium that
had shown dechlorination activity for over nine years in the laboratory (Zheng et al., 2001). This
culture is capable of rapid and complete dechlorination of PCE to ethene (240 umol/L/d). The
culture was maintained in a 20-L high-density polyethylene carboy equipped with ports for
injection of nutrients, sodium hydroxide, and PCE. The carboy also had fittings for culture
mixing and headspace analysis. The culture was fed 0.25 mM PCE and 3 mM MeOH daily and
maintained with an 80-day retention time using a draw-and-fill method. This method allowed for
higher cell densities than used in previous bioaugmented ECRS experiments (Adamson et al.,
2003), because the culture was fed daily. The total bacterial and archaea concentrations in the
consortium, determined by real time quantitative PCR (qPCR), were 3.1 x 10° cell/mL and 2.0 x
10® cell/mL, respectively. Assuming a mass of 1.33 x 10 g/cell (Bratbak, 1985), 6390 mg of
biomass was added for tank bioaugmentation.

Extensive molecular characterization studies have concluded that the culture contained multiple
dechlorinating species, including Dehaloccoides spp., that appear to be key in dechlorination
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beyond cDCE. The previous bioaugmentation trials with this culture demonstrated survival and
activity of a diverse microbial population in situ. The number of organisms were quantified
using established primers for gqPCR (Lendvay et al. 2003), an extension of the standard PCR
analysis. Population dynamics were assessed by doing a preliminary analysis of the entire
microbial community using DGGE to identify distinct populations. Once bioaugmentation of the
ECRS tank was completed, the colonization and distribution of the identified organisms, as well
as microbial community shifts, were determined using the same techniques.

Flow-through aquifer columns were used to determine whether the anaerobic culture used for
bioaugmentation could enhance dissolution of the DNAPL by biosurfactant production, as a
possible mechanism for the high concentration of PCE observed in the bioaugmented tank early
in the experiment. Three glass columns (15 cm long, 1.5-cm internal diameter) (Da Silva and
Alvarez, 2002) were packed with the same sandy material used in the ECRS. All tubing and
fittings were Teflon-lined to minimize adsorption losses. Feed solutions were dispensed from
gas-tight syringes (100 mL) (SGE, Austin, Texas) at constant flow (1 mL/h) using a syringe
pump (Harvard Apparatus). The effluent tubing was adapted for sampling with a 0.64-cm (0.25-
in. #28) male Luer Lock adapter and a thin (30-gauge) disposable syringe needle. A bicarbonate-
buffered (1000 mg/L) synthetic groundwater (Vongunten and Zobrist, 1993) was fed
continuously (1 mL/h). Synthetic groundwater was used to reproduce similar ionic strength
encountered in groundwater. One pore volume was displaced in 7 hours, with a seepage velocity
of 5.1 cm/d. The DNAPL source in the columns consisted of neat PCE (0.8 mg) injected with a
glass gas-tight syringe (10uL) below the effluent cap of the column (4 cm). One column was fed
continuously with the synthetic groundwater plus 50% v/v ethanol to enhance the dissolution of
PCE (positive control). The second column was fed continuously with synthetic groundwater
alone (negative control), to define a PCE dissolution baseline. A third column was fed with the
same bacterial consortium used to bioaugment the ECRS. Samples (1 mL) were taken over time
from each column by attaching the needle from the effluent lines to gas chromatography vials (5
mL), previously sealed with Teflon-lined rubber septa and aluminum crimps. Headspace samples
(100 pL) were analyzed for PCE immediately after collection using gas chromatography, as
described previously.
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Testing and Evaluation Plan

3.5.1 Demonstration Installation and Start-Up

Refer to section 3.3 Test Site Description.

3.5.2 Period of Operation

Task 1:

Task 2:

Baseline data collection

1.0 ECRS preparation, design effluent and influent
lines, flow control devices, installment of monitoring
wells, and pack the tanks.

2.0 Delineation of hydraulic and geochemical
Characteristics

3.0 PCE and HRC® injection.
4.0 Monitoring chlorinated solvents, VFA'’s,

pH, dissolved oxygen, and characterization of
microbial ecology prior to bioaugmentation.

Planned
Completion

09/2004

09/2004

09/2004

10/2004

Inoculation and Assessment of Enhanced Dissolution (Phase 1)

1.0 Scale-up and characterization of the dechlorinating

culture
5.0 Microbial characterization of the inoculum

6.0 Comprehensive microbial community analysis
prior to inoculation.

4.0 Culture inoculation and bioaugmentation.
5.0 Monitoring chlorinated solvents, VFA'’s,
pH, methane, ethane, H,, dissolved oxygen,

and characterization of microbial ecology.

6.0 Comprehensive microbial community analysis at
the end of Phase 1.

7.0 Determine cumulative removal of CAHs and
dissolution rates.
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08/2005

12/2004

12/2004

10/2004

9/2005

9/2005

9/2005

Status

Completed

Completed

Completed

Completed

Completed

Completed

Completed

Completed

Completed

Completed

Completed



Task 3:  Assessment of Enhanced Dissolution: Impact of Source Zone Architecture and
evaluation of DNAPL flux enhancement through biostimulation and bioaugmentation of
the source zone compared to natural CAH flux from DNAPL (Phase 2).

1.0 Unload ECRS tanks, design effluent and
influent lines, flow control devices, and installment

of monitoring wells. 10/2005 Completed
2.0 Repack ECRS the tanks. 12/2005 Completed
3.0 PCE and HRC® injection. 12/2005 Completed
4.0 Monitoring PCE concentration to assess DNAPL

distribution and allow establishment of source zones. 01/2006 Completed
5.0 Bioaugmentation. 01/2006 Completed

6.0 Monitoring chlorinated solvents, VFA'’s,
pH, methane, ethane, H,, dissolved oxygen,
and characterization of microbial ecology. 07/2006 Completed

7.0 Microbial analysis (Biomarkers studies) at

the end of Phase 2. 12/2006 Completed
8.0 Determine cumulative removal of CAHs and

dissolution rates. 01/2007 Completed
9.0 Final Report 06/2007 Completed

3.5.3 Amount/Treatment Rate of Material to be Treated

Each tank was amended with ~ 1L of PCE to establish a region of DNAPL contamination.
Pumping rates resulted in the delivery and disposal of approximately 528 L (Phase I) and 216
L (Phase II) of water per day per tank.

3.5.4 Residuals Handling

Effluent water from the ECRS tanks was treated via activated carbon adsorption. Activated
carbon canisters (liquid-phase activated carbon; total surface area 1050 m?/g, TIGG Corp.,
Heber Springs, Arizona) were installed in the effluent lines to remove chlorinated solvents
before discharge to the sewer. Disposal of these carbon canisters was handled by the
manufacturer. Aqueous samples were collected and disposed by the Environmental Health
and Safety Department at Rice University. Following completion of the monitoring phase,
CAH-contaminated soil was collected and analyzed by USA Environmental (Houston,
Texas). According to standard USEPA procedures, sediment were divided into subunits, and
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each container was then sampled for CAHs. The data collected during this sampling dictated
whether disposal in a sanitary landfill, a hazardous waste landfill, or incineration was the
appropriate option for each subunit.

3.5.5 Operating Parameters for the Technology

The technology demonstration was operated on a continuous basis over the course of
approximately 8 months per phase. Most of the personnel and labor requirements were
focused on the set-up and start-up portions of the demonstration, the most time-consuming of
which were involved with culture development and testing and design and implementation of
flow control systems. Following bioaugmentation with the dechlorinating culture, the
operating parameters shifted to monitoring and analytical requirements. This required daily
measurements (flow rates, pH, O,, CAH) as well as periodic comprehensive sampling
(molecular characterizations). Problems with clogging of the effluent lines were observed
and required monitoring on a daily basis. Thus, personnel were required to routinely unclog
the effluent lines (using bleach or pressurized nitrogen) and maintain the flow.

3.5.6 Experimental Design

The technology demonstration consisted of three operational tasks. The first of these was the
establishment of baseline conditions in both tanks which occurred immediately after pre-
demonstration set-up and start-up. The second task included the Phase | comparison of
dissolution in the biostimulated and bioaugmeted source zone versus the biostimulated only
control. The third task involved the Phase Il comparison of biostimulation and
bioaugmentation versus a pump-and-treat control.

Baseline data were collected during the period after injection of PCE DNAPL and the
addition of HRC®. This monitoring period was anticipated to last 4 to 8 weeks. Constant
flow rates were maintained between both tanks, ensuring that seepage velocities and
residence times were roughly equal. The primary conditions to be monitored during this
process included 1) dissolved oxygen concentrations, 2) volatile fatty acid (VFA)
concentrations, and 3) PCE concentrations. Based on the most relevant previous trial with
the ECRS, it was demonstrated that the initial bulk dissolved oxygen concentrations of 2.0
mg/L could be decreased to less than 0.5 mg/L in approximately 16 days. This was
accomplished by a one-time flush of 0.7 mM of acetate through the system followed by the
addition of 3.0 mM of lactate through sampling lines. The lactate amendments were
continued on a regular cycle (every 4 days) until HRC® was injected. The current
technology demonstration did utilize an earlier injection schedule for HRC® (roughly the
same date as PCE addition) and thus did not need to rely on the manual addition of alternate
electron donors. This provided a continuous source of electrons and carbon and greatly
reduced the amount of labor-associated time necessary to achieve anaerobic conditions.
Because HRC® is hydrolyzed to lactate, it was anticipated that this compound could serve a
similar role in depleting the residual oxygen, and that the duration would be on the order of 2
to 3 weeks. Bulk oxygen concentrations (in the effluent and at locations in the source zone)
below 0.5 mg/L were an indicator that the redox environment had shifted to sufficiently
anaerobic conditions and that inoculation could proceed. A second indicator was the
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formation of VFA from the fermentation of lactate, specifically propionate and acetate
formation. The onset of fermentation coincided with depletion of oxygen in the previous
trial and provided evidence that native anaerobes were active. The third condition to be
monitored as part of the first task was the PCE concentration. Establishment of a well-
distributed source zone was assessed by sampling in and around the region of injection as
well as via effluent measurements. The sampling lines in the source zone region were
expected to contain globules of neat PCE during the period of distribution and mobilization
in the days following DNAPL addition. These globules may be small enough in mass to
eventually dissolve in sampling bottles, but the measured concentrations should remain
above 10% of the aqueous solubility of PCE. Unsuccessful source zone establishment would
be characterized by no recovery of DNAPL or PCE concentrations below 10% of solubility.
Measured effluent PCE concentrations should remain relatively constant, and any notable
increase or decrease following this plateau was indicative of excessive mobilization of the
added DNAPL.

The initiation of Phase | of the demonstration was the second operational task. Scale-up and
characterization of the dechlorinating culture was completed by this point. One of the ECRS
tanks was inoculated with culture in lines located upstream and within the source zone
(Figure 3-1). The cell mass added was dependent on the amount available by this date, but it
was anticipated that the mass was in the range of 1,000 to 1,500 mg. This mass was diluted
for ease of delivery and to ensure distribution throughout the tank. The relative numbers of
BAV1 and other select Dehaloccoides spp. present in the mixed culture were established
prior to inoculation. The inoculation was conducted by providing positive pressure (N2) into
the culture carboy.

Flow rate and the associated hydraulic characteristics remained constant during this
operational phase. Concentrations of PCE and metabolites in the effluent were monitored on
a daily basis, and cumulative removal of CAH in each tank was estimated based on these
measurements and the cumulative flow rate. This was the primary means of validation for
the technology, and a quantitative indication of the biological dissolution enhancement was
calculated using these data. An example of model data is displayed in Figure 3-2.

The cumulative removal over time was plotted for an inoculated and a control system. The
dissolution rate at any particular time can be estimated based on the slope of the line, and the
impact on source longevity can be estimated by comparing the removal rate (or total mass
removed) versus the initial mass of PCE added. This metric should be significantly higher in
the bioaugmented reactor when compared to the pump-and-treat control. An alternate means
of measuring flux was employed by taking periodic samples from a set of down-gradient
lines lying perpendicular to the direction of flow. The data from these transect lines can be
combined and averaged to determined the flux at a near down-gradient location. Because
advection-dispersion and dilution are less prominent factors in the vicinity of the source zone
(relative to the effluent end), this method provides a more localized measurement of the
dissolution effect and may result in a more clear demonstration of the biological impact.
Measurements within the source zone also aided in delineating DNAPL distribution and
provided evidence about the type and quantity of metabolites formed in this region.
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Figure 3-2. Example of Cumulative CAH Removal Sata to Assess Impact of Biologically
Enhanced Dissolution (from Carr et al. 2000).

Samples were collected and stored for molecular analysis on a regular basis. A preliminary
assessment determined the presence/absence of targeted species after a single hydraulic
residence has elapsed. This provided baseline data for the original distribution of the added
culture.  Subsequent samples were then analyzed to determine both movement and
proliferation from this original ecological footprint. Comprehensive community analysis
(using DGGE) was conducted 1) pre-inoculation, 2) immediately post-inoculation, and 3) at
the conclusion of Phase I. Comparisons were aided by quantitative measurements (real time
polymerase chain reaction, gPCR) of targeted species. These were used to determine if
organisms had colonized the source zone region, particularly isolates such as BAV1 that are
capable of growing via the reductive dechlorination of cDCE and VC. Presence of these
organisms in and around the source zone is a strong indication that dechlorination beyond
cDCE can occur in the vicinity of PCE DNAPL.

Following the completion of Phase I, the systems were repacked with fresh sand and
prepared for the Phase Il demonstration. This experiment utilized identical operational
parameters to those described for Phase I, with the exception that changes in the source zone
architecture were artificially imposed.

In this experiment, the source zone was placed 1 foot below the aquifer matrix surface so the
PCE DNAPL injected would not pool on the bottom of the ECRS in a manner similar to the
formation of DNAPL pools on impermeable layers of an aquifer. The more homogenously
distributed source zone in the second ECRS tank was established in a manner identical to the
Phase | experiment. Over the course of the first 4 to 8 weeks, effluent PCE concentrations
were monitored to assess distribution of the DNAPL and steady-state dissolution.
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After establishment of source zones, one tank was bioaugmented, using identical cell masses
and injection locations. Pre-hydrolyzed HRC® was added as a source of electrons to each
system. Monitoring events for each system followed similar schedules. Molecular
characterizations of the respective microbial communities were conducted to assess the
survival of the introduced microorganisms, their distribution and correlation with
dechlorination activities.

Detailed information about analytical methods supporting the experimental design is
included in Appendix A.

3.5.7 Sampling Plan

The sampling plan followed the model used in the previous ECRS source zone study
(Adamson et al. 2003). In addition to the summary provided below, modifications made
according to the requirements of this technology demonstration are detailed.

The majority of samples were aqueous, either from the effluent or from the interior of the
tank. All aqueous samples from the interior of the tank were collected from the metal lines
driven into the sand vertically from above. Mesh screens were placed at the opening of each
line to prevent intrusion of sediment. Lines were anchored in place by the surrounding
compacted aquifer matrix. The opposite end of the metal line was linked to non-sorptive
Tygon tubing that can was connected to a syringe. All interior aqueous samples were
collected by hand via glass syringe. Lines were flushed according to the total volume of
space between the two openings (typically 120 mL). This volume was discarded and the
subsequent sample collected and transferred to the appropriate sampling container. Effluent
samples were collected by switching a bypass valve, connected Tygon tubing and a glass
syringe to the effluent spigot.

Aqueous analyses required sample volumes of 25 mL. Because of the volatility of many of
the analytes, collection bottles (70 mL glass serum bottles) were sealed (Teflon septa and
crimp caps) prior to transfer. A vacuum of 25 mL was imposed on the bottle before transfer
to ensure that pressure following the liquid addition was near atmospheric. Liquid samples
were transferred from glass syringes to the sealed bottles using 25 gauge needles to minimize
the size of the resulting septum hole.

Aqueous samples were analyzed rapidly after collection, aided by the on-site location of the
analytical laboratory. For volatile organic compounds, complete partitioning between liquid
and gas phases requires approximately 30 minutes, but analysis was compromised after
several days because of volatile losses. Headspace samples for VOC should not be stored for
long periods of time, and therefore no sample preservation methods were used. In general,
no samples that required analysis via gas chromatography were stored. The same is true for
dissolved oxygen and pH measurements; these analyses were conducted immediately after
sample collection. In cases when less volatile analytes could not be measured on the same
day, aliquots of the original 25-mL sample were stored for a maximum of 4 days. In these
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cases, samples were preserved by lowering pH to < 2 (through addition of HCI), filtered
through 0.2 um syringe filter, and stored at 4°C or lower to minimize growth of organisms.

With the exception of a portion of the molecular work, all analyses were conducted on-site.
This minimized the opportunity for damage or deterioration of the samples, and ensured that
consistent methods of sample collection, identification, and analysis were employed. All
analyses were done without replicates; however, duplicate injections were performed on a
daily basis to ensure that samples were equilibrated and that analytical equipment was
functioning and utilized properly. Duplicate injections served as quality control, along with a
daily blank for each type of instrumentation/analysis. Instruments were calibrated on a
weekly basis, with check standards run daily to make certain that results were representative.

Because this was not a field site, there were no background concentrations to measure, but
the non-bioaugmented tank served as an independent control. All data from this control
system was reported at the same frequency as the bioaugmented system.

Tables 3-2 and 3-3 summarize the methods of analysis and the sampling frequency.

Table 3-2. Laboratory Analytical Methods for Technology Demonstration.

Parameter Method Sample Volume Detection Limits
(mL)

VOCs' GCI/FID 25 <0.01 mM
Methane GC/FID 25 < 0.005 mM
Ethene GC/FID 25 <0.01 mM
VFAs GC/FID 25 <0.1 mM
pH 25
Dissolved Oxygen 25 0.1 mg/L
Species Identification PCR/ gPCR 1 gram of aquifer > 1000 copies/ mL
and/or quantification material or

50-10° mL
Microbial Community DGGE 1 gram of aquifer
Analysis material or

50-10° mL

L voc include PCE, TCE, cDCE, VC

20




Table 3-3. Laboratory Analyses Required for Technology Demonstration.

Experimental Analysis® # of # of Samples # of Samples  Total #
Phase Sampling per event: per event: of
Events Effluent Interior Samples

Preliminary  Establishment of PCE

residual

VOCs, methane 40 2 80

VOCs, methane 2 24 48

Depletion of O,

Dissolved O, 40 2 80

VFAs

Dissolved O, 2 24 48

VFAs

Microbial community

analysis

PCR/GPCR/DGGE 2 2 2 6
Phase | Monitoring of

biological enhancement

VOCs, Methane, VFAs, O,, pH | 180 2 360

VOCs, Methane, VFAs, O, pH | 6 24 144

Microbial community

analysis

PCR/RTm-PCR 4 2 12 56

PCR/T-RFLP/DGGE 1 4 4
Phase 11 Monitoring of

biological enhancement

VOCs, Methane, VFAs, O,, pH | 180 2 360

VOCs, Methane, VFAs, O, pH | 6 24 144

Microbial community

analysis

PCR/GPCR 4 2 12 56

PCR/ /IDGGE 1 4 4

! Analytes listed in the same entry can either be measured using the same method or a subsequent analysis can be
conducted on the same sample volume

2 Determination of inorganic anion concentrations is not expected to be a routine measurement but will be conducted
on an as-needed basis to support primary analyses

Additional detail concerning sample collection, analysis, experimental controls, data

quality and calibrations is contained in Appendix A. All procedures complied with the quality
assurance plan detailed in Appendix B.
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3.5.8 Demobilization

Disposal of aquifer material was carried out by a licensed independent group (USA
Environmental, Houston, Texas).

Selection of Analytical/Testing Methods

Analytical methods are detailed in Appendix A. All methods were developed from standard
USEPA procedures and modified based on available sample volumes.

Selection of Analytical/Testing Laboratory
The analytical capabilities at Rice University have been tested and successfully implemented for
a number of similar projects. Analyses conducted at Georgia Tech utilized their ability to
identify and quantify specific (and not publicly available) microbial isolates of interest. Because
similar instrumentation was also available at Rice University (specifically gPCR), a portion of
these analyses were also conducted at Rice University. DGGE analyzes were conducted at
Microbial Insights, Inc. (Rockford, Tennessee).

Health and Safety Plan (HASP)

The HASP for this technology demonstration is located in Appendix C.
4, Performance Assessment

Performance Criteria
The general performance criteria are summarized in Table 4-1.

Table 4-1. Performance Criteria.

Performance Criteria Description Primary or Secondary
Enhance contaminant mobility PCE and metabolites (TCE, cDCE, Primary
VC, ethene) transferred to aqueous
phase.
Faster remediation Decrease the longevity of PCE added | Primary
as DNAPL.
Reduce contaminant mass Remaining PCE in the bioaugmented | Primary

system must be less than PCE in
pump-and-treat control at conclusion
of demonstration.

Enhance dissolution Dissolution rates in effluent and in Primary
transect across source zone region
should be higher in bioaugmented
system relative to the control.

Microbial colonization and Establishment of targeted species Primary
enumeration throughout tank and near source zone.
Cost comparison Lowered cost as a result of decreased | Primary

source longevity.
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Process waste CAHs in aqueous effluent (200-580 Secondary
L/d) are removed prior to disposal via
activated carbon adsorption .

Hazardous materials DNAPL-contaminated sediment (50 Secondary
m?) will be analyzed and disposed of
by an independent contractor at
conclusion.

Reliability Daily monitoring to ensure no flow Secondary
disruption. Valves could be replaced
when this occurs with minimal skill
level required to perform this task.
Sensitivity to environmental
conditions was not an issue because
the systems were maintained in
climate-controlled building.

Factors affecting technology All inputs and outputs were controlled | Secondary
performance compared to a typical field site.
Scale-up constraints Flow control did not utilize pumps as | Secondary

would be typical in a full-scale
implementation, but groundwater
velocity was similar.

Performance Confirmation Methods

Sampling locations and frequency were previously summarized in Figure 3-1 and Table 3-1.
These were used to assess performance based on the methods detailed in Table 4-2.
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Table 4-2. Expected Performance and Performance Confirmation Methods.

Performance Expected Performance Confirmation Method* Actual
Criteria Performance (post demo)
Metric
(pre-demo) N/A?
Primary Criteria (Performance Objectives): Qualitative
Enhance Increase in cumulative | Effluent concentration
contaminant mass in effluent, ethene | (PCE/TCE/cDCE/VClethene) N/A
mobility formation in
bioaugmented system
Faster remediation | Increase in cumulative | Effluent concentration N/A
mass in effluent (PCE/TCE/cDCE/VCl/ethene)
Primary Criteria (Performance Objectives): Quantitative
Reduce > 20% relative to
contaminant mass | control . . .
(Initial Mass - Cumulative Mass in Effluent ), o..mme
— - - >1.25 N/A
(Initial Mass - Cumulative Mass in Effluent),,...,
Enhance > 20% relative to (Cumulative Mass in Effluent/Day ), 128 N/A
dissolution control (Cumulative Mass in Effluent/Day),,,,., -
Microbial Dechlorinating +/- in effluent and source zone sampling lines using N/A
colonization and organisms in/near targeted PCR
enumeration source zone coupled
with enumeration of RTm-PCR
critical species
Cost comparison > 25% relative to (Cost/Day ),..crenee N/A
control <08
(Cost/Day )y
(extrapolated over lifetime of source zone)
Secondary Performance Criteria: Qualitative
Reliability No major breakdowns | Monitoring and record keeping N/A
or interruptions in flow
Process waste none Periodic monitoring of effluent from activated carbon N/A
canisters
Hazardous Contaminated sediment | Independent analysis by disposal company N/A
materials at completion of each
phase
Factors affecting None because of Experience from demonstration operation N/A
technology climate control
performance
Scale-up Flow rate consistency Monitor during demonstration operation N/A

constraints

'See Appendix A and Appendix B for more detail; 2 Not Applicable

Data Analysis, Interpretation, and Evaluation

Analysis were based on a comparison of performance between the two systems. One tank served
as the inoculated (bioaugmented) system, while the second tank was not bioaugmented (control).
Testing of two tanks in parallel with identical operating conditions allowed for the most direct
comparison possible. Design and operation of Phase 11 were conducted based on lessons learned
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during Phase | of the technology demonstration. While the majority of operating variables
remained very similar during both phases (with the exception that the control tank was not
biostimulated and bioaugmented), there was an opportunity to improve certain aspects of the
design such as decreasing the seepage velocity in Phase Il and increasing the diameter of the
effluent lines to avoid clogging.

Phase |

ECRS tanks were monitored for 276 days. HRC® was largely depleted in the systems after 40
days as indicated by a decrease in the effluent COD concentration to negligible levels and the
resulting stabilization of the cumulative mass of COD exiting the tanks (Figure 4-1). Possible
explanations for the rapid HRC® depletion are the enhancement of dissolution rates due to the
relatively fast groundwater velocity used (seepage velocity = 1.6 m/d), the higher water
temperatures (23°C) in the ECRS than would be encountered in the field (typically 10-15°C), or
possibly the relatively soluble HRC® formulation used (glycerol tripolylactate). Most of the
added HRC® was recovered (73.2 and 80.5% in the bioaugmented and biostimulated tank,
respectively) in the effluent as fermentation byproducts such as acetate and propionate (Figure 4-
1).

On day 118, lactate feeding to both systems was initiated and sustained as an alternative electron
donor. Most of the added lactate was recovered (86.5 and 89.6% in the bioaugmented and
biostimulated tank, respectively) in the effluent during the following 20 days (up to day 138)
(Figure 3). Acetate and propionate (byproducts of lactate fermentation) were detected in the
effluent of both tanks and concentrations increased over time (from day 118 to day 148) during
the 30 days after lactate addition. Figure 4-1 shows a difference in total COD and the effluent
acetate plus propionate concentrations, which could be due to the production of other byproducts
of lactate fermentation that were not monitored. The missing COD was likely associated with
CO; production and biomass formation during metabolism of the electron donor(s). It is unlikely
that other biochemical processes were involved in consuming the missing COD. Based on the
bioavailable iron concentration in the sand, Fe (I11) reduction would have consumed 1 g COD
(i.e., <0.01 % of the added COD). Cumulative methane production accounted for 300 g as COD
(i.e., 1.3 %). The influent tap water contained some sulfate (44 mg/L), but its utilization as
electron acceptor would also account for negligible COD consumption (i.e., < 0.01 %).
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Figure 4-1. Cumulative Effluent COD for the Bioaugmented Tank (A) and Biostimulated
Tank (B). Symbols: — Influent COD, e Effluent COD, o Effluent Propionate and Acetate,
V Effluent Lactate, and o Effluent Methane.
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Based on effluent concentrations, both the bioaugmented tank and biostimulated tank
demonstrated the step-wise dechlorination of PCE to TCE to cis-DCE to VC and then to small
amounts of ethene (Figure 4-2). In the biostimulated tank, PCE was first detected in the effluent
at day 13 of the experiment, when an initial spike in the PCE concentration was observed (Figure
4-2A). After this spike, PCE concentrations remained between 50-100 uM for the duration of
the experiment. TCE was detected on day 35 and its concentration increased over time until day
125 (Figure 4-2B). cis-DCE was first detected in the effluent after day 75 (Figure 4-2C), but its
concentration increased significantly after day 125 when the TCE concentration started to
diminish. VC appeared in the effluent after day 124 at a very low concentration, but increased
after day 150 (Figure 4-2D). Ethene was first detected in the effluent at day 152 (Figure 4-2E).
After suspending lactate injection in this tank (on day 232), the effluent concentrations of VC
and ethene decreased below detection limit. This implies that the dechlorination activity
decreased due to the discontinued addition of an electron donor.

In the bioaugmented tank, PCE concentrations in the effluent followed a similar trend to the
biostimulated tank; an initial PCE spike almost three times greater than in the biostimulated tank
was seen around day 13 and then the concentration of PCE fell sharply (Figure 4-2A). TCE was
first observed in the effluent near day 35, reached a maximum concentration of 38 uM on day
80, and then started to decrease (Figure 4-2B). cis-DCE was first detected in the effluent on day
100 (Figure 4-2C), but the concentrations rapidly increased after day 118 when the TCE
concentrations began to decline. VC and ethene were detected at day 159 and 167, respectively
(Figure 4-2D and E). Both VC and ethene reached their maximum concentrations in the effluent
around day 225 and then stabilized.

Cumulative mass balance calculations showed that a significant quantity of the PCE source zone
was removed within the first 50 days in the bioaugmented tank (Figure 4-3). The total mass
removed at the end of the experiment was near 90% of the total mass of PCE added to the tank.
Of this removal, 59% was removed by dissolution (as measured by the mass of PCE in the
effluent) and 31% by dechlorination to lesser chlorinated products such as TCE and cis-DCE. In
the biostimulated tank, only 68% of the PCE added to the tank was removed, with 48% being
removed by dissolution and 20% by dechlorination (Figure 4-3). The lower residual mass of
PCE in the bioaugmented tank was partly due to the high concentration of PCE exiting the tank
in the beginning of the experiment just after bioaugmentation. This high concentration of PCE
measured in the effluent of the bioaugmented tank was initially thought to be caused by
biosurfactant properties of the culture that could have enhanced DNAPL dissolution. However,
column tests conducted under conditions similar to that in the tanks failed to confirm this
hypothesis (see below), contrary to similar phenomena observed in the biodegradation of
petroleum hydrocarbons (Francy et al., 1991).

The culture used to bioaugment the tank was capable of complete dechlorination of PCE to
ethene, but the concentration of ethene observed in the bioaugmented tank was relatively low (<
4 umol/L). A main cause of the slow ethene production could have been the short contact time
resulting from the relatively high groundwater velocity in the tanks (1.6 m/d). Such a fast
velocity could have also caused washout of some of the added dechlorinating organisms, which

27



Figure 4-2. Effluent Concentrations of PCE (A), TCE (B), cis-DCE (C), VC (D), and

Ethene (E). Symbols: e Bioaugmented Tank and © Biostimulated Tank. PCE Injection was
on Day 0, HRC® was added Six Days before the PCE Injection, and Bioaugmentation was
on Day Eight. Lactate Injection Started in both Tanks at Day 118 (left line) and Ceased in
the Biostimulated Tank at the Day 232 (right line).
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Figure 4-3. Cumulative Effluent Concentrations of PCE, TCE and cis-DCE in the

Bioaugmented Tank (A) and Biostimulated Tank (B). Symbols: @ PCE, © TCE, V cis-
DCE, and — Total Chlorinated Mass. Arrows Show Difference in Extent of Dechlorination
between the Two Tanks.
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would be conducive to lower ethene production rates. Insufficient supply of electron donor was
also a likely factor that hindered the extent of dechlorination, especially during the time after
HRC® was depleted (day 40) and before lactate was added (day 118). Although the pH (6.33 +
0.20 and 6.28 £ 0.14 for the biostimulated tank and bioaugmented tank, respectively) was below
the optimum value (6.8-7.8) reported for dechlorinating organisms (Middeldorp et al., 1999), it is
unlikely that such a small difference hindered ethene production. Interestingly, ethene
concentrations observed in this work were much higher than the concentration of ethene
observed in a similar ECRS bioaugmentation study conducted by Adamson et al. (2003).

Column studies were performed to test the hypothesis that biosurfactants produced by the culture
were capable of mobilizing and/or increasing the solubilization of DNAPL. The column tests
conducted under conditions similar to that in the tanks failed to confirm this hypothesis, contrary
to similar phenomena observed in the biodegradation of petroleum hydrocarbons (Francy et al.,
1991). Almost all of the PCE added to the positive control column fed groundwater plus ethanol
was recovered (>98%). But there was not a significant difference between the columns fed
groundwater only (negative control) or with the culture used for bioaugmentation. Nearly 50%
of PCE was recovered in both effluents (Figure 4-4). Injection of 15 L of culture directly into
the DNAPL source zone (conducted under positive pressure) in the bioaugmented tank may have
displaced some DNAPL and increased surface to volume ratio of the DNAPL. This could have
increased dissolution of PCE and the amount of soluble PCE in the effluent.

Methane concentrations were monitored throughout the experiment and the quantity of electron
donor used for methanogenesis was compared to the amount used for dechlorination. Previous
studies demonstrated that methanogens can out compete dechlorinating organisms in the
presence of high hydrogen concentrations (He et al., 2002; Yang and McCarty, 1998). In this
study, more electron equivalents (COD) were used for methanogenesis than halorespiration in
both tanks (Figure 4-5). However, in the bioaugmented tank, less methane was produced in
relation to the amount of dechlorination as compared to the biostimulated tank. Even with the
methanogens utilizing more electron equivalents than the dechlorinating organisms in the
biostimulated tank, cis-DCE, VC and small amounts of ethene were all produced in both tanks.
But the benefit of bioaugmentation was observed with higher (1.6 times) dechlorination activity
compared to that in the biostimulated tank (Figure 4-5). The higher utilization of equivalents by
the halorespiring organisms in the bioaugmented tank was most likely due to the higher biomass
of dechlorinating organisms in this tank.

Overall, dechlorination activity was observed in both the bioaugmented tank and the
biostimulated tank. Microbial analysis (nested PCR), conducted prior to bioaugmentation,
showed the presence of specific bacteria capable of dechlorinating PCE to cis-DCE
(Dehalobacter spp., Sulfurospirillum spp., Desulfuromonas spp.) and PCE to ethene
(Dehalococcoides spp.) in both tanks. It is unlikely that the dechlorination activity observed in
the biostimulated tank was caused by cross-inoculation from the bioaugmented tank since all the
influent and effluent pipes were run separately. Cross-inoculation caused by spray during
bioaugmentation was also unlikely since the culture was added from a closed container and all
the lines were sealed. The most plausible explanation for the dechlorination activity in the
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Figure 4-4. Effluent PCE Breakthrough Curves for Column Studies. Symbols: 0 50%
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Figure 4-5. Comparison of Electron Donor Equivalents (as COD) Used for Methanogenesis
Versus Reductive dechlorination in Bioaugmented Tank (A) and Biostimulated Tank (B).

Symbols: © Methane COD and @ dechlorination COD.

biostimulated tank is that the sand initially contained low concentrations of dechlorinating
organisms that eventually proliferated due to selective pressure by PCE and electron donor
amendments.

The sandy material used in this work was obtained from the Brazos River in south Texas which
drains several urban areas, and the possibility that this material had previous exposure to trace
levels of chlorinated solvents or naturally occurring chloroorganic compounds cannot be ruled
out (Keppler et al., 2002). Our results support the notion of that halorespiring bacteria may be
widely distributed in nature. Hendrickson et al. (2002) demonstrated that Dehalococcoides
organisms are widely distributed in the environment and can survive in a wide range of
geographical locations, geological matrices, and climatic zones, possibly consuming naturally
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produced chloroorganic compounds. Microbial analysis of the groundwater conducted after 160
days of experiment showed that the concentration of Dehalobacter spp. was one order of
magnitude higher in the bioaugmented tank (10* cells/ mL) compared to the biostimulated tank
(10° cells/mL). Because Dehalobacter spp. cannot dechlorinate past cis-DCE, these results
corroborate the higher concentrations of cis-DCE observed in the bioaugmented tank.

In this study, biostimulation was performed by adding a solid electron donor (HRC®) and later a
liquid electron donor (dissolved lactate). Our results were insufficient to distinguish which
electron donor delivery approach is more cost-effective for source bioremediation. Whereas
liquid delivery systems (e.g., lactate) can generally achieve good hydraulic control, one potential
concern is clogging in areas near the injection well due to excessive microbial growth. In
addition, continuous delivery can result in relatively high operation (energy and labor) costs. On
the other hand, solid-phase delivery systems (e.g., HRC®) provide for a long-term source of
electron donor with negligible energy and labor requirements, resulting in lower operational
costs. However, depletion of the stimulatory material and the potential for contaminated water to
bypass the biostimulated zone, due to lack of hydraulic control, are potential concerns that need
to be addressed on a case-by-case basis (Alvarez and Illman, 2005).

Overall, it was demonstrated that the dechlorination of a PCE DNAPL can be achieved utilizing
both biocaugmentation and biostimulation. Although dechlorination in the biostimulated and
bioaugmented tanks followed similar patterns, and some PCE DNAPL may have been displaced
during injection of the microbial culture, it was clear from the overall mass balance of
dechlorination products that bioaugmentation enhanced PCE mass removal (1.6 times) by
increasing the local flux of contaminants into the aqueous phase via the production of more
soluble and less hydrophobic metabolites (mainly cis-DCE). These results suggest that
bioaugmentation could significantly aid in the removal of DNAPL source zones in aquifers
compared to biostimulation alone.

33



Phase 11

The objective of Phase Il was to evaluate DNAPL flux enhancement through bioaugmentation
and biostimulation of the source zone. Two ECRS tanks were operated in parallel with identical
aquifer material, and DNAPL constituents. One tank was biostimulated and bioaugmented by the
addition of a suitable mass of an anaerobic dechlorinating consortium (same as used in Phase I)
directly into the source zone. The other tank served as control (natural attenuation) to discern the
benefits of bioaugmentation plus biostimulation.

Monitoring of the ECRS tanks was carried out for 225 days. Effluent PCE concentrations
decreased over time in both tanks (Figure 4-6). TCE and DCE were first detected in the effluent
of the biostimulated (prior to bioaugmentation) tank after 67 days of experiment (Figure 4-6).

Therefore, it seems that the indigenous microorganisms were capable of dechlorinating PCE to
TCE, DCE, and VC, but not to ethene.

Dechlorination activity (as measured by the production of TCE, DCE, VC and ethene) increased
significantly just after bioaugmentation. More importantly, VC and ethene, which are often the
targeted dechlorination byproduct that measures the success of DNAPL bioremediation, were
only detected (after 120 days) following bioaugmentation. VC and ethene concentrations that
increased over time. Dechlorination activity was not observed in the control tank as indicated by
the absence of measurable concentrations of TCE, DCE, VC and ethene (Figure 4-6), until day
150. After 150 days, however, TCE and DCE started to be detected as dechlorination products in
the control tank.

Figure 4-7, shows the fate of COD as electron equivalents in the bioaugmented tank. A
noticeable increase in electron acceptor equivalent (as COD) consumption was observed after
bioaugmentation.

Effluent methane concentration in the biostimulated and bioaugmented tank were below
detection limits until day 170. After 170 days effluent methane concentration increased and
persisted at about 80 mg/L.

The low concentrations of acetate and propionate (typical byproducts of the HRC®
fermentation) observed in the tanks suggested that the available H, source is being used
completely for dechlorination processes rather than methanogenic process. For example,
previous studies demonstrated that the population of methanogenic bacteria cannot outcompete
dechlorinating organisms in the presence of low hydrogen concentrations (He, et al., 2002, Yang
and McCarty, 1998).
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Figure 4-6. Effluent PCE, TCE, DCE, VC and Ethene Concentrations
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Figure 4-7. Comparison of Electron Donor Equivalents (as COD) used for Methanogenic
and Dechlorination Activities in the Bioaugmented Tank.

Microbial Analysis (Phase 1)

Groundwater samples from all the regions of the bioaugmented tank and the biostimulated tank
(Phase 1) were analyzed to compare the initial microbial populations present in the sand. Using
gPCR, it was determined that the cell numbers for total bacteria (~10* cells/mL), Dehalobacter
spp. (~10' cells/mL), Desulfuromonas spp. (~10* cells/mL), archaea (~10? cells/mL) and
Dehalococcoides (~10" cells/mL) were all approximately the same order of magnitude.

DGGE profiles with universal bacterial primers on samples taken from the biostimulated tank
initially, at Day 161 and at the end of the experiment (Final) is shown in Figure 4-8. Initially,
there were no major populations detected by DGGE in the biostimulated tank. On Day 161, in
the plume region, bands appear in the DGGE profile. The final samples analyzed demonstrated
that in the source zone region detectable levels of organisms were present in the bottom 0.3 m of
the tank and that the plume region had a higher number of bands and therefore a wider diversity
than the source region. Bands from the DGGE were sequenced and the results show that
Dehalococcoides and Dehalobacter spp. were both present in the tank and are labeled on Figure
4-8.

The DGGE profile with universal bacterial primers on samples taken from the bioaugmented
tank and on the culture used to inoculate the bioaugmented tank is shown in Figure 4-9.
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Figure 4-8. DGGE with Universal Bacterial Primers on Samples from Biostimulated Tank.
int = Initial, Mid = (0.3-0.6 m), Bot = (0 — 0.3m). a = Groundwater Sample, b = Soil Sample.
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Figure 4-9. DGGE with Universal Bacterial Primers for the Inoculum and Samples from
Bioaugmented Tank. Inoc = Inoculum, Int = initial, Mid = (0.3-0.6 m), Bot = (0 -0.3m). a
= Groundwater sample, b = soil sample.

The DGGE analyses demonstrate that the culture used to inoculate the tank contained
approximately 10 dominant organisms. These bands were sequenced and the ones that yielded
identifiable organisms are labeled: Dehalococcoides (bands 2, 3, 4, and 5) Dehalobacter spp.
(band 6) and Eubacterium spp. (band 1).

The initial sample from the source zone of the bioaugmented tank contained no detectable levels
of bacteria. Comparing the banding pattern of the inoculum to the banding pattern of the samples
taken from the bioaugmented tank shows that on Day 161 both the plume region and the source
zone area contained the dominant bands (bands 10 and 12) that represented Dehalobacter spp.
and Dehalococcoides in the inoculum. Sequencing of these bands was used to identify species
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but as dechorination proceeded and the organisms increased in number, the bands became larger
and it was impossible to separate them with DGGE. The other dominant Dehalococcoides bands
in the inoculum (2, 3, and 4) do not appear in any of the samples taken from the bioaugmented
tank, except for band 2, which is seen again as a dominant band (band 9) on Day 161 in the
source zone and as a faint band (band 12) on Day 161 in the plume region. The Eubacterium
spp. identified was only present on Day 161 in the source zone region. There was also a band in
the inoculum (band 7) that appeared in final samples for both the source zone and the plume
region. Sequencing of this band identified it as most closely related to “unculturable organisms”.

DGGE was also performed with Dehalococcoides-specific primers on both the bioaugmented
tank and the biostimulated tank and those results are shown in Figure 6.4. Initially, in the
biostimulated tank there was a strain 195-type organism (PCE-to-VC and ethene
cometabolically) (Figure 4-10A). This organism is present in the source zone on Day 161, but
then was not seen in any other samples taken. In the final sample in the plume region of the
biostimulated tank, a strain VVS-type organism (cis-DCE-to-ethene) and a strain FL2-type (TCE-
to-VC and ethene cometabolically) or a strain GT-type organism (cis-DCE-to-ethene) was
identified. It is impossible to separate strain FL2 or strain GT by DGGE because they have
identical 16S rRNA sequences (He et al., 2005; Sung et al., 2006a).

In the inoculum for the bioaugmented tank, there were three possible Dehalococcoides strains
identified in the DGGE with Dehalococcoides-specific primers: strain 195-type, strain FL2-type
and/or a strain GT-type (Figure 4-10B). All three strains were seen in all the samples from the
bioaugmented tank, but in the final sample for the source zone region and the sample taken on
Day 161 in the plume region, the strain FL2-type or strain GT-type band was no longer
dominant.
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Figure 4-10. DGGE with Dehalococcoides-specific Primers on Samples from the (A)
Biostimulated Tank and from the (B) inoculum and samples from bioaugmented tank.
Inoc = Inoculum, Int = initial, Mid = (0.3-0.6 m), Bot = (0 — 0.3m). a = Groundwater

sample, b = soil sample.
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A comparison of the total numbers of dechlorinating organisms (i.e., the sum of the cell numbers
for Dehalococcoides, Dehalobacter spp., and Desulfuromonas spp.) to the total bacteria in both
the bioaugmented tank and biostimulated tank is given in Table 4-3. In both the bioaugmented
tank and the biostimulated tank, the dechlorinating organisms are less than 1% of the total
organisms present for all samples taken, except the final sample in the upgradient region of the
biostimulated tank, the final sample in the source zone for the bioaugmented tank, and the final
sample in the plume region for both the bioaugmented tank and the biostimulated tank. In these
samples, the dechlorinating organisms were still only 1-2% of the population. It is interesting
that the majority of the dechlorinating organisms in the biostimulated tank were in the upgradient
region and in the plume region, but in the bioaugmented tank the majority of the dechlorinating
organisms were in the source zone and the plume region.

The total cell numbers of archaea and Dehalococcoides were compared and are listed in Table 4-
4. Initially, the biostimulated tank contains approximately an order of magnitude more archaea
than the bioaugmented tank, but both tanks contain the same order of magnitude of
Dehalococcoides. On Day 161, there was only a slight increase in the numbers of
Dehalococcoides for both tanks in all samples, but from Day 161 to the final sample, there was
at least a two orders of magnitude increase in the Dehalococcoides cell numbers, except for in
the source zone of the biostimulated tank where no Dehalococcoides were detected in the final
sample.

It was demonstrated by both the gPCR and DGGE results that the dechlorinating populations
were not washed out of either tank. It was also determined that at least one of the dominant
Dehalococcoides identified in both tanks was capable of growth on VC (Sung et al., 2006a;
Duhamel et al., 2004), so the lack of ethene production was not due to conditions restricted to
slow cometabolic transformation of VVC to ethene.
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Table 4-3. Comparison of Total Dechlorinating Organisms (Dehalococcoides, Dehalobacter
spp. and Desulfuromonas spp.) to All Other Organisms in Both the Bioaugmented Tank and

Biostimulated Tank.

Bioaugmented Tank

Biostimulated Tank

Percent of Total Bacteria

Percent of Total Bacteria

Upgradient Region | Dechlorinators Others Dechlorinators | Others
Initial® 0.49+0.24 99.51+£0.42 0.11+0.01 99.89 £ 0.29
Day 161° 2.56e-3 +7.28e-4 | 100.00 +0.40 | 0.01 £ 2.14e-3 99.99 + 0.20
Final® 0.07 £ 0.03 99.93+0.69 |2.83+0.60 97.17 £ 0.09
Source Zone

Initial® 0.57+0.15 99.42+0.36 | 0.01+0.002 99.99 + 0.32
Day 161° 0.02 £ 0.01 99.97 +0.23 | 0.04+0.01 99.96 + 0.35
Final® 2.20+£0.69 97.79 £0.36 |0.10+0.04 99.90 + 0.32
Plume Region

Initial® 0.57 £ 0.05 99.43+0.50 |0.22+0.03 99.78 + 0.09
Day 161° 0.08 £0.01 99.92+0.13 0.17 £ 0.02 99.83+0.19
Final® 1.72 £0.63 98.28 £ 0.10 1.01+0.16 98.99+0.19

& = groundwater sample
® = 50il sample
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Archaea cell numbers were at least two orders of magnitude higher than the Dehalococcoides
cell numbers in all regions of the bioaugmented tank and in the upgradient region and plume
region of the biostimulated tank on Day 161. For the final sample, the archaea cell numbers
were still 1-2 orders of magnitude higher than the Dehalococcoides cell numbers, but during this
time frame, methanogenesis was consuming 3-5 times more electron donor equivalents. These
results suggest that a direct comparison of cell numbers between archaea and Dehalococcoides is
not an indicator of which process is consuming the most electron donor equivalents. In Phase I it
was demonstrated that dechlorination consumed a majority of the electron donor equivalents in
the bioaugmented tank for approximately 250 days of the experiment, compared to only 170
days in the biostimulated tank. By Day 250 in Phase I, approximately 88% of the PCE was
removed from the bioaugmented tank; combining this previous result with the gPCR results of
this study implies that even when bioaugmenting with an archaeal rich culture (~10® cells/ml)
there is enough electron donor equivalents to support both dechlorination and methanogenesis
until the electron acceptor (chloroethenes) concentration becomes limiting.

Another interesting finding of this work is that qPCR demonstrated the dechlorinating
populations in both the bioaugmented tank and the biostimulated tank were approximately 1-2%
of the total bacterial populations present in both tanks, even after dechlorination occurred. It is
only possible to compare this percentage with one other study because quantification of total
bacteria present at chloroethene contaminated sites is not available (Ellis et al., 2000; Lendvay et
al., 2003; Major et al., 2002). Sleep et al. (2006) found that Dehalococcoides were
approximately 10% of the total bacterial population in the effluent of their bioaugmented system,
but only about 1% of the effluent in their biostimulated system. It appears that when
Dehalococcoides cell numbers are relatively high (> 10° cells/ml) in remediation systems, they
are still only a small portion of the overall microbial population.

Utilizing DGGE with Dehalococcoides-specific primers on samples from the biostimulated tank
demonstrated initially that the biostimulated tank contained a dominant band whose sequence
was most closely related to Dehalococcoides ethenogenes strain 195, and two faint bands below
this one. By the end of the experiment the dominant Dehalococcoides in the biostimulated tank
shifted to a strain VS-type and a strain GT-type and/or a strain FL2-type organism in the plume
region. It is feasible that the strain 195-type organism was out competed by the strain VS-type
and strain GT-type, since both of these organisms can gain energy from the dechlorination of cis-
DCE-to-ethene (Sung et al., 2006a; Duhamel et al., 2004) (after Day 161 mostly cis-DCE was
detected in the effluent (Da Silva et al., 2006). If the indigenous organisms were to become
dominant in the bioaugmented tank, the same shift in the dominant species of Dehalococcoides
should be identified.
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Table 4-4. Comparison of Dehalococcoides to Archaea Cell Numbers in Both the Bioaugmented Tank and Biostimulated

Tank.

Bioaugmented Tank
(cells/mL or cell/g)

Biostimulated Tank
(cells/mL or cells/g)

Upgradient Region | Dehalococcoides Archaea Dehalococcoides Archaea

Initial® (4.97e+1) + (4.82e+0) (1.11e+2) + (2.66e+1) (3.79e+1) + (4.84e+0) (8.53e+2) + (1.13e+1)
Day 161° (5.11e+1) + (5.86e+0) (8.60e+4) + (2.35e+4) (8.57e+1) + (1.77e+1) | (1.57e+5) + (2.41e+4)
Final® (2.54e+3) = (5.25e+2) (1.20e+6) * (2.44e+5) (1.14e+4) + (8.19e+2) (1.98e+4) + (4.30e+3)
Source Zone

Initial® (1.94e+1) + (9.41e-1) (1.45e+2) + (1.04e+2) (4.85e+1) = (1.07e+0) (1.89e+3) + (1.33e+2)
Day 161° (3.20e+2) + (7.96e+1) (2.47e+4) + (6.52e+2) (8.19e+1) + (9.02e+0) | (2.56e+0) + (2.80e-1)
Final® (1.03e+5) + (3.55e+3) (6.02e+5) + (1.03e+5) 0.00 + 0.00 (2.94e+5) + (3.23e+4)
Plume Region

Initial® (5.87e+1) + (4.66e+0) (3.57e+1) + (4.70e+0) (1.48e+1) + (4.69e+0) | (1.71e+3) + (2.54e+2)
Day 161° (6.89e+2) + (1.36e+2) (3.44e+4) + (5.28e+3) (9.68e+0) + (8.55e-2) | (5.83e+3) + (1.54e+2)
Final® (4.16e+4) + (5.03e+3) (2.44e+5) + (1.80e+4) (2.12e+3) + (3.65e+2) | (5.37e+5) + (8.05e+4)

& Units are cells/mL
> Units are cells/g
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It was determined initially that a strain 195-type Dehalococcoides was present in the sand used
to pack the ECRS. Since the inoculum contained a strain 195-type organism, it is impossible to
differentiate between the augmented and indigenous strain 195-type organism in the
bioaugmented tank. But, the DGGE with Dehalococcoides specific primers implied that the
Dehalococcoides in the inoculum remained the dominant Dehalococcoides in the bioaugmented
tank, since there was no evidence of a strain VS-type organism in any of the samples. This
suggests that the bioaugmented organisms became the dominant populations in the
bioaugmented tank.

Another line of evidence to demonstrate that the organisms contained in the augmented culture
became the dominant community in the bioaugmented tank was the results from the DGGE with
universal bacterial primers. It is clear that some dominant bands from the inoculum are seen in
the banding patterns from samples taken from the tank overtime. Comparing the DGGE with
universal bacterial primers on samples from the biostimulated tank to samples from the
bioaugmented tank demonstrated that they have very different banding patterns and therefore,
different communities.

Interestingly, results from the DGGE analysis suggest that there is evidence of DNAPL
migrations in the biostimulated tank. The DGGE with Dehalococcoides-specific primers on
samples from the biostimulated tank demonstrated that there were no Dehalococcoides present in
the source zone at the end of the experiment, and qPCR analysis confirmed these results showing
no Dehalococcoides in the source zone region. qPCR did demonstrate there were
Dehalococcoides in the upgradient region of the biostimulated tank and the plume region, which
could be where the DNAPL migrated. These results demonstrate the difficulty in locating the
source of DNAPL, even in a controlled system.

DGGE with Dehalococcoides-specific primers for the bioaugmented tank also demonstrated that
the GT-type and/or strain FL2-type organisms in the bioaugmented tank were not dominant in
the source zone (bottom) for the final sample or in the plume region for the sample on Day 161.
It would be expected that the strain GT-type organism would flourish in the plume region, since
only cis-DCE was present in the effluent (after Day 161). It is possible that PCE DNAPL was
still present in the source zone and the strain 195-type organism was dechlorinating this
remaining PCE DNAPL. Another possibility is that the strain 195-type organism grew on VC as
demonstrated by the presence of the vcrA gene. The vcrA gene was detected in the inoculum for
the bioaugmented tank. These findings could explain why the strain 195-type organism became
dominant in the bioaugmented tank over the VC respiring strain GT-type Dehalococcoides.

DGGE with universal bacterial primers identified multiple Dehalococcoides bands in the
inoculum used for the bioaugmented tank. DGGE separates bands based on the GC content of
the sequence, and if there are multiple organisms with identical sequences, in theory, they should
be represented by a single band in the gel. This multiple banding phenomenon is one of the
limitations of DGGE and has been seen by other researchers (Nakatsu et al., 2006; Calvo-Bado
et al., 2003). One explanation for multiple bands with identical sequences is the formation of
heteroduplexes (Kanagawa, 2003). Heteroduplexes occur during multiple template (samples
with DNA from multiple organisms) PCR when there is cross-hybridization between the target
sequence and primers and/or other templates. When the PCR product is run on the gel, the

45



heteroduplexes show up as extra bands on the gel (Kanagawa, 2003). This could explain the
multiple bands seen for Dehalococcoides in the DGGE with universal bacterial primers.

The results of this study demonstrate that the bioaugmentation of the ECRS system was
successful and that the organisms present in the inoculum became the dominant organisms in the
ECRS. Unfortunately, even with Dehalococcoides present, complete dechlorination to ethene
was not achieved and analysis of the groundwater and sand from the ECRS systems with
molecular biology techniques did not give any insight into why dechlorination was incomplete.
Results demonstrate that the lack of ethene production was not due to washout of the
dechlorinating organisms. It was also demonstrated that there was no correlation between cell
numbers and activity of methanogens and dechlorinators, and that as long as the electron
acceptor was not limiting, there was greater energy flow to the dechlorinating populations than to
the methanogens.
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Cost Assessment

Cost Reporting

As part of the comprehensive cost assessment that is presented in the ESTCP cost and
performance report at the conclusion of the technology demonstration, there are a number of
capital and operational costs that were tracked and reported throughout the project. A summary
of these is included in Table 5-1.

Table 5-1. Cost Tracking.

Cost Category Sub Category Details

START-UP COSTS Culture Development (growth reactors, growth
medium constituents)

Test system preparation

Mobilization (planning and labor)
CAPITAL COSTS Flow control (feed reservoirs, valves, flow
meters, piping, sampling
lines)
Porous medium (sand)
Process stream treatment (activated carbon canisters)
Sample collection (syringes, sample bottles)

Raw material installation (installation of HRC® by
Regenesis personnel)

OPERATING COSTS Process raw materials (PCE, HRC®)
(Direct) Nutrients Sodium-lactate
Sample analysis GC analytical column,

consumables for molecular
work including primer
construction and sequencing

Ongoing operation and (labor)
supervision
Monitoring $0
Maintenance and Utilities | (none)?
Travel and Sample (molecular analyses off-site)
Delivery
INDIRECT COSTS Environmental Health and | (none)*
Safety Training
DEMOBILZATION Sediment disposal (includes testing and disposal)

! Costs associated with these categories are paid through overhead or indirect costs to Rice University
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Cost Analysis

The cost comparison was aided greatly by the use of an independent control during this
demonstration. This control serves as a direct indication of the costs associated with a pump-
and-treat plume management strategy.

Initial DNAPL mass and source longevity provided the primary cost basis for determining scale-
up costs for full-scale implementation. A quantitative measure of the impact of the addition of a
dechlorinating culture could be used to re-evaluate the operating requirements for a site that has
been estimated as 100-year pump-and-treat remediation. Cost drivers include pumping rates (and
resulting process streams) as well as monitoring requirements, both of which would decrease if
the source longevity is favorably impacted. Life cycle considerations for the implemented
technology would differ significantly from the described demonstration, primarily in terms of the
capital costs associated with a field site versus those associated with a simulated aquifer.
Regulatory considerations would also need to be accounted for, although start-up and operating
and maintenance costs would be relatively similar in such a life-cycle assessment. One major
difference is that the technology could theoretically result in the formation of significant levels of
chlorinated metabolites, all of which would be necessary to treat further in a full-scale
implementation. It is likely that this liability would be dealt with directly by designing a down-
gradient remediation scheme and that the costs of this type of strategy would be built into a life
cycle analysis. Given the generally accepted persistence of contamination in DNAPL source
zones, a minimum of a 100-year lifetime would be necessary in conducting a comprehensive life
cycle analysis.

5. Implementation Issues

6.1. Environmental Checklist

No permit procurement was necessary to conduct this technology demonstration. All rules and
regulations set forth by the Rice University Environmental Health and Safety Department
(EHSD) were followed, and this department served in an oversight capacity for this project.
Aqueous samples collected for analysis were combined and disposed of according to the
regulations of the Rice University EHSD (hazardous waste landfill or incineration of chlorinated
solvent-contaminated waste). All aqueous discharges to the sewers were free of organic
contaminants, with regular and systematic checks to ensure complete compliance. Disposal of
sediment was contracted out to a licensed independent group (USA Environmental, Houston,
Texas).

6.2.  Other Regulatory Issues
The data and information resulting from this technology demonstration were freely disseminated

via publications (Da Silva, et. al, 2006) and presentations at national conferences (Battelle). No
plans have been made yet to discuss this information specifically with regulatory agencies.
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6.3. End-User Issues

This technology demonstration were intended to test and demonstrate the viability of source zone
bioremediation. The experimental systems (ECRS) were not designed to be directly used in a
full-scale remediation plan. Therefore, many of the procurement and hydraulic issues associated
with the ECRS are not necessarily of concern to a site manager interested in implementing the
technology. Of particular interest to the end user would be the degree of dissolution enhancement
(and therefore the impact on source longevity) that could be achieved biologically when
compared to the pump-and-treat alternative. In addition, the inoculation mass and survival of
particular dechlorinating species is key to designing at a larger scale.

In terms of a full-scale implementation, little expertise is required to analyze results to determine
if the technology is successful. Monitoring for the formation of chlorinated metabolites and
ethene is an indication that dissolution has been enhanced. More comprehensive flux
enhancement data can be obtained by placing monitoring wells closer to the delineated location
of a source zone.

The primary issues (regulatory and procurement) that will need to be dealt with by those wishing
to implement the technology are the 1) injection of a suitable organic donor, and 2) development
or procurement of a suitable dechlorinating culture. Both of these steps must be done in
compliance with the framework of federal, state, and local regulations that apply to a given site
location. Because this technology is not markedly different than traditional biostimulation (in
the absence of NAPL) in terms of basic design considerations and requirements, there is
increasingly less resistance encountered in receiving approval for this type of remediation plan.
Obtaining a suitable culture for bioaugmenting a source zone requires a certain degree of skill in
terms of culture development, although there are numerous research institutions as well as
commercial operations that can be used for consultation or as a potential source of organisms.
One of the electron donors used in this project is a proprietary compound (HRC®), and the
manufacturer (Regenesis) intends to take the technology to the marketplace if the demonstration
proves successful.
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