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SECTION 1
USING THE EDIBLE OIL PROCESS

1.1 INTRODUCTION

Management of groundwater contaminated with
chlorinated solvents is one of the Department of | The Edible Oil Processis part
Defense’s (DoD’s) greatest environmental challenges. || of an initiative by the Air
A variety of chlorinated solvents have been used for Force Center for Engineering
years in both the military and commercial sectors for and the Environment to
cleaning and degreasing many products and equipment | develop and demonstrate new
ranging from aircraft engines, automobile and truck | technologies for the
parts, electronic components and clothing. The || remediation of chlorinated
number of DoD sites contaminated with chlorinated | solventsin groundwater.
solvents is likely second only to petroleum, oil, and
lubricant (POL) sites.

Because of their physical and chemical properties, most chlorinated solvents are relatively
recalcitrant in the subsurface, are more difficult to access once they are in the ground, and
take longer to remediate. Consequently, the cost of remediating chlorinated solvents sites
may significantly exceed the cost of remediating POL sites.

Specifically, if chlorinated solvents are released to the subsurface as a dense non-aqueous
phase liquid (DNAPL), the density of the DNAPL relative to water will lead to a complex
distribution of the contaminant in the vadose and saturated zones (Schwille, 1988; Kueper, et
al., 1993). Chlorinated solvents are oxidized man-made compounds, which makes them
susceptible to degradation by reductive processes under anaerobic conditions, either ambient
or enhanced. In contrast, POL contaminants are derived from naturally-occurring
hydrocarbons that are lighter than water and are degradable under a wide spectrum of
geochemical conditions ranging from highly aerobic to highly anaerobic. Thus, as compared
to POL contamination, the in situ treatment of chlorinated solvents often requires a more
sophisticated approach to effective delivery of remedial reagents and to manipulate and
control subsurface geochemical conditions.

To address this problem, the Air Force Center for Engineering and the Environment
(AFCEE) in Brooks City-Base, Texas, undertook severa initiatives. First, AFCEE and its
technology partners developed and demonstrated new remediation technologies at Air Force
bases nationwide. Second, AFCEE transfered the technologies to the bases, resulting in
implementation and on-site evaluation of many innovative cleanup approaches. And finally,
based on this experience, AFCEE supported the development of several documents and tools
to assist environmental managers with their decision-making process when faced with
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subsurface impacts from chlorinated solvents at their base. Two documents are relevant here
to the discussion of this protocol.

The first document, titled “Principles and Practices of Enhanced Anaerobic
Bioremediation of Chlorinated Solvents’ (i.e., the Principles and Practices document) was
published in cooperation with the Naval Facilities Engineering Service Center (NFESC) and
the Environmental Security Technology Certification Program (ESTCP) in August 2004
(AFCEE et al., 2004). The Principles and Practices document describes the scientific basis of
enhanced anaerobic bioremediation of chlorinated solvents and summarizes relevant site
selection, design, and performance criteria for various engineered approaches to stimulate and
enhance the in situ biodegradation of chlorinated solvents in groundwater. It is not intended
to be a protocol to implement enhanced in situ bioremediation, but rather an overview of the
technology.

The document in hand, titled “Protocol for In Stu Bioremediation of Chlorinated Solvents
using Edible Qil” (i.e., the Edible Oil Protocol), follows directly from the content of the
Principles and Practices document. As described in the Principles and Practices document,
there are a variety of methods for addition of an organic substrate to the subsurface to
stimulate in situ anaerobic bioremediation. In all of these processes, the organic substrate is
fermented to hydrogen and low molecular weight organic acids (i.e., electron donors) to
support anaerobic reductive dechlorination as the primary process for degrading chlorinated
solvents in groundwater. This particular protocol focuses on the application of pure edible oil
and edible oil emulsions to provide a long-lasting organic substrate for enhanced in situ
anaerobic bioremediation of chlorinated solvents.

1.2 INTENDED USE OF THISDOCUMENT

The addition of pure liquid edible oil and edible oil emulsions, referred to as the edible oil
process, has been used to stimulate the in situ anaerobic biodegradation of chlorinated
solvents and related contaminants at commercial, industrial and military sites throughout the
United States. The protocol presented in this document is intended to assist base managers
and project engineersin 1) determining if the edible oil processis appropriate for their site; 2)
designing and implementing an edible oil engineered system; and 3) evaluating and
optimizing remedial performance over time. This protocol also provides background
information on the devel opment and scientific basis of this technology.

The intended audience for this document is DoD personnel and their contractors, scientists,
consultants, regulatory personnel, and others charged with remediating groundwater
contaminated with chlorinated compounds and other contaminants that are susceptible to
anaerobic degradation processes. This protocol is intended for use within the established
regulatory framework appropriate for selection of a remedy at a particular hazardous waste
site.

It is not the intent of this protocol to prescribe a course of action, including site
characterization, in support of al possible remedial technologies. Instead, this protocol is
another remediation tool similar to other AFCEE Technology Transfer protocols for natural
attenuation of chlorinated solvents (developed with and published by the United States
Environmental Protection Agency [USEPA], 1998), natural attenuation of fuel hydrocarbons
(Wiedemeier et al., 1995), bioventing (Hinchee et al., 1992) or free-product recovery protocol
(AFCEE, 1995). This protocol allows practitioners to gain an in-depth understanding of the

1-2



edible oil process, decide how best to apply it, and then design and implement the technology
for site remediation. The protocol illustrates how the hydrogeological, biogeochemical, and
contaminant data collected as part of the site characterization are critical to the feasibility
assessment and design of an edible oil application.

This document describes 1) development of the edible oil process and its effectiveness for
stimulating biodegradation of chlorinated solvents, 2) site conditions that should be evaluated
when considering the use of the edible oil process, 3) various configurations that can be
applied, 4) hydrogeologica and engineering considerations for developing an injection layout,
5) methods for applying the substrate to the subsurface, 6) methods to measure and evaluate
multiple lines of contaminant, biogeochemical, and microbial parameters, and 7) methods to
evaluate and optimize remedia performance over time. Some information in this protocol
overlaps material discussed in greater detail in the Principles and Practices document.
Wherever possible, extensive repetition has been minimized by referring to the Principles and
Practices document. However, sufficient information is retained so that the reader of this
protocol can understand the background of the edible oil process without reading the
Principles and Practices document.

Readers of this protocol should also note that the procedures and applications of edible oil
for the anaerobic bioremediation of chlorinated solvents are applicable to numerous other
contaminants subject to anaerobic biodegradation processes such as nitrates, perchlorate, and
energetics (e.g., hexahydro-1,3,5-trinitro-1,3,5-triazine [RDX] or trinitrotoluene [TNT]). In
addition, AFCEE is investigating the natural and enhanced biogeochemical reduction of
chlorinated solvents as an extension of its “Aqueous Mineral Intrinsic Bioremediation
Assessment  (AMIBA) Protocol” (AFCEE, 2000a). AFCEE field applications have
demonstrated the ability of edible oil, lactate, and organic mulch to promote the formation of
reactive iron sulfide minerals and the resultant abiotic dechlorination of chlorinated solvents.

1.3 FOLLOWING THE EDIBLE OIL PROCESS

The edible oil process can be a powerful tool for remediating groundwater contaminated
with chlorinated solvents in groundwater. Section 1 of this document provides an overview of
the edible oil process. Subsequent sections in this protocol provide greater detail into the
scientific and engineering background of the technology. These sections (listed below)
should be used to gain more in-depth understanding of one or more areas of particular interest
to the reader.

o Section 2 provides procedures for preliminary screening and determining the
suitability of asite for the edible oil process.

o Section 3 describes the steps required for planning and implementation of an edible oil
pilot test.

« Section 4 describes planning and detailed design of afull-scale edible oil remedy.
« Section 5 describes the field methods used to implement an edible oil application.
« Section 6 discusses data evaluation and reporting.

« Section 7 presents the references used in preparing this document.
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« Appendix A containsalist of key project membersin the development of this protocol
document.

« Appendix B contains a summary table listing DoD edible oil applications that have
been implemented as of the publication of this document.

o Appendix C contains a list of vendors that provide edible oil substrates or products
closely related to edible oil.

« Appendix D discusses the impact of edible oil on contaminant transport and fate. It
includes information on the chemical, physical, and biological properties of edible ail
and oil-in-water emulsions. In addition, Appendix D presents information on the
injection and distribution of edible oil in the subsurface including background
information on the subsurface transport of pure edible oil and oil-in-water emulsions.

o Appendix E contains additional background information on the microbiology of
reductive dechlorination.

« Appendix F presents analytical protocols useful for preparing a sampling and analysis
plan.

« Appendix G includes an example spreadsheet that may be used to determine the
amount of edible oil to use for a given application.

o Appendix H provides case studies with data, techniques, and performance results from
two AFCEE Technology Transfer field test sites for chlorinated ethenes, and one
application for chlorinated ethenes at an industrial site.

A decision to select enhanced in situ bioremediation as a remedial aternative should be
site-specific within the context of engineering feasibility and cost-effectiveness in relation to
other technologies. Project personnel should conduct a preliminary screening (Section 2) to
evaluate whether this approach is appropriate for their site. Once this screening is complete, a
preliminary conceptual design should be developed for the site and compared against other
aternatives. If appropriate, a pilot test (Section 3) may be conducted to evaluate the
performance of the edible oil process at the site. Pilot test monitoring results should then be
evaluated to determine if performance is acceptable and to and to determine the optimal
approach for afull-scale application (Section 4). Methods to implement the edible oil process
are described in Section 5. Figure 1.1 shows a road map that site managers can follow to
develop remedia designs and to implement the edible oil process at their site.

1.4 DEFINING REMEDIAL OBJECTIVES

The edible oil process is a flexible technology that can be used in a variety of different
configurations to treat contaminated aquifers, including source area treatment and biobarriers.
Potential benefits of this process include reduced source longevity, reduced contaminant mass
discharge, enhancement of ongoing natural attenuation, and/or control of dissolved plume
migration. The desired benefits of using this technology will influence the injection system
layout and the method used to inject the oil.

1-4



Section 2.0
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Figurel.l

Road Map for Implementation of the Edible Oil Process
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Before planning an edible oil project, site managers should carefully define the
remediation system objectives including compliance standards and remedial endpoints. The
ability of enhanced in situ anaerobic bioremediation to achieve drinking water maximum
contaminant levels (MCLSs) has been demonstrated in some settings, but may not be possible
at al sites. The use of less stringent, risk-based remedial goals may be more appropriate and
achievable than default drinking water standards. Enhanced bioremediation may be limited in
its ability to treat complex DNAPL source zone areas due to many of the same factors (e.g.,
mass transfer limitations or heterogeneity) that affect conventional technologies. However,
there are practitioners who are making modifications and beginning to address DNAPL sites
with enhanced in situ anaerobic bioremediation.

Typical remediation objectives that the edible oil process can be used to address include
the following:

« Destruction of contaminant mass in source zones.

« Reduction of contaminant concentrations in a dissolved plume.

« Reduction of mass discharge from a source zone or across a containment boundary.

« Cost-effective and continuous treatment over relatively long remediation timeframes.
« Enhancement of already occurring natural attenuation.

o As a polishing step after other engineered remedies such as thermal desorption or
electrical resistivity heating.

Performance objectives based on dissolved contaminant concentrations alone should be
used with caution. A significant amount (usually the majority) of contaminant mass in an
aquifer system may be present as DNAPL or sorbed to the aquifer matrix. Due to the effects
of dissolution and desorption of this contaminant mass, aqueous-phase concentrations alone
may not accurately reflect the amount of mass being destroyed if there is continued mass
transfer from DNAPL or sorbed mass to the agueous phase. Also, consideration should be
placed on the effects of the treatment process on secondary water quality (Section 4). This
consideration is especially important at sites in close proximity to areas of surface water
discharge and sites where arsenic and other redox-sensitive metals are naturally high because
anet reduction in risk may not be achieved.

Once remedial objectives are established, the potential for applying the edible oil process
at a site must be evaluated by preliminary screening. Not all sites will be suitable for
applying the technology. Section 2 describes the site conditions under which the edible oil
process can be applied with a reasonable certainty of success. The following sections
describe the scientific basis for anaerobic degradation of chlorinated solvents, and an
overview of the edible oil process.

1.5 ENHANCED ANAEROBIC BIOREMEDIATION OF CHLORINATED
SOLVENTS

The most common chlorinated solvents released to the environment include
tetrachloroethene (PCE, or perchloroethene), trichloroethene (TCE), 1,1,1-trichloroethane
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(1,1,1-TCA), 1,2-dichloroethane (1,2-DCA), and carbon tetrachloride (CT). These
chlorinated solvents and their chlorinated degradation products fall into the categories of
chloroethenes, chloroethanes and chloromethanes.  Collectively, these compounds are
referred to as chlorinated aliphatic hydrocarbons (CAHSs). In general, the more highly
chlorinated the CAH, the more oxidized the CAH is and the more susceptible it is to
anaerobic or reductive degradation mechanisms. The physical and chemical properties of
chloroethenes, chloroethanes, and chloromethanes are listed in Table 1.1.

Less chlorinated compounds and/or dechlorination products such as dichloroethene (DCE)
isomers, DCA isomers, vinyl chloride (VC), and chloroethane (CA) are “cross-over”
compounds in that they are also susceptible to oxidation reactions. This protocol is aimed at
enhancing the anaerobic treatment of more chlorinated CAH parent compounds and their
dechlorination products, but also provides practical guidance on how to evauate other
important removal mechanisms such as oxidation or abiotic reactions that can result in
effective treatment throughout alarger in situ treatment zone.

Many CAHs can be cost-effectively degraded in situ by providing a source of
biodegradable organic substrate.  The application of enhanced in situ anaerobic
bioremediation is covered in detail in the Principles and Practices document. As stated,

“Site-gpecific conditions must be reviewed prior to selecting enhanced
anaerobic bioremediation as a remedial aternative. The technology is not
effective unless the contaminants are anaerobically biodegradable, strongly
reducing conditions can be generated, a microbial community capable of
driving the process is present or can be introduced, and an organic substrate
can be successfully distributed in the subsurface.”

In practice, the added organic substrates are first fermented to molecular hydrogen (H>)
and low-molecular weight fatty acids. These short-chain molecules (such as acetate, |actate,
propionate, and butyrate) in turn provide carbon and energy to the microorganisms which
facilitate reductive dechlorination. In the reductive dechlorination process, microorganisms
sequentially replace chlorine atoms with hydrogen forming more reduced dechlorination
products. For example, the chlorinated ethenes are transformed sequentialy from PCE to
TCE to DCE to VC to ethene. If the microorganisms are able to obtain metabolically useful
energy from reductive dechlorination, this process is referred to as dehalorespiration or
halorespiration (USEPA, 2000).

Other degradation processes may also occur. In some cases reductive dechlorination may
be cometabolic, in which a CAH compound is reduced by an enzyme or co-factor produced
during microbial metabolism of another compound in an anaerobic environment. In this case,
biodegradation of the chlorinated compound does not yield any energy or benefit the growth
of the microbe mediating the reaction (USEPA, 2000). Anaerobic oxidation is a biologically-
mediated reaction in which less chlorinated CAHS, such as cis-1,2-DCE and VC, are directly
oxidized to carbon dioxide, water, and chloride. This reaction has been documented to occur
under iron- and manganese-reducing conditions (Bradley and Chappelle, 1996 and 1997
Bradley et al., 1998a and 1998b).
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Tablel.1
Characteristics of Chlorinated Aliphatic Hydr ocar bons and Dechlorination End Products

Compound Molecular M olecular Density Henry'sLaw Solubility Vapor Octanol/Water Octanol/Carbon
Formula Weight (o/mL @ Constant (mg/lL @ Pressure Partition Partition
(g/mol)? approx. 20to | (atm-m*¥mol)? | approx.20to | (mmHg@ Coefficient Coefficient
25 °C)™ 25°C)¥ 20°C)® (log K ow)" (log Koc)¥
Chloroethenes
Tetrachloroethene (PCE) C,Cl, 165.8 (1) 1.62 (1) 0.0132 (2) 150 (3) 14.0 (3) 2.53 (4) 2.42 (5)
Trichloroethene (TCE) C,HCl; 131.4 (1) 1.46 (1) 0.0072 (2) 1,100 (3) 60.0 (3) 2.42 (4) 2.03(5)
cis-1,2- Dichloroethene C,H.Cl, 96.94 (1) 1.28 (1) 0.0030 (2) 3,500 (3) 200 (6) 0.70 1.65 (7)
(cis-1,2-DCE)
trans-1,2-Dichloroethene CoH,Cl, 96.94 (1) 1.26 (1) 0.0073 (2) 6,300 (4) 340 (6) 2.06 (7) 1.77 (5)
(trans-1,2-DCE)
1,1-Dichloroethene  (L1- | C,H,Cl, 96.94 (1) 1.22 (1) 0.021 (2) 2,250 (5) 500 (3) 2.13 (4) 1.81(5)
DCE)
Vinyl Chloride (VC) C,H4Cl 62.51 (1) Gas 0.218 (2) 1,100 (3) 2,660 (3) 0.60 (4) 1.23(5)
Ethene CoH, 28.05 (1) Gas 8.60 (7) 131 (7) 30,800 (7) 1.13(8) 2.48 (7)
Acetylene C,H, 26.04 (10) Gas 0.0217 (10) 1,200 (10) 40,400 (10) 0.37 (10) NA
Chloroethanes
1,1,1,2-Tetrachl oroethane C,H,Cl, 167.85 (1) 1.553 (10) 0.0025 (10) 1,070 (10) 12 (10) 2.93 (10) NA
(1,1,1,2-TCA)
1,1,2,2-Tetrachl oroethane C,H,Cly 167.85 (1) 1.595 (1) 0.00038 (4) 2,962 (6) 50(3) 2.56 (4) 2.07 (4)
(1,1,2,2-TCA)
1,1,1-Trichloroethane C,HiCls 1334 (1) 1.34(1) 0.0133 (2) 4,400 (3) 100 (3) 2.47 (4) 2.02 (5)
(1,1,1-TCA)
1,1,2-Trichloroethane C,HiCl3 1334 (1) 1.44 (1) 0.0012 (7) 4,500 (3) 19 (3) 2.18 (4) 1.75 (5)
(1,1,2-TCA)
1,1-Dichloroethane C,H.Cl, 98.96 (1) 1.18 (1) 0.0043 (2) 5,500 (3) 180 (3) 1.78 (4) 1.48 (5)
(1,1-DCA)
1,2-Dichloroethane C,H,Cl, 98.96 (1) 1.24 (1) 0.00098 (6) 8,690 (3) 61 (3) 1.48 (4) 1.28 (5)
(1,2-DCA)
Chloroethane (CA) C,H:sCl 64.51 (1) Gas 0.0094 (2) 5,740 (3) 1,010 (3) 1.43 (4) 1.42 (7)
Ethane C,Hg 30.07 (1) Gas 19.2 () 60.4 (3) 29,300 (3) 1.81(8) 2.66 (7)
(continued)
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Table 1.1 (concluded)

Characteristics of Chlorinated Aliphatic Hydrocar bons and Dechlorination End Products

Compound Molecular M olecular Density Henry'sLaw Solubility Vapor Octanol/Water Octanol/Carbon
Formula Weight (o/mL @ Constant (mg/L @ Pressure Partition Partition
(g/mol)? approx. 20to | (atm-m¥mol)® | approx. 20to (mmHg @ Coefficient Coefficient
25 °C)” 25 °C)¥ 20°C)? (log K ow)” (log Koc)?
Chloromethanes
Tetrachloromethane/ CCl, 153.8 (1) 1.58 (1) 0.0232 (4) 786 (4) 90 (3) 2.73 (4) 2.62 (4)
Carbon Tetrachloride (CT)
Trichloromethane/ CHCl; 119.4 (1) 1.48 (1) 0.00367 (2) 8,000 (3) 160 (3) 3.98 (4) 1.45 (9)
Chloroform (CF)
Dichloromethane (DCM)/ CH.Cl, 84.93 (1) 1.33(1) 0.00244 (4) 19,400 (4) 380 (4) 1.25 (4) 1.44 (4)
Methylene Chloride (MC)
Chloromethane (CM)/ CH;Cly 50.48 (4) Gas 0.00882 (2) 6,500 (4) 4,310 (4) 0.91 (4) 1.40 (4)
Methyl Chloride
Methane CH, 16.04 (1) Gas 18.3 (7) 24 (3) 20,800 (7) 1.09 (8) 2.88 (7)

¥ glmol = grams per mole.

b g/ml = grams per milliliter; °C = degrees Celsius.
¢ atm-m®/mol = atmospheres-cubic meter per mole.

4 mg/L = milligrams per liter.

References:

=]

mm Hg = vapor pressure measured as millimeters of mercury.

" log Kow = log of octanol/water partition coefficient (dissolution coefficient).
9 Jog Koc = log of octanol/carbon coefficient (soil sorption coefficient).

(1) Wesast, R.C., M.J. Astle, and W.H. Beyer (eds.). 1989. CRC Handbook of Chemistry and Physics. 75th ed. Boca Raton, FL: CRC Press. 75th ed.
(2) Gossett, JM. 1987. Measurement of Henry's Law Constants for C1 and C2 Chlorinated Hydrocarbons. Environmental Science & Technology, Vol. 21(2):202-208.
(3) Verschueren, K. 1983. Handbook of Environmental Data on Organic Chemicals. 2nd ed. New Y ork: Van Nostrand Reinhold.

(4) Montgomery, J.H. 1996. Groundwater Chemicals Desk Reference. 2nd ed. Chelsea, MI: Lewis.

(5) Montgomery, JH., and L.M. Welkom. 1999, Groundwater Chemicals Desk Reference. Chelsea, MI: Lewis.
(6) Howard, P.H., G.W. Sage, W.F. Jarvis, and D.A. Gray. 1999, Handbook of Environmental Fate and Exposure Data for Organic Chemicals, Vol. 11 — Solvents. Chelses,

MI: Lewis.

(7) Estimated using Lyman, W.J., W.F. Reehl, and D.H. Rosenblatt. 1990. Handbook of Chemical Property Estimation Methods. Washington, DC: American Chemical

Society.

(8) Hansch, C, A. Leo, and D. Hoekman. 1995. Exploring QSAR — Hydrophobic, Electronic, and Steric Constants. Washington, DC: American Chemical Society.
(9) Grathwohl, P. 1990. Influence of Organic Matter from Soils and Sediments from Various Origins on the Sorption of Some Chlorinated Aliphatic Hydrocarbons.

Environmental Science & Technology, Vol. 24:1687-1693.

(10) Syracuse Research Corporation (SRC) Physical Properties on-line database (various sources).
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Abiotic or chemical dechlorination may occur where a CAH compound is reduced by a
reactive compound that is not directly associated with biological activity. For example, thisis
the reaction targeted using zero-valent iron (Fe®) in permeable reactive barriers. Note that
addition of an organic substrate and creation of an anaerobic environment may create reactive
minerals such as iron-monosulfides that can degrade CAHs (e.g., Butler and Hayes, 1999). In
this case the overall degradation pathway is referred to as biogeochemical reduction because
the reactive mineral is formed in part due to biological processes. Other abiotic reactions that
may be of significance include dehydrochlorination of 1,1,1-TCA to 1,1-DCE or hydrolysis of
CA. Examples of the degradation pathways for chloroethenes, chloromethanes, and
chloroethanes are shown in Figure 1.2, Figure 1.3, and Figure 1.4, respectively (figures
provided courtesy of Geosyntec Consultants).

Other groundwater contaminants also subject to anaerobic degradation processes include
the following types of chemicals:

» Oxidizers such as perchlorate and chlorate;
Explosive and ordnance compounds (e.g., TNT or RDX);
Dissolved metals (e.g., hexavalent chromium);

Nitrate and sulfate; and

vV V VYV V

Potentially for chlorobenzenes, chlorinated pesticides (e.g., chlordane),
polychlorinated biphenyls (PCBs), and chlorinated cyclic hydrocarbons (e.g.,
pentachlorophenoal).

A variety of different organic substrates have been used to generate hydrogen and
stimulate reductive dechlorination. The substrates can be broadly categorized into four types:
soluble substrates (e.g., sodium lactate and molasses), slow-release substrates (e.g., hydrogen
release compound [HRC®] and edible oil), solid substrates (e.g., mulch and chitin) and
miscellaneous experimental substrates (e.g., hydrogen gas). All of these substrates are
biodegraded and ultimately yield (or “release”) hydrogen.

From a practical perspective, the appropriate type of substrate for a given site involves 1)
the ability to effectively distribute the substrate throughout the treatment zone, and 2) the
ability to sustain the reactive zone with that substrate over the treatment timeframe in a cost-
effective manner. In genera, the more soluble the substrate the easier it is to mix and
distribute throughout the aquifer matrix. But many soluble substrates are readily
biodegradable and the need for frequent additions may reduce cost-effectiveness when
treatment times transition from afew months to several years.

The longevity of an organic substrate in the subsurface can be manipulated by choosing
substrates based upon viscosity, chemical structure, solubility, or physical structure. Various
commercia organic substrates like polylactate esters are used, in part, because the high
viscosity of the mixture reduces the solubilization of the substrate in the subsurface due to a
lesser degree of mixing; less viscous groundwater will flow around the higher viscosity
substrate material resulting in alower rate of dissolution.
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Chemical structure affects longevity in that larger, more complex molecules tend to be less
soluble and biodegradable. Solid phase substrates such as bark mulch are used because the
physical structure, molecular weight, and complexity of these materials reduces the rate of
biodegradation and solubilization of the material, which facilitates substrate longevity. The
use of edible ails as an organic substrate provides a straightforward example of the use of a
lower solubility material as a means to increase the longevity of this substrate. The use of
emulsified vegetable oil is a good example of attempting to lower the viscosity of the
substrate to improve the ease and effectiveness of distributing the substrate in the subsurface.

In summary, the first priority isto select a substrate that will support microbial growth and
development to create geochemical conditions supportive of complete reductive
dechlorination. However, achieving this goal will not be effective unless the distribution and
longevity of the substrate are optimized in a site-specific fashion. Thus, the reader is
encouraged to aways consider the above substrate categories and the final substrate selected
in strictly practical terms; namely effective distribution, cost-effectiveness over remediation
time frames, and the ability to support substantial reductive dechlorination. A more thorough
overview and discussion of the application of all these amendments is provided in the
Principles and Practices document. The focus of this protocol is to provide specific guidance
on the use and effectiveness of edible oil and edible oil emulsions for this process.

16 OVERVIEW OF THE EDIBLE OIL PROCESS

Edible ail has been used in a variety of locations throughout the United States to stimulate
anaerobic biodegradation of chlorinated solvents and other contaminants (e.g., perchlorate).
Methods used to emplace the oil in the subsurface include injection of pure or neat oil as a
separate non-aqueous phase liquid (NAPL) and as an oil-in-water emulsion. Various names
have been used in the literature to describe the general edible oil approach including vegetable
oil (VegQil), emulsified vegetable oil (EVO), emulsified edible oil (EEO), and emulsified
soybean oil (ESO). In this protocol, the term “edible oil process’ is used to describe any use
of edible fats or oils to stimulate anaerobic biodegradation in the subsurface. The edible oil
process is primarily designed to generate anaerobic conditions necessary for microbial
reductive dechlorination of chlorinated solvents.

Under certain conditions, hydrophobic (lipophilic) chlorinated solvents will also partition
into the edible oil, substantialy reducing agqueous phase concentrations and/or contaminant
mobility. In this process, known as sequestration, the edible oil can act as a “sponge’ to
quickly reduce concentrations of chlorinated solvents in groundwater. As chlorinated
solvents in the aqueous phase are degraded, additional chlorinated solvent mass will be
released from the edible oil due to equilibrium partitioning. Over time, continued degradation
of CAHSs in the aqueous phase will lower the amount of CAH mass that resides in the oil
phase. In addition, the mass of CAHs that isin the oil phase will also be reduced as the mass
of ail is degraded. Therefore, sequestration of chlorinated solvents due to partitioning is a
ultimately a temporal phenomena if biodegradation of solvents in groundwater can be
stimulated and sustained.

Edible ail is by definition a food-grade substrate, with refined soybean oil the most widely
used for enhanced in situ bioremediation. When properly prepared and injected, edible oil
will remain in place due to sorption or entrapment within the aquifer matrix. Due to its low
solubility, it is sSlowly biodegraded in most aquifers. A single, low-cost injection may provide

1-14



sufficient carbon to drive reductive dechlorination for several years (e.g., see the case study
for Cape Canaveral Air Force Station [CCAFS] in Appendix H). This is expected to
significantly lower operations and maintenance (O& M) costs compared to multiple injections
of rapidly degraded, soluble carbon substrates (e.g., lactate, ethanol, or sugars). The ability to
inject edible oil or emulsified oil allows the placement of a slow-release substrate at locations
where placement of solid-phase substrates in a trench or excavation is not feasible (e.g., a
depth or in fractured rock). The edible oil process can be applied either in a contaminant
source zone or as a biobarrier to migration of a dissolved-phase plume.

Emulsified vegetable ail is the most common form of edible oil applied for enhanced in
situ bioremediation. Emulsified oil products have been developed using food processing
technologies. Surfactants (emulsifiers) are added to the oil and the oil is mixed with water by
a high energy shearing process (most commonly homogenization) to create a stable oil-in-
water emulsion. “Microemulsions’ are herein defined as emulsions having a mean droplet
size less than the mean pore throat size of the formation to which it will be applied. The
benefit of an oil-in-water emulsion is the ability to readily inject the product throughout the
intended treatment zone.

To date, the edible oil process has been implemented by the AFCEE Technology Transfer
Outreach Office and the Naval Facilities Engineering Command (NAVFAC) at multiple DoD
facilities. Many of the DoD the sites where the edible oil process has been used are identified
in Appendix B.

16.1 Treatment System Configurations

Treatment configurations for contaminated aquifers using edible oil include source area
treatment and biobarriers along the axis of the contaminant plume (Figure 1.5). In choosing a
treatment approach for a given site, it is important to understand the overall objectives of the
project. The objectives may be to reduce contaminant concentrations to below MCLs, to
reduce mass discharge as part of an overall risk reduction approach, or to limit plume
migration. Groundwater Flow

Injection Point

Source
Area

o,
"'-m.,.

Treated ™,
Groundwater}
<

.....

Figurel5 Example System Configurationsfor Using Edible Oil to Treat
Contaminated Groundwater in: (a) Source Areasand (b) Biobarriers
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16.1.1 Source Areas

Source areas provide several challenges when being considered for treatment. Source
areas typically include chlorinated solvents in the dissolved, sorbed, and DNAPL phases.
Addition of edible oil can rapidly reduce contaminant concentrations in the aqueous phase by
partitioning of a portion of the solvent mass into the edible oil (i.e., sequestration).
Biodegradation of the oil will then stimulate anaerobic conditions and rapid biodegradation of
solvents in the agueous phase. As contaminants are slowly released by desorption from the
aquifer matrix or by dissolution from residual DNAPL, edible oil will still be present to
sustain anaerobic biodegradation processes.

Source areas can be treated using pure edible oil or an edible oil emulsion. The residual
saturations for pure oil are generally much higher than for emulsions. Consequently, pure
edible ail is most useful when the objective is to sequester chlorinated solvents in the oil
phase and to block the aquifer pore spaces, reducing groundwater flow in the treatment zone
and mass discharge from the source area.

Edible oil emulsions are generally applied at lower residual saturations, typically at 1.0 to
10 percent of the aquifer pore volume. Consequently, emulsions will be less effective for
sequestering chlorinated solvents and reducing groundwater flow than pure oil. However, if
the objective is to primarily stimulate biodegradation for mass removal in the source area,
emulsions are beneficial because they are easier to distribute over a greater volume of the
aquifer and with a more uniform distribution than pure oil. Source areas may take long
periods of time to remediate and additional injections may be required if the lesser amounts of
substrate used in an emulsion are depleted prior to obtaining remedial objectives.

16.1.2 Permeable Biobarriers

In many cases, the source of a contaminant plume is poorly defined or a plume is a result
of multiple dispersed sources where source containment/reduction is not feasible. In other
cases, it may be desirable to intercept a contaminant plume upgradient of a property boundary
or a potential receptor. Under these conditions, edible oil can be injected in a permeable
biobarrier configuration for plume treatment or plume containment. As with any permeable
barrier configuration, the reaction zone must be uniformly distributed and an effort made to
maintain the permeability of the reaction zone.

Biobarriers are typically installed across the plume, perpendicular to groundwater flow
(Figure 1.5). The barrier width should be wider than the width of the contaminant plume that
requires remediation to allow for uncertainties in the actual plume dimensions, variations in
groundwater flow direction, and to allow for some permeability loss. Residence time within
the barrier reaction zone will be controlled by the groundwater flow velocity and barrier
thickness along the direction of groundwater flow.

1.6.2 EdibleQil

A number of edible oils and fats are used in the food and animal feed industries. Based on
commodity pricing and ease of handling, refined soybean oil has been used for most edible ail
applications and is the base product for commercially available oil-in-water microemulsions.
The properties and behavior of edible oil and edible oil microemulsions are described in detail
in Appendix D. The low solubility of edible oil provides for along-lasting carbon source due
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to aslow rate of chemical dissolution into groundwater. Edible oil is also readily biodegraded
in the subsurface (Parsons, 2004a). Therefore, the longevity of the substrate is also a function
of the rate at which it is biodegraded, versus the rate of chemical dissolution alone.

Pure Edible Oil may be used in some source area applications or may be purchased for
emulsification in the field. In addition, pure edible oil is often used as a supplemental organic
substrate by coating mulch mixtures installed in permeable mulch biowalls (e.g., Cowan et
al., 2000). Refined soybean oil can be purchased in bulk from a number of wholesale
distributors at costs of $0.40 to $0.50 per pound (excluding delivery). A description of the
properties of soybean and other common vegetable oils can be found in Appendix D.

Edible Oil Emulsions are more commonly applied than pure oil due to ease of injection
and distribution. Sedimentary deposits have a broad range of pore throat sizes, over several
orders of magnitude from less than 1.0 micron to over 100 microns. For practica
consideration, microemulsions should have a mean droplet size of less than 1.0 to 2.0 microns
for applications in sediments containing very fine sand or silt. Applications in carbonate or
fractured rock require additional consideration of secondary porosity and fracture size.

Commercial emulsion products are proprietary formulations, but typically contain 45 to 60
percent soybean oil by weight, and from 5 to 10 percent emulsifiers by weight. They are sold
as concentrates that are miscible in water and readily diluted for field application, typicaly to
concentrations of 1 to 10 percent oil by volume. Microemulsion products may be modified by
the manufacturer to include additional nutrients and amendments (e.g., yeast extract, vitamin
B12 and up to 5 percent by weight sodium lactate). Surfactants (emulsifiers) used may be
ionic (e.g., lecithin) or non-ionic (e.g., polysorbate), the appropriate use of which should
depend upon the properties of the aquifer matrix. Costs for microemulsion products typically
range from $1.25 to $2.00 per pound of bulk product (excluding delivery). The percent of
active ingredient and inclusion of nutrient amendments should be taken into account when
comparing unit rates between various products.

Qil-in-water emulsions may be mixed in the field. The Solae Company (a subsidiary of
the Bunge Corporation) manufactures a soybean oil product (Textrol BR) mixed with an
appropriate concentration of lecithin and other proprietary emulsifiers for this purpose.
Preparing a suitable emulsion in the field is related to the degree of mixing necessary to create
a uniform emulsion of small droplet size. It may not always be practical to prepare field
emulsions of suitable droplet size for many fine-grained sediments that contain silt and clay.
In-line mixers and small shear mixers may create emulsions with droplet sizes ranging from 5
to 20 microns in diameter, compared to commercial emulsions with droplets of 1 to 2 microns
in diameter. The use of a commercial homogenizer may be used in the field to achieve such
small droplet sizes, but this type of equipment may not be practical or cost effective to
mobilize to a field location for applications of less than several thousands of gallons of
emulsion.

A comparison of droplet size for a field mixed emulsion and a commercial microemulsion
is shown on Figure 1.6. The relative cost of a pre-emulsified commercial product versus
materials, equipment and labor required for field emulsification makes use of a commercial
product favorable for many applications.
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Related Edible Oil Products. In addition to pure edible oil and emulsified ail, there are an
increasing number of commercial bioremediation products that contain edible oil components,
long chain fatty acids (e.g., ethyl lactate), or biodegradable polymers which are applied in a
similar manner to emulsified oil. Emulsified zero valent iron is also being developed for in
situ remediation of chlorinated solvents. A non-exhaustive listing of vendors offering edible
oil or very similar bioremediation products are listed in Appendix C.

1.6.3  Application Methods

Two general approaches have been used to distribute edible oil in the subsurface: 1)
injection of pure edible oil, and 2) injection of an oil-in-water emulsion. The use of pure-
phase edible oil has been primarily direct injection into source areas. Pure edible oil may also
be used to coat mulch or sand placed in biowall trenches (e.g., Cowan et al., 2000) or
bioreactor excavations, or used to coat the bottom of source area excavations prior to
backfilling. A more common approach is the injection of dilute oil-in-water emulsions.
Edible oil may pose a risk to the environment if allowed to migrate into surface waters, and
injection designs should include pre-cautions to prevent surface discharge.

1631 Pure Edible Oil

Pure or neat edible oil can be injected directly into an agquifer using conventional wells or
using temporary direct push points (Figure 1.7). Injection pure oil results in high oil
saturations and large reductions in the permeability of the formation to water. Typically,
injection of pure oil will occupy greater than 30 percent of the aquifer pore space immediately
adjoining the injection point. The use of pure edible oil in this manner may require injection
of large volumes of ail if uniform distribution of the oil is desired. However, these high oil
saturations will also partition a greater mass of chlorinated solvents present in the aquifer at or
near the injection point, resulting in an initial larger decrease in CAH concentrations.

To push the oil farther out away from the injection point, additional oil or a water “chase”

must be injected. A water “chase” has a limited ability to distribute the oil into the formation
as the water will follow the path of least resistance and tend to bypass the ail.
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Figurel.7  Direct Injection of Pure Edible Qil through Geoprobe®
Rods Using a Grout Pump

As mentioned above, injection of pure edible oil dramatically reduces the permeability of
the treated zone to water. A lossin permeability presents a challenge for a permeable barrier
system since contaminated groundwater would tend to flow around the barrier, not through it.
However, a reduction in permeability in a source area may be an advantage since this will
reduce groundwater flow through the injection area/contaminated zone, reducing the mass
discharge of contaminant to the downgradient aquifer. Therefore, the direct injection of pure
edible ail isonly considered appropriate for source area applications in this protocol.

1.6.3.2 Oil-in-Water Emulsions

Edible oil can be distributed in aguifers as oil-in-water emulsions. Ideally, the emulsion
should be stable (e.g., non-coalescing); have small, uniform droplets to allow transport in the
aquifer; and have a negative surface charge to reduce droplet capture by the solid surfaces.
The emulsion isinjected into the subsurface at a desired oil saturation (i.e., dilution), and may
be followed by awater chase to further distribute the oil droplets.

As ail droplets migrate through an aquifer, they collide with sediment surfaces and become
lodged within the aquifer matrix pore space. Aquifer matrices are water wet, so the oil will
not displace the water at the matrix surface. Rather, the oil droplets will sorb to the solid
matrix based on the ionic charge between the matrix and the emulsifier(s) used to create the
oil droplets. Larger droplets may also be entrapped where the droplet size is greater than the
pore throat and the entry pressure is not sufficient to force the oil through the pore throat.
Many droplets will accumulate within the agquifer pore space in this way, and provide a
carbon source for long-term reductive dechlorination.
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These processes aso act to limit the mobility of the oil droplets once the emulsion is
injected throughout the treatment zone. Field and laboratory studies (Borden et al., 2004,
Coulibaly and Borden, 2004; Solutions IES, 2006) have shown that emulsified oil can be
injected in many common aquifer materials with low to moderate oil retention, and with
permeability loss less than an order of magnitude. As a consequence, emulsified edible ail is
more appropriate than pure oil for use in biobarrier configurations where minimizing
permeability lossisimportant.

The equipment required to inject water-in-oil emulsions is relatively ssimple. Typically,
native groundwater is extracted and collected in a holding tank. The product is provided in
drums or totes, and the product and make-up water are mixed in a batch tank at appropriate
volumes. The emulsion mixture is injected into injection wells or direct-push points using a
system of pumps, flow meters, control valves, and pressure gauges. Injection into multiple
wells may be accomplished using an injection manifold to expedite the injection process.
Injection wells, feed lines with flow meters and control valves, an injection pump, emulsion
mixing tank, and make-up water tank are shown in Figure 1.8. At sites with adequate
permeability, native groundwater may be extracted and amended “in-line” without the need
for large holding tanks. More detail on injection methods is provided in Section 5.

A permeable biobarrier may be configured by injecting an edible oil emulsion through a
series of temporary or permanent wells installed perpendicular to groundwater flow (Figure
1.5 and Figure 1.8). As groundwater moves through the treated zone under a natural
hydraulic gradient, a portion of the oil dissolves or degrades providing a carbon and energy
source to accelerate anaerobic biodegradation processes. Edible oil emulsions are suitable for
biobarriers because the loss in permeability by entrapped or sorbed oil is minimized. If
permeability loss were excessive, contaminated groundwater could flow around the barrier
and not be treated.

Figurel.8 Typical Oil Emulsion Injection System L ayout
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1.6.4 Design and Implementation of Edible Oil Applications

Depending on the project remedial objectives, the practitioner must decide which type of
edible oil application provides the best opportunity to meet the project goals. Some of the
relative advantages and disadvantages of source area and biobarrier approaches are
summarized in Table 1.2. Some of the major strengths and limitations of using pure edible
oil versus edible oil emulsions are summarized in Table 1.3. These are considerations taken
into account when designing an appropriate edible oil application.

The design of an edible oil applications involves many factors regarding remedial
objectives and site-specific contaminant distribution, hydrogeology, and geochemistry. In
many cases, pilot testing is beneficial to determine the optimum approach for full-scale
applications (Section 3). Section 4 describes the design of full-scale edible oil applications
for source areas and biobarriers. Edible oil and edible oil emulsions require special
equipment and procedures for handling and injection. Section 5 describes the distribution of
edible oil and edible oil emulsions in the subsurface and the methods and equipment used to
mix and inject edible oil.

Tablel.2
Sour ce Area Treatment Versus Permeable Biobarrier Designs

Source Area Treatment

Permeable Reactive Barrier
POTENTIAL BENEFITS

POTENTIAL BENEFITS

» Sequesters and remediates source » Controls plume migration
» Reduces mass flux of dissolved contaminants | » Less precise delineation of source areais required
» Compatible with natural attenuation » Can be use to remediate extensive dissolved phase
» Provide post-treatment to other source area plumes (series of barriers)

treatments (e.g., surfactant flush or resistive » Compatible with natural attenuation

heating) » Helps protect downgradient receptors
» Potentially more cost-effective than » Potentialy lower cost than other barrier

alternative remedial technologies
POTENTIAL LIMITATIONS
» Requires more precise delineation

technologies, especially at deeper sites
POTENTIAL LIMITATIONS
» Does not eliminate source

of source area » If plume source is not controlled, additional oil

» Probably not effective for large volumes of injections will be required to maintain
DNAPL performance

» May require decades to fully remediate »  If permeability lossis excessive, plume could flow
source area around barrier

TyPICAL DESIGNS

> Injection points distributed throughout source

» Temporary recirculation systemsto smear oil
thorough out source

» Rows of barriers spaced at intervals based on
time to achieve remedial objectivesand
economics of injection

TYPICAL DESIGNS

» Row of injection points perpendicular to
groundwater flow direction

» Multiple barriers can be used to achieve higher
removal efficiencies or reduce cleanup time for
long plumes
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Table1.3
Comparison of Injection of Pure Edible Oil Versusan Oil-In-Water Emulsion

Pure Edible Oil

Oil-in-Water Emulsion

Characteristics
High residual saturation
Large permeability loss
Can sequester chlorinated solvents

>
>
>

Characteristics
Low residual saturation
Low permeability loss
Limited chlorinated solvent sequestration

Strengths

Strengths

» Easy to implement » Easy to implement
» Reatively low cost » Relatively low cost
» Can inject with temporary or direct push | » Can distribute emulsion greater distances from
points injection point
» More uniform distribution of oil
» Potential to add other co-substrates (e.g., lactate,
yeast extract, vitamins)
Limitations Limitations
» Limited spread of ail » Can require a large amount of chase water to
» Requiresrelatively larger amounts of oil distribute/immobilize oil
» Possibility that oil will float » Emulsion preparation is more complicated
» High oil concentrations may lead to | » May require additional injections to sustain

excessive fatty acid production, leading to
depression of pH and stalling bioactivity

reactive zone over periods of years
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SECTION 2
PRELIMINARY SCREENING

21 ROAD MAP FOR PRELIMINARY SCREENING

Many in situ remedies fall to meet

performance objectives due to inadequate site || Manyin situ remediesfail to meet
characterization or due to lack of screening for performance objectives due to
site-specific limitations. Figure 2.1 shows a inadequate site characterization or
road map that site managers can follow to screening for site-specific .
perform a preliminary screening of whether the limitations. Preliminary screening
edible oil process is appropriate for use at their isafirst, critical step to successful

site. The intent of this road map is to aid in implementation of the edible oil
quickly identifying “road blocks’ that may process.

slow implementation, increase costs or lead to
failure of this process.

The first steps are to develop and refine a site-specific contaminant and hydrogeologic
conceptual site model (CSM) and to develop remedia objectives. A CSM summarizes the
fate and transport of contaminants, migration pathways, exposure mechanisms, and potential
receptors. Remedial objectives reflect the need to reduce the risk of exposure to protect
human health and the environment.

The CSM should be used to evaluate the potential for preferentia flows paths and/or low
permeability materials that would complicate effective substrate distribution. An assessment
of the potential to stimulate anaerobic reductive dechlorination or other anaerobic degradation
processes is based upon a review of site-specific data including contaminant distribution and
trends, and biogeochemical conditions (electron donors, €electron acceptors, metabolic
byproducts, and general geochemical indicators). The CSM should aso provide information
regarding the compatibility of existing geochemical conditions with enhanced anaerobic
biodegradation.

Site screening considerations and site characterization considerations for selection,
development, and evaluation of an edible oil application are described in the following
sections. Most sites being evaluated for enhanced in situ anaerobic bioremediation generally
have been investigated and characterized to some extent, and a limited assessment of remedial
alternatives has been conducted. Where sufficient data has not been collected, additional site
characterization is advised.
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Figure2.1 Road Map for Preliminary Screening of the Edible Oil Process



22  SITE SCREENING CONSIDERATIONS

When anaerobic bioremediation using edible oil is first considered for a site, four critical
guestions should be answered.

» Haverisksto critical receptors already been controlled?

» Can all target contaminants be anaerobically degraded by biotic or abiotic processes?
» Arepotential secondary water quality impacts acceptable?

> Aresite conditions suitable for implementing the edible oil process?

The first three questions are discussed in the following paragraphs. Site conditions suitable
for applying the edible oil process are described in detail in Section 2.3.

Risks to Critical Receptors. The first priority in environmental remediation to is to
prevent exposure to the contaminants of concern. In addition, enhanced in situ anaerobic
bioremediation of chlorinated solvents may generate toxic intermediate degradation products.
Therefore, if a critical receptor such as a water supply well is located a short distance
downgradient of the impacted zone, then potential risks need to be controlled before
implementation of the edible oil process. Potential alternatives include relocation of the water
supply well or providing an alternative water source. Once these risks are controlled, the use
of edible oil can be reconsidered.

Anaerobic Biodegradability. There are a wide variety of compounds that can be
anaerobically biodegraded including chlorinated ethenes, chlorinated ethanes, chlorinated
methanes, perchlorate, nitrate, and explosives (e.g., RDX, TNT). Site managers considering
use of the edible oil process should carefully review the information provided in the
Principles and Practices document to determine if all of the target contaminants at their site
are anaerobically biodegradable and the level of experience in treating these contaminants.

For a few of these compounds (eqg., PCE, TCE, perchlorate, and nitrate), the
biodegradation pathways and microorganisms that carry out this process are relatively well
understood and enhanced anaerobic biodegradation has been demonstrated in the field at
multiple sites. For example, the microbiology of PCE and TCE biodegradation is relatively
well understood and there is considerable practical experience with anaerobic biodegradation
of PCE and TCE. In contrast, field experience with in situ anaerobic biodegradation of 1,1,1-
TCA or CT is more limited and the environmental conditions and microorganisms that are
required for the complete biodegradation of these compounds are less well understood.

Site managers should review available cases studies in the literature for the chlorinated
solvents present, and use caution when extrapolating results from laboratory studies to the
field. Microcosms may be considered when the potential for complete biodegradation at a site
isin question. Further discussion of microcosm studies can be found in Section 4.3 of the
Principles and Practices document. The science of anaerobic degradation of other chlorinated
compounds in addition to PCE and TCE is advancing rapidly. Demonstrations at the field
scale may reveal practices that can optimize enhanced bioremediation of these compounds.
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Bioaugmentation is an option when the potential for complete degradation of chlorinated
solvents is in question (ESTCP, 2005). Bioaugmentation should be considered when native
dechlorinating species capable of complete dechlorination of CAHs are not present, are poorly
distributed, or are present at low population densities. Bioaugmentation may be implemented
either from inception or as a contingency measure should degradation stall at intermediate
dechlorination products or fail to produce significant biodegradation. However,
bioaugmentation may not be suitable for many sites, and biocaugmentation cultures are not
readily available for all classes of chlorinated compounds. A pragmatic approach is to
conduct a cost/benefit analysis considering the cost of bioaugmentation, its potential benefits,
and the risk of not using bioaugmentation. Further discussion of bioaugmentation can be
found in Section 4.6 of the Principles and Practices document.

Secondary Water Quality and Generation of Noxious Gases. The term “secondary water
quality” is used in this document to refer to water quality issues or concerns that result from
substrate addition and are apart from the primary contaminants being treated. Degradation of
secondary water quality can occur as a result of areduced groundwater environment that may
increase the mobility of some naturally occurring, but regulated metals in the aquifer matrix
(e.g., iron, manganese, and arsenic). While these metals are more soluble under reducing
conditions, migration of metals out of the reactive zone is often substantially retarded by
adsorption to the aguifer matrix and/or precipitation as insoluble metal sulfides (e.g., Butler
and Hayes, 1999).

Other secondary water quality parameters that may be degraded upon substrate addition
include chemical oxygen demand (COD), biochemical oxygen demand (BOD), total dissolved
solids (TDS), fatty acids, sulfides, and metals that affect taste and odor. Fermentation effects
also may create conditions conducive to formation of aldehydes, ketones and mercaptans that
have taste and odor impacts. These parameters should be monitored if regulated at the site.

In naturally aerobic aguifers where in situ anaerobic bioremediation has been applied,
groundwater typically returns to near background conditions within arelatively short distance
downgradient of the reactive zone. As groundwater migrates downgradient, the excess
substrate will be consumed by biological processes, and the anaerobic groundwater will mix
with background aerobic groundwater resulting in precipitation / immobilization of dissolved
metals. In naturally anaerobic aquifers, secondary water quality impacts may extend farther
downgradient. However, the groundwater quality in naturally anaerobic aquifers is generally
not of drinking water quality or beneficial use.

Stimulating biodegradation also may enhance generation of gaseous byproducts (e.g.,
methane and hydrogen sulfide) that may degrade groundwater quality or accumulate in the
vadose zone. In particular, caution must be exercised when operating near structures where
these gases could accumulate. Passive diffusion of these gases to the atmosphere is often
sufficient to mitigate any safety concerns. Monitoring of potentially explosive methane gas
should be considered for public safety as well as the safety of the field staff. If necessary,
subsurface gases can be vented to the atmosphere to protect against exposure or accumulation.

The potential for degradation of secondary water quality should be considered when
working in close proximity to drinking water supplies. It also should be noted that these
changes in water quality, and those discussed under generation of gaseous byproducts, are not
easily reversed, and in the case of a slow release carbon source may take many years for the
effects of the substrate addition to diminish. These secondary water quality issues should be
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carefully considered before proceeding with an enhanced anaerobic bioremediation project.
Specific groundwater quality goals should be established for wells upgradient of sensitive
areas, but alow for temporal increases in breakdown or byproducts within the reactive zone.

23 SITECONDITIONSSUITABLE FOR EDIBLE OIL APPLICATIONS

Enhanced anaerobic bioremediation using edible oil is a flexible technology that can be
implemented in a variety of different environments including homogenous sands, fractured
clay or limestone, or weathered bedrock. However, to be effective, the oil must be brought
into close contact with the contaminant under conditions suitable for microbial growth. Site
conditions that make this more difficult will increase the cost of implementation and risk of
failure.

Site conditions that may increase costs or reduce the likelihood of success are summarized
in Table 2.1 and discussed in more detail in subsections following the table. In some cases,
even though the cost may be higher, the edible oil system design may be modified to account
for challenging site characteristics to provide an effective remedy (e.g., pH amendments or
amendments to stimulate biogeochemical reduction).

Table2.1
Site Char acteristics Suitable for the Edible Oil Process

Site Characteristic

Simpleto I mplement
—Lower Costs

Intermediate Costs

Mor e Difficult
to Implement
—Higher Costs

Biodegradation Potential

Environments where
reductive dechlorination
is apparent but limited
dueto alack of organic

Environments where
dechlorination is stalled
and dechlorinating
bacteria may not be

Environments where
no biodegradation is
apparent and

appropriate

substrate present dechlorinating bacteria
are not present
Source Area Size <1acre 1to 4 acres > 4 acres
Plume Size <5acres 5to 20 acres >20 acres (Consider
biobarriers to control
plume migration)
Depth of Contamination < 50 feet 50— 100 feet > 100 feet
Hydraulic Conductivity > 10 ft/day 1to 10 ft/day < 1ft/day
Groundwater Velocity 20 ft/yr to 2 ft/day 1 ft/yr to 20 ft/yr; < 1ft/yr or > 5 ft/day
2 ft/day to 5 ft/day
Degree of Aquifer Homogeneous Aquifers | Moderate Heterogeneity Highly heterogeneous
Heterogeneity aquiferswhere
contaminant flow paths
aredifficult to
characterize
Sulfate Concentration < 500 mg/L 500 to 5000 mg/L * > 5,000 mg/L *
pH 6.5t08.5 55106.5 <550r>85

Note: ft/day = feet per day, ft/yr = feet per year, mg/L = milligrams per liter.

* The presence of elevated concentrations of sulfate can decrease the utilization of substrate for biotic
dechlorination of chlorinated solvents with an increase in substrate costs. However, the formation of reactive
iron sulfides may facilitate treatment of chlorinated solvents via biogeochemical reduction.
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23.1 Potential for Reductive Dechlorination
2311 Types of Groundwater Environments

USEPA (1998) describes three types of environments and their potential for natural
biodegradation of chlorinated solvents. The Principles and Practices document also describes
the impact of these environments during application of enhanced anaerobic bioremediation.
These environments are reviewed briefly below:

Type 1 Environment. The Type 1 environment is typified by pre-existing strongly reducing
conditions. The driving force may be naturally-occurring organic matter or anthropogenic
carbon such as petroleum hydrocarbons from an unrelated release. The environment is
characterized by very low concentrations of dissolved oxygen (DO), nitrate, and sulfate; and
elevated concentrations of ferrous iron [Fe(ll)] and methane. The presence of methane
confirms that fermentation is occurring at the site.  As discussed in the Principles and
Practices document, the Type 1 environment typicaly results in rapid and extensive
dechlorination of the more highly chlorinated solvents such as PCE, TCE, CT, and 1,1,1-
TCA. For this reason, it may be likely that natural attenuation can continue unabated, and
addition of edible oil isnot required to stimulate contaminant biodegradation.

Type 2 Environment: Type 2 environments occur in hydrogeologic settings that have
relatively moderate organic carbon concentrations. Prevailing oxidation-reduction (redox)
conditions in a Type 2 environment are mildly anaerobic, with the primary redox reactions
being nitrate-, manganese-, and iron-reduction. Type 2 environments are differentiated from
Type 1 environments in that the levels of organic carbon are not sufficient to induce
widespread sulfate reduction and methanogenesis. Some Type 1 environments may become
Type 2 environments if the amount of bioavailable organic carbon is depleted. The Type 2
environment generally results in slower dechlorination of the highly-chlorinated CAHs and
incompl ete dechlorination of lesser-chlorinated CAHSs (e.g., cis-1,2-DCE) compared to a Type
1 environment. Despite the initial limitations, the Type 2 environment is well suited for
enhancement by addition of edible oil. Given sufficient substrate, this environment may be
modified to a Type 1 environment resulting in rapid and complete degradation of CAHSs.

Type 3 Environment: A Type 3 environment is characterized by a well-oxygenated
groundwater system with little or no organic matter. In such an environment, anaerobic
dechlorination will not naturally occur and highly-chlorinated CAHs such as PCE, TCE,
TCA, and CT will not degrade by biological processes. In this environment, very long
dissolved-phase plumes are more likely to form. However, less-chlorinated CAHs such as
VC (and possibly DCE) can be rapidly oxidized under these conditions. Addition of an
organic substrate may readily induce anaerobic conditions, but an acclimation period of
several months to perhaps afew years may be required for anaerobic microorganisms capable
of degrading the CAHs present to adapt and grow to a population sufficient to effectively
remediate the site.

2312 Assessing the Potential for Reductive Dechlorination

Interpretation of contaminant and geochemical data as it applies to in situ bioremediation
of chlorinated solvents is described in USEPA (1998), Wiedemeler et al. (1999), and AFCEE
et al. (2004). Reductions in contaminant concentrations and the presence of dechlorination
products are used to determine if anaerobic reductive dechlorination is occurring. Evidence
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that anaerobic reductive dechlorination is occurring naturally is a favorable indicator for
stimulating the process by addition of edible oil. Lack of evidence of natural anaerobic
reductive dechlorination does not exclude the use of enhanced anaerobic bioremediation, but
may result in an extended lag phase for acclimation and growth of anaerobic microorganisms
capable of reductive dechlorination of CAHSs.

Screening for appropriate dechlorinating microorganisms is another tool for determining
the potential for reductive dechlorination (Section 3.6.4). For example, quantitative screening
for Dehalococcoides species is useful to determine the potential for complete dechlorination
of chlorinated ethenes (for a review of molecular biological tools see Strategic Environmental
Research and Development program [SERDP] and ESTCP, 2005). Detection limits for
guantitative polymerase chain reaction (PCR) methods are now capable of detecting low
concentrations of Dehalococcoides species.

Assessing biological activity in the subsurface based on groundwater monitoring data
alone can be difficult. However, there are a number of monitoring parameters that are
indicative of anaerobic reductive dechlorination or of conditions optimal for the process to
occur. These indications include the following:

o The transformation of PCE and TCE to isomers of DCE, VC, and ethene (or similar
sequential dechlorination of chloroethanes and chloromethanes).

« Some researchers report that, of the three possible DCE isomers, 1,1-DCE is the least
common intermediate of the dechlorination of TCE, and that cis-1,2-DCE often
predominates over trans-1,2-DCE (Barrio-Lage et al., 1987; Parsons et al., 1985). If
cis-1,2-DCE comprises more than 80 percent of the total mass of the DCE isomers,
then this suggests that DCE is being produced as a result of dechlorination of TCE. At
sites where 1,1,1-TCA is present, 1,1-DCE may be a significant intermediate due to
dehydrochlorination (e.g., Vogel and McCarty, 1987).

« Ethene and/or ethane are being produced (even low concentrations are indicative of
biodegradation).

« Because chlorinated ethenes are 55 to 85 percent chlorine by mass, the degradation of
these compounds releases a large mass of chloride. Therefore, elevated chloride
concentrations may indicate reductive dechlorination of chlorinated ethenes or other
CAHs. Note that many groundwater systems are naturally high in chloride (e.g.,
brackish water in coastal environments), and the production of chloride may be masked
by natural concentrations.

« DO concentrations are low (less than 0.5 milligrams per liter [mg/L]), and redox values
arelow (lessthan 0.0 millivolts[mV]).

o Fe(Il) isbeing produced, and nitrate and sulfate are low or depleted.

o The production of methane indicates that fermentation is occurring and that the
potential for anaerobic reductive dechlorination exists.
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« Hydrogen concentrations are greater than 1 nanomole per liter (nmol/L). Specialized
sample procedures are required for dissolved hydrogen (Chappelle, et al., 1997) and
care should be taken in collecting and evaluating these data.

Evidence that any of these factors occurs naturaly is highly favorable for implementing
enhanced anaerobic bioremediation. However, the absence of these conditions does not
preclude the use of enhanced bioremediation, as addition of edible oil is intended to induce
the appropriate conditions. Baseline characterization is required in order to determine if
substrate addition induces the desired changes in redox conditions, and an evaluation of the
effectiveness of enhanced bioremediation requires the rates of natural biodegradation to be
known for comparison purposes.

Despite the potential for being able to create the appropriate reducing environment in situ,
the Type 3 environment may be a challenge for enhanced anaerobic bioremediation primarily
due to alack of an adapted anaerobic microbial population. DO concentrations greater than
1.0 mg/L are generaly toxic to anaerobic dechlorinating species, and it is logical to assume
that these bacteria may only be present in small quantitiesin a dormant state. However, given
the degree of microbial heterogeneity and presence of anaerobic “micro-environments’
observed at many sites, there is a strong possibility that anaerobic conditions can be induced
at Type 3 sites. Thus, athough Type 3 environments may not be suitable for natural
attenuation, these sites may still be treated to enhance reductive dechlorination.

Prior to implementing the technology at Type 3 sites, laboratory or field pilot testing may
be useful to measure the potential for the amendment to stimulate biodegradation in site-
specific matrices. Microcosm studies may be useful to determine the potential to stimulate
anaerobic reductive dechlorination (see Section 4.3 of the Principles and Practices document).
It is important to obtain multiple, representative samples for microcosm studies. A sufficient
time should be allowed for an anaerobic population to grow and develop in the microcosm
(several months to perhaps a year), just as would be expected for afield pilot test. Given that
an appropriate microbial population is not evident in laboratory or field pilot testing,
bicaugmentation is an alternative to achieve complete dechlorination at Type 3 sites (see
Section 4.6 of the Principles and Practices document).

2313 Potential for Biogeochemical Reduction

Recent scientific literature (e.g., Butler and Hayes, 1999; 2000; 2001) and data and
observations from AFCEE field sites (e.g., Lee et al, 2003; Kennedy and Everett, 2001,
Kennedy et al., 2006) have uncovered another type of site where biogeochemical reduction
contributes to the abiotic degradation of chlorinated solvents. Anaerobic conditions, natural
or enhanced, and iron and sulfate in the subsurface can result in the formation of reactive
metal sulfides. The significance of iron reduction in the degradation of petroleum
hydrocarbons is covered in AFCEE’'s AMIBA Protocol (AFCEE, 2000a). This body of work
has since been extended into measuring and enhancing the activity of reactive metal sulfides
at chlorinated solvent sites. The process has been stimulated in the field by the injection of
sodium lactate and magnesium sulfate at Dover Air Force Base (AFB), Delaware (Kennedy et
al., 2006), and may be applied in asimilar manner using edible oil as the organic substrate.

Sites with high concentrations of sulfate (perhaps 200 mg/L or more) are candidates for

stimulating biogeochemical reduction of CAHs. This also is due to iron being a prevalent
naturally-occurring metal in sedimentary deposits. Therefore, it is recommended that users
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of this protocol consider the iron and sulfate reduction that results from substrate addition and
the possibility that reactive metal sulfides may be produced in the subsurface as part of the
edible oil process. An advantage of biogeochemical reduction is that intermediate
dechlorination products (e.g., cis-1,2-DCE and VC) are not produced.

2.3.2 SourceArea and Plume Size

An effective edible oil application requires uniform distribution of substrate throughout the
treatment zone. For small source areas, injection of pure edible oil may be an effective
approach to provide a long-lasting substrate to support anaerobic degradation processes over
several years. Pure edible oil may be more difficult to distribute over large areas than soluble
substrates or edible oil emulsions. For larger source areas, use of edible oil emulsions
(perhaps with higher oil saturation) may allow more cost-effective treatment due to easier
distribution in the subsurface (e.g., a need for fewer injection points). For very large sources,
it may be more cost-effective to contain the source using an edible oil emulsion in a biobarrier
configuration. A cost-benefit analysis of the different approaches may be useful to determine
the best approach for large source areas.

For large plumes, it may not be economically feasible to remediate the entire plume at one
time due to the relatively high cost of installing injection wells. As in treating source areas,
oil emulsions can be used to treat a larger radius of influence around each injection point.
However, a more cost-effective approach may be to install biobarriers at several different
transects perpendicular to groundwater flow along the axis of the plume. For example, if the
biobarriers are spaced 1 to 2 years travel time apart, the entire plume may be treated by
passage of contaminated groundwater through one or more biobarriers within as few as 5
years.

2.3.3 Depth to Groundwater

Depth to water and the vertical thickness of the plume primarily impact the capital cost of
drilling and delivering the substrate to the intended treatment zone. Where possible,
instalation of injection wells using direct-push equipment will result in a less costly
installation. Direct-push equipment may also be used to inject edible oil products directly,
which may further reduce the capital costs, but may also increase the time to perform.

The capital expense of installing multiple injection wellsin deep settings (e.g., greater than
100 feet below ground surface [bgs]), or across thick formations may inflate the cost of the
injection process to a level not competitive with other remedial technologies. For example,
pump-and-treat or recirculation methods may provide hydraulic control and remediation of a
deep plume using only afew large-diameter recovery wells spaced at distances determined by
appropriate groundwater models. Injection of edible oil substrate to form a barrier across a
similar hydraulic front would likely require more wells on closer spacing than a pump-and-
treat or recirculation design. In addition, there are practical limits to the maximum length of
well screen across which a substrate can be uniformly injected; therefore, large saturated
thicknesses may require multiple vertical injection screened intervals. Although the edible ail
process may require more wells to implement, it should not be ruled out for this reason alone
because the cost-savings over the life of the project may be significant without the O& M
component associated with other technologies.
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234 Heterogeneity and Hydraulic Conductivity

Heterogeneity and hydraulic conductivity are primary factors controlling effective
distribution of substrate in the subsurface. Heterogeneous sites where hydraulic conductivity
varies by orders of magnitudes over short distances present special challenges with respect to
the achieving a uniform distribution of substrate. Any injected fluid will preferentially flow
into more permeable materials. Thus, attention should be applied to understanding whether
contaminants are localized in more or less permeable layers at the site.

Distribution of edible oil in more permeable materials may provide treatment as the
majority of contaminant mass passes through these zones of higher flow, and may be an
effective long-term containment approach. It is difficult to effectively distribute edible oil
uniformly in lower permeability zones, particularly pure edible oil. If the majority of the
contaminant mass has diffused into less permeable clays, silts, or bedrock, then long term
mass reduction will be limited by slow diffusion of the contaminants out of these lower
permeability layers.

In general a hydraulic conductivity greater than 10 feet per day (ft/day), or approximately
4 x 10 centimeters per second (cm/sec), is best for effective distribution of edible oil or
microemulsions out away from the point of injection (e.g., Coulibaly and Borden, 2004).
Microemulsions are recommended for formations with hydraulic conductivity less than 10
ft/day. It isgeneraly infeasible to uniformly dlstrlbute an edible oil substrate in zones having
ahydraulic conductivity less than 0.1 ft/day (4 x 10” cm/sec), for example silt or silty clay.

Alternate injection techniques such as pneumatic fracturing have been used to inject neat
oil or emulsified oil away from the injection points (e.g., Site SS015 at Travis AFB,
California; Parsons, 2004b). Fracturing techniques will result in a much less uniform oil
distribution and may not bring the oil into direct contact with the contaminant. However,
groundwater flow in these formations will be low, and diffusion is likely to be a predominant
process for contaminant migration. While the timeframe for remediation of the entire aquifer
volume may be on the order of several years or more, this can be an effective long term
strategy for containment and attenuation of the contaminant plume.

2.35 Groundwater Flow

The subsurface hydrogeology must be considered in the site selection and design process,
as inadequate characterization of the site hydrogeology can lead to system failure.
Groundwater velocity, flow direction, and horizontal and vertical gradients will impact the
effectiveness of an edible oil application. Excessively high rates of groundwater flow (greater
than 5.0 ft/day) in a Type 2 or Type 3 site may require large amounts of substrate to overcome
alarge influx of competing electron acceptors migrating into the treatment zone. It may be
impractical to maintain sufficiently reducing conditions in high-flow aguifers. Where
groundwater flow rates are very low (less than 1.0 to 20 feet per year [ft/yr]), the timeframe
for remediation may be extended due to reduced mixing of substrate and contaminant mass.

In very low flow environments there may be alack of mixing of substrate and contaminant
mass, where mixing is diffusion dominated. The application of an edible oil substrate may
still be effective, but a longer remedial period may be required. In addition, low rates of
groundwater flow may result in a build up of organic acids that may cause a pH drop due to
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an inability to disperse the acids. A pH drop below 6 may result in incomplete dechlorination
(e.g., DCE stall) despite the presence of the appropriate dechlorinating microorganisms.

2.3.6 Competing Electron Acceptors

Characterizing the initial geochemical and oxidation-reduction conditions is useful to
determine the prevailing terminal electron acceptor processes (TEAPs), and to evaluate the
changes in oxidation-reduction conditions required for optimal reductive dechlorination to
occur. In general, the highest rates and greatest extent of anaerobic reductive dechlorination
occurs under sulfate-reducing and methanogenic conditions.

Prevailing redox conditions are largely a result of the amount of electron donors (organic
carbon) and electron acceptors present. DO and nitrate must be depleted before iron-
reducing, sulfate-reducing or methanogenic conditions can be induced. In general, USEPA
(1998) suggests that DO less than 0.5 mg/L, nitrate less than 1.0 mg/L, sulfate less than 20
mg/L, and total organic carbon (TOC) greater than 20 mg/L are favorable for anaerobic
dechlorination. In addition, ferrous iron and methane concentrations greater than 1.0 mg/L
and 0.5 mg/L, respectively, are indicative of favorable conditions.

Excessive levels of competing electron acceptors such as DO, nitrate, or sulfate may
require careful evaluation as to whether sufficient electron donor can be applied to overcome
the competing demand. Existing guidance documents also suggest that high sulfate levels
may be problematic for reductive dechlorination of CAHs. The anaerobic dechlorination
scoring matrix in the USEPA (1998) protocol results in a lower score (lower potential for
anaerobic dechlorination) if sulfate exceeds 20 mg/L; similar cautions are provided by Morse
et al. (1998).

However, there is ample evidence in the literature for dechlorination of a wide variety of
CAHs at sites containing elevated dissolved sulfate levels. The Interstate Technology
Regulatory Council (ITRC, 1998), Devlin and Muller (1999), and Suthersan et al. (2002)
report successful application of enhanced anaerobic bioremediation at sites containing up to
500 to 700 mg/L of sulfate. Complete anaerobic dechlorination has been stimulated at several
high-sulfate Air Force sites including Altus AFB, Oklahoma, (sulfate up to 2,600 mg/L)
(Appendix H.1) and Travis AFB, Cdifornia (sulfate up to 5,400 mg/L) (Parsons, 2004b).
Therefore, the presence of high sulfate concentrations does not preclude effective application
of thistechnology.

Caution should be taken when applying the edible oil process at sites with high sulfate
levels and very low iron concentrations in soil, since excessive levels of sulfides produced by
reduction of sulfate may be inhibitory to anaerobic reductive dechlorination. This is not an
issue at most sites (e.g., those with appreciable amounts of iron in the soil) since sulfide
rapidly reacts with iron and is removed from solution as an insoluble precipitate, for example
iron monosulfide (FeS) or iron disulfide (FeS;). Further description of iron reduction, sulfate
reduction, and the formation of iron sulfide minerals can be found in AFCEE (2000a).

Alternately, sites with high electron donor acceptor demand due to the presence of sulfate
and ferric iron may be candidate sites for biogeochemical reduction where CAHSs react with
reduced FeS minerals precipitated under anaerobic conditions (Section 2.3.1.3). Edible oil
applications to date have targeted sequential reductive dechlorination, but biogeochemical
reduction may be a prevalent degradation reaction at sites such as Altus AFB, Oklahoma
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(Appendix H.1; Kennedy and Everett, 2003). The practitioner should be aware of the
potential for biogeochemical reduction when interpreting data from high iron and high sulfate
sites (Section 6).

2.3.7 pH and Alkalinity

A pH close to neutral (i.e., 6.0 to 8.0) is the most conducive to the proliferation of healthy,
diverse microbia populations. Low pH conditions (pH <6.0) are detrimental to sulfate-
reducing, methanogenic, and dechlorinating bacteria (e.g., Volkering and Pijls, 2004). Some
fermentative organisms favor lower pH conditions and, therefore, will out-compete both
sulfate-reducing and methanogenic bacteria in more acidic environments. This can result in
the formation of undesirable byproducts of fermentation, such as ketones, alcohols, aldehydes
and organic acids. Addition of edible oil may also lower pH due to formation of metabolic
acids, particularly at sites with low groundwater flow rates where groundwater mixing is
limited.

The buffering capacity of the aguifer should be evaluated (e.g., akalinity) and care should
be taken not apply the substrate in excess of what is needed to develop appropriate
geochemical conditions. Aquifer systems with lower buffering capacities are more
susceptible to decreasesin pH. Sites with pH outside of the 6.0 to 8.0 range may require more
thorough biological screening (e.g., using microcosm studies) to evaluate the effect of pH
mani pulation on the existing dechlorinating microbial populations.

In cases of low pH (<6.0) or low akalinity (<300 mg/L), pH buffering should be
implemented during injection to raise and/or neutralize pH against further decreases.
Common basic salts such as sodium bicarbonate may be used as a buffering agent. Buffering
agents should be applied at the time of injection, asit is not cost-effective nor very feasible to
buffer after injection due to the cost of remobilization and reinjection.

24 PROCEEDING WITH THE EDIBLE OIL PROCESS

After the preliminary screening is complete, a preliminary conceptual design for
remediation of the site should be developed (Figure 1.5), following procedures described in
Section 3 and Section 4. The cost and performance of the selected approach can then be
compared against other treatment technology alternatives. If application of the edible oil
process appears to be the most reasonable approach, then a pilot test of this process may be
implemented. The pilot test can then be used to revise the preliminary conceptual design to
improve performance and reduce costs. Before proceeding with a pilot test or full-scale
project, users are urged to review the detailed description of the edible oil process provided in
Appendix D.
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SECTION 3

PILOT TEST PLANNING, IMPLEMENTATION, AND MONITORING

Implementing a pilot test of enhanced in situ
anaerobic bioremediation using edible oil requires
careful consideration of site conditions, remedial
objectives, design aternatives, and field methods.
The natural variation in lithology, hydrogeology,
geochemistry, and microbial ecology of aquifer
systems makes each site contaminated with
chlorinated solvents different and unique. The
practice of enhanced anaerobic bioremediation of
chlorinated compounds continues to evolve. For
sites where the technology can not be readily

The natural variation in
subsurface conditions makes
each site contaminated with
chlorinated solvents different
and unique. For siteswherethe

edible oil process can not be
readily applied with confidence
at the full-scale, some form of
field pilot test is strongly
recommended.

applied with confidence at the full-scale based on
site-specific limitations, some form of field or
bench-scale testing is strongly recommended.

Pilot tests are a cost-effective way to demonstrate the utility of using edible oil for
enhanced in situ anaerobic bioremediation. The cost of field testing can be recovered by the
optimization and greater efficiency of afull-scale design based on pilot test performance data.
Conducted in a careful and thorough manner, pilot testing provides the performance basis
required for full-scale implementation of enhanced bioremediation of chlorinated compounds
using edible oil. Advantages of the technology can be exploited in this process, while
avoiding or mitigating potential adverse impacts.

This section describes the procedures and protocols required for planning and
implementing a pilot test, including baseline characterization, types of pilot tests,
development of site-specific test plans, and process monitoring. Methods to implement a pilot
test (e.g., injection techniques) are described in greater detail in Section 5. Methods and
procedures for evaluating pilot test results are discussed in Section 6.

3.1 DEFINING PILOT TEST OBJECTIVES

The primary objectives of an enhanced anaerobic bioremediation pilot test using edible oil
are to 1) confirm if this technology is suitable to achieve remedial goals for the site, and 2)
determine critical design parameters required for a successful full-scale implementation.
These objectives are by nature site-specific, and it is necessary to determine whether
enhanced bioremediation using edible oil is the most reasonable approach at the site relative
to other remedial technologies (e.g., monitored natural attenuation [MNA], oxidation
strategies, groundwater extraction).
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In order to define the pilot test objectives, a preliminary conceptual design for a potential
full-scale remediation system should be developed first. Once a preliminary design has been
developed and remediation goals have been established, data quality objectives (DQOs) can
be defined. DQOs may include degradation of contaminant concentrations to specified
compliance levels (e.g., MCLSs) or achieving degradation rates that are deemed sufficient to
contain or attenuate the contaminant plume within a reasonable timeframe. DQOs may also
include limits to the accumulation of intermediate dechlorination products (e.g., VC) or limits
on degradation of secondary water quality (e.g., dissolved metals). For pilot tests, it is only
necessary to achieve DQOs within the immediate treatment zone, and sufficient time (perhaps
1 to 3 years) may be required for the treatment system to demonstrate its effectiveness over
the typical life-cycle of an enhanced anaerobic bioremediation application.

A second objective of a pilot test is to determine critical design criteria and to evaluate
potential adverse secondary impacts to groundwater associated with enhanced anaerobic
bioremediation using edible oil. These include, but are not limited to, the following:

> Injection Methodology and Radius of Influence. Determine an appropriate injection
method and well spacing that achieves the desired injection rate and radius of influence
(ROI) (see Section 3.4.1).

> Impacts to Hydrogeology. Determine whether addition of edible oil imparts an
undesirable reduction in aquifer permeability. This may require modification of the
substrate amendment (e.g., reduction in residua oil saturation or emulsion droplet size)
(see Section 3.4.2).

» Contaminant Biodegradation Rates and Required Residence Time. Determine
contaminant degradation rates and use this information to estimate the residence time
required for contaminant biodegradation in a source area or biobarrier treatment zone (see
Section 4).

> Substrate Requirements. Determine how much substrate is required to deplete
aternative electron acceptors and sustain an anaerobic reactive zone conducive to
reductive dechlorination of CAHSs (see Section 4 and Appendix G).

> Secondary Impacts. While anaerobic dechlorination may be effective in degrading
chlorinated solvents, there is some potential for secondary degradation of groundwater
quality or generation of noxious gases to occur (see Section 2.2). These changes are not
easily reversed and it may take many years for the effects of the substrate addition to
diminish. These potential impacts should be evaluated during the course of the pilot test,
particularly for drinking water aquifers.

Proper planning and pilot test design are required to optimize system performance in order
to achieve the pilot test DQOs and to mitigate potential impacts to site hydrogeology and
groundwater quality. The next section describes how pilot test plans are developed.

3.2 DEVELOPMENT OF A SITE-SPECIFIC TEST PLAN

A site-specific test plan is required for successful implementation of enhanced in situ
anaerobic bioremediation using edible oil. The test plan should review and identify site
remedial objectives, review and screen site conditions for enhanced anaerobic bioremediation,
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describe the proposed technical approach, provide detail on system design and construction,
and describe the monitoring protocols to be used to evaluate the test. Elements of a site-
specific test plan should include, but not be limited to, the following:

> Introduction: Problem statement, pilot test objectives, and a brief description of the
scope of work and technology being applied. DQOs should be established before
proceeding with pilot test design.

> Site-Specific Data Review: Operational history, regulatory status, groundwater use,
hydrogeology, and nature and extent of contamination.

> Preliminary Screening for Enhanced Anaerobic Bioremediation: Distribution of
parent and dechlorination products, groundwater geochemistry, hydrogeological
limitations, and suitability for enhanced bioremediation. To include potential for both
biotic reductive dechlorination and biogeochemical reduction processes.

> Proposed Technical Approach: System design including configuration, injection
strategy, substrate calculations, and monitoring program. Provide contingencies for
potential problems. To the extent possible, pilot test injection procedures should be
similar to those being considered for the full-scale remediation system.

» Field Program: Protocols for baseline monitoring, system installation, edible oail
injection, process monitoring, and disposal of investigation-derived waste.

> Proposed Project Schedule and Project Contacts: Schedule for field program and
reporting, and alist of pertinent project contacts and personnel.

» Health and Safety Plan. Include site-specific health and safety plan including
contingencies and directions to local emergency care. Health and safety considerations
should address traffic in the work areas, utility clearances, spill containment measures,
and