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ABSTRACT
Chlorinated solvents, such as trichloroethene (TCE) and tetrachloroethene (PCE), have been
used as degreasers in the manufacturing of metal pieces and at dry cleaners for decades. TCE and
PCE have been found to increase the risk for human health impacts at a concentration of 5
micrograms per liter when ingested in water and have been classified as potential or actual
human carcinogens by the U.S. EPA. Numerous physical-chemical treatment options have been
utilized over the last two decades, but have had limited success in achieving drinking water
standards. Bioremediation involves natural subsurface microbes and has the potential of
detoxifying chlorinated solvents by reductive dechlorination, which breaks down the chlorinated
solvents to harmless ethene. Despite success with biodegradation, it is limited by the ability of
practitioners to deliver a sustained electron donor source at the appropriate (low) concentrations
near the contaminant.
Previous studies performed in abiotic sand-packed columns have shown that certain short-chain
fatty acids persist much longer in contaminant zones than soluble electron donors (e.g., lactate)
that do not readily mix with the contaminant. These results demonstrated that these fatty acids
partitioned in and out of the contaminant and could potentially provide a sustained source of
fermentable electron donor (food source) to support microbial reductive dechlorination;
however, their utilization by microbial communities remains largely unknown.
The goal of this current project is to evaluate the ability of three short-chain fatty acids, n-butyl
acetate, 2-ethyl-1hexanol, and isopropyl propionate, to serve as partitioning electron donors
(PEDs). Biotic batch reactors inoculated with a PCE-to-ethene dechlorinating microbial culture
were used to test the effectiveness of these potential PEDs. The rates of dechlorination,
disappearance of PCE and byproducts, and microbial utilization of the different fatty acids were
analyzed, and then compared to lactate, a common electron donor used in the field.
The results for this study demonstrated that the short fatty acids n-butyl acetate and isopropyl
propionate were able to support microbial reductive dechlorination with similar endpoints (vinyl
chloride) to lactate and could therefore, serve as PEDs. However, the potential PED candidate 2ethyl-1-hexanol did not support the microbial community and PCE degradation byproducts were
not detected. The reductive dechlorination process was slightly slower in isopropyl propionate
and n-butyl acetate than in lactate, but due to their partitioning and reducing equivalents, less
mass/volume would be required to enable microbial reductive dechlorination. This research will
help identify PEDs that could improve upon currently used electron donors by providing
sustained sources of electron donor that require fewer injections and reduce the overall time and
cost of chlorinated solvent remediation.
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COMPARISON OF CONTAMINANT PARTITIONING SHORT-CHAIN FATTY ACIDS
VERSUS LACTATE AS ELECTRON DONOR SOURCES TO SUPPORT
DECHLORINATING BACTERIA

1.0 INTRODUCTION
Chlorinated solvents, such as trichloroethene (TCE) and tetrachloroethene (PCE), are one group
of the most wide spread contaminants in the United States (ATSDR, 2013). Chlorinated solvents
were mainly used for dry cleaning and degreasing applications. The Comprehensive
Environmental Response, Compensation and Liability Information System database show that
their improper storage and disposal since the 1930s has contaminated thousands of sites in the
United States. It was not until the 1970s that these contaminants were found in groundwater and
not until the 1980s that the magnitude of the problem was recognized with updated requirements
for groundwater monitoring (Sale et al., 2008). Studies estimate that there are 15,000-25,000 of
chlorinated solvents contaminated sites in the United States (Kavanaugh, and Rao, 2003; United
States Research Council, 1994). The remediation of these contaminants is challenging, especially
when they are released as dense non-aqueous phase liquids (DNAPLs) (Christ et al, 2005). Their
low-solubility in water and rate-limited dissolution makes DNAPLs long term sources when
released as DNAPLs (Kavanaugh, and Rao, 2003). Chlorinated solvent DNAPLs can form pools,
fingers and ganglia/droplets as they travel through the saturated zone making it difficult to
characterize the source zone and find their location (United States National Research Council,
1994; Kavanaugh, and Rao, 2003; Christ et al., 2005).

Current physical-chemical remediation techniques have improved with time, but, at best, can
only remove up to 90% of DNAPL source zones and are often not able to meet regulatory
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compliance standards (Henry, 2010; Christ et al., 2005). Studies have shown that bioremediation
can be an effective technology for the clean-up of DNAPL contaminated sites, especially when
coupled with a physical-chemical technology (Christ et al., 2005; NRC 2013; ITRC 2008).
Bioremediation utilizes microbes naturally found in the field site soils, has a low cost, and has
the potential of reducing the toxicity of chlorinated solvents by reductive dechlorination (Henry,
2010). Reductive dechlorination reduces potentially carcinogenic PCE or known carcinogen
TCE to harmless ethene by capturing the energy of the redox dechlorination reactions in the
respiratory systems of organohalide respiring bacteria (Freedman and Gossett, 1989). There are
several groups of bacteria that partially breakdown PCE and TCE to cis-dichloroethene (cisDCE), but Dehalococcoides mccartyi strains are the only ones that can reduce chlorinated
ethenes to harmless ethene (Cupples et al., 2003; He et al., 2003(a)). This reductive
dechlorination activity is promoted at field by providing direct or fermentable substrates that
leads to useable electron donors through the approach known as biostimulation. Electron donors
are compounds that donate electrons during energy releasing cellular respiration processes,
including reductive dechlorination (Henry, 2010).

For biostimulation to be successful, a sustained supply of electron donors is needed near the
contaminant source to deliver the electron donor to the target microbes and decrease its
consumption by competitors. Currently used electron donors, often food additives such as
lactate, molasses or vegetable oil, are categorized as either highly soluble in water or insoluble in
water. Both water soluble and insoluble electron donors are injected up gradient from the source
zone. As they spread throughout the source zone, they are consumed by competitor
microorganisms and often require multiple injections. In addition, due to their low solubility in
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water, insoluble electron donors are hard to inject, can reduce the hydraulic conductivity, and
alter the groundwater flow paths at the site (ITRC, 2008). Partitioning electron donors (PEDs),
which are partially-water soluble organic compounds, may help maintain a sustained supply of
electron donors at the contaminant-water interface by dissolving into the contaminant, and thus,
promoting the growth of chlorinated solvent degrading microorganisms in close proximity to the
source zone (Cápiro et al., 2011). Abiotic work in batch reactors and sand filled columns has
shown that PEDs can persist in a contaminant zone for prolonged periods, potentially reducing
the frequency of the electron donor injections needed to support the biodegradation of TCE
(Cápiro et al., 2011).

2.0 LITERATURE REVIEW
2.1 Chlorinated Solvents
Chlorinated solvents, such as TCE and PCE, have been used as degreasers in the manufacturing
of metal pieces and dry cleaner industries for decades (Sale et al., 2008; ATSDR, 1997; ATSDR,
2014 (a)). The improper handling, storage and disposal of these chemicals have made them the
most frequently encountered contaminants in the subsurface (Aulenta et al., 2006). TCE has been
detected in up to 34% of drinking water wells (ATSDR, 1997). TCE and PCE have been found
to pose an unacceptable risk to human health at a concentration of 5 micrograms per liter (5 parts
per billion) when ingested in water (the maximum contaminant level [MCL]) and have been
classified as potential or actual human carcinogens (ATSDR, 2014(a); ATSDR, 2014(b)). The
USEPA has also set the maximum contaminant level goal (MCLG) for TCE and PCE to zero as
a primary drinking water standard.
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A reduction in the usage of chlorinated solvents has been driven mainly by new federal
regulations aimed at reducing pollution. The Safe Drinking Water Act of 1974 forced states to
control waste injections in the subsurface to protect groundwater. In 1986, the act was amended
and required USEPA to establish concentration limits for contaminants in public drinking water
(USEPA, 1987). In the 1980s, hazardous wastes containing pollutants such as chlorinated
solvents started being tracked from production to disposal. In 1989, amendments to the Clean
Water Act of 1972 defined chlorinated solvents as pollutants that needed to be regulated if
disposed of into waterways (Dow, 1998). An estimated 60% of the 30,000 to 50,000
contaminated sites in the United States are contaminated by DNAPLs, and most of these are
likely chlorinated solvents (Kavanaugh, M. C. and S. C. Rao, 2003).
2.2 Chemical Properties and Behavior of Chlorinated Solvents
Remediating chlorinated solvents in the environment is challenging due to their chemical
attributes including volatility, chemical stability, minimal solubility in water, density greater than
water and low viscosity. While these properties pose remediation challenges, they also make
chlorinated solvents valuable for industrial uses; they are good for removing oils, waxes and
organics from surfaces, easy to store, and easy to separate from water (Sale et al, 2008; USEPA,
1994). Despite the minimal solubility of chlorinated ethenes, they can exceed drinking water
standards (MCLs) by orders of magnitude when released to the environment. Some chlorinated
ethenes are volatile in pure and dissolved phases and, if in the shallow vadose zone and capillary
fringe, have the potential for vapor intrusion into buildings through advection and diffusion (Sale
et al., 2008). When chlorinated solvents are released into soil or groundwater, they sink below
groundwater due to their higher density than water until they can no longer travel due to the low
permeability of soils, such as clay, increasing the difficulty of removal (See Figure 1).
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Figure 1: DNAPL Migration Underground (Douglas and Faircloth, 2015)

Exposure pathways for chlorinated solvents such as PCE and TCE are air, water and soil. The
average PCE concentration in the US is less than 1 microgram per cubic meter of air. PCE breaks
down slowly in air, water and soil. PCE exposure can damage the nervous system, liver, kidneys,
reproductive system and affect unborn children. PCE exposure can also increase the risk of
getting some types of cancer. Breathing air with a high concentration of PCE can be a source of
short-term exposure causing dizziness, sleepiness, headaches and negatively impact
coordination. Long-term exposure to PCE at low concentrations can be affect mood, memory,
attention, reaction time or vision. (ATSDR, 2014(a))

Short term exposure to TCE can cause drowsiness/headaches, eye, nose and skin irritation while
long term exposure can lead to damage to the kidneys, liver, nervous system, and immune
system (ATSDR, 1997). TCE is also a known carcinogen based on a 2012 USEPA report
(ATSDR, 2014(b)). Incomplete biodegradation of TCE and PCE can lead to toxic byproducts
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such as dichloroethene (DCE) and vinyl chloride (VC) (USEPA, 2011). VC, which is a cancercausing contaminant, can accumulate as a byproduct from biotic and abiotic processes
underground (ATSDR, 2014 (a)). Physical and Chemical properties of chlorinated ethenes and
ethene are shown in Table 1.

Table 1: Physical and Chemical Properties of Chlorinated Ethenes and Ethene (ITRC, 2008)
Molecular
Density
Solubility in water at Log Kowa
Kocb
Weight (g/mol)
(g/cm3)
25°C (mg/L)
165.8
1.63
200
2.88
665
PCE
131.4
1.46
1,100
2.29
160
TCE
96.9
1.28
3,500
1.86
35
Cis-DCE
62.5
0.91
2,700
1.38
8.2
VC
28.5
131
Ethene
a
Log Kow=octanol-water partitioning coefficient. In a two-phase octanol/water system Log Kow is
the ratio of the compound’s concentration in the octanol phase to its concentration in the aqueous
phase.
b
Koc= organic carbon-water partitioning coefficient. Koc is the solid-water distribution
coefficient (KD) divided by the fraction organic carbon content (foc) of the solid phase.

2.3 Remediation Techniques
Remediation of chlorinated solvent contaminated sites is commonly done with in-situ (thermal
treatment or chemical oxidation) or ex-situ (excavation or pump and treat) technologies (Cápiro
and Pennell, 2011). Pump and treat is one of the most common ex-situ remediation treatments
(USEPA, 1990). Pump and treat is a physical remediation technique where the contaminated
groundwater is pumped out with extraction wells to the ground and either held in holding tanks
until treated or pumped directly into a treatment system. Pump and treat as an alternative is a
slow process that can take thousands of years to achieve MCLs (Sale et al., 2008).

There has been an increase of usage of in-situ chemical oxidation (ISCO), in-situ thermal
treatment, surfactant/co-solvent flushing, and bioremediation technologies to treat DNAPL
6

source zones (USEPA, 2004; Sale et al., 2008). In-situ treatments can be used to treat soil,
sediment and sludge without excavation or removal of the sediment. ISCO can rapidly treat
source zones usually leaving innocuous end products. If ISCO does not treat the source
completely, rebound of contamination concentrations is possible. In addition, some oxidants can
mobilize certain metals like chromium and arsenic; the chemicals used for treatment can be of
health and safety concerns and ISCO can be costly for dispersed or dilute plumes (ITRC, 2005;
Huling and Pivetz, 2006). Other shortcomings of ISCO include contaminant mobilization,
reduction of the site’s permeability, a need for multiple injections due to short persistence, and
high oxidant demand for competing chemical reactions in the subsurface (Huling and Pivetz ,
2006). ISCO can lead to a 65-90 percent mass reduction of the contaminant and has a medium
cost of $125/yd3 (NRC, 2013; McDade et al., 2005).

In-situ thermal treatment is technology used to treat chlorinated solvents and, while it can
provide short clean-up times, it can also be expensive due to energy and equipment costs (FRTR,
2002; Sale et al., 2008). Other limitations of in-situ thermal remediation include difficulty in
implementation at occupied sites and increased mobility of the contaminant to previously
uncontaminated areas. The use of this technology can also cause temperatures in the subsurface
to remain elevated for months or years post treatment (Kingston et al., 2010). Using thermal as a
treatment technology in a contaminated site can reduce the mass of the contaminant by 95-99+
percent and has a medium cost of $88/yd3 (NRC, 2013; McDade et al., 2005).

Surfactant/co-solvent flushing is a system of injection wells that flush surfactant/co-solvent fluid
to enhance the solubility of the DNAPL at the remediation site. The mixture and contaminated
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groundwater are then removed with extraction wells to be treated at the ground level. If the
system is not controlled correctly it can lead to mobilization of the mixture and contamination to
previously uncontaminated areas. The technology is also only applicable to DNAPLs and not to
dissolved-phase plumes (ITRC, 2003; Sale et al, 2008). Chlorinated solvent mass can be reduced
by 65-90+ percent with the surfactant/co-solvent flushing treatment technology with a medium
cost of $385/yd3 (NRC, 2013; McDade et al., 2005).

Recent studies have shown that enhanced bioremediation may be effective for source zone
treatment. As of 2009, bioremediation is one of the most popular remediation techniques for
contaminated soils and groundwater (Lyon and Vogel, 2013). Enhanced bioremediation is a low
cost, $29/yd3, and low toxicity treatment (McDade et al., 2005). Bioremediation requires a
constant source of electron donors for microbes to grow and efficiently accelerate the depletion
and detoxification of source zone contaminant mass through reductive dechlorination (Löffler
and Edwards, 2006; Lyon and Vogel, 2013). Bioremediation alone can lead to a 60-90 percent
mass reduction of chlorinated solvents at a polluted site (NRC, 2013).
2.4 Microbial Reductive Dechlorination of Chlorinated Ethenes
Bioremediation involves natural subsurface microbes, is relatively low cost and has the potential
of reducing the toxicity of chlorinated solvents through reductive dechlorination. Microbes clean
up contaminated soil and water by using the contaminants as a source of energy. Complete
reductive dechlorination produces harmless ethene. Specific naturally occurring subsurface
microbes must exist at the contaminated site for the breakdown of chlorinated solvents to occur.
If the target microbes are absent or in low concentration, they can be added to the contaminated
site through bioaugmentation.
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Chemical reactions occur during the breakdown of chlorinated solvents by microbes. Reductive
dechlorination is a redox reaction in which the chlorinated solvents (PCE and TCE) act as
electron acceptors. Electron donors, primarily hydrogen (H2) and acetate, are necessary for the
reaction to occur. Electron donors are used by other microorganisms making them the limiting
reactants. Increasing the concentration of the electron donor typically increases the rate of
dechlorination from PCE to ethene. The dechlorination pathway for PCE can be seen in the
image below, Figure 2 (Löffler and Edwards, 2006). The figure shows reductive dechlorination
where chlorine is replaced with hydrogen and an electron is added. Through each dechlorination
step, one proton and one electron are added to the chlorinated solvent molecule: one chlorine
atom is reduced and released as Cl- and one proton is left over (Löffler et al., 2013).

Figure 2: Dechlorination Pathway for PCE (Löffler and Edwards, 2006)

Studies have shown that there are specific species of bacteria (such as Dehalococcoides mccartyi
strains, Dehalobacter sp., and Geobacter sp.) that are responsible for the breakdown of these
chlorinated solvents and are effective in close proximity to the chlorinated solvent source zones
(Isalou et al., 1998; Harkness et al., 1999; Adamson et al., 2003; Löffler and Edwards, 2006)).
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Freedman and Gossett (1989) were the first to show that microbes could reductively dechlorinate
past cis-DCE to ethene. Members of the phylogenetic bacteria group are responsible for the
breakdown of PCE and TCE by using them as electron acceptors to yield cis-DCE which
provides them with energy and helps them grow (Löffler et al., 2003; Sung et al., 2006a).
Different types of organohalide-respiring bacteria such as Desulfitobacterium, Desulfuromonas
michiganensis, and Geobacter lovely can dechlorinate PCE to TCE to 1-2-dichloroethene (cisDCE) (Löffler et al. 2013). Members of the Dehalococcoides mccartyi group are the only
microbes that can dechlorinate cis-DCE to harmless ethene (Löffler et al. 2013).

Dehalococcoides mccartyi are extremely hydrogenotrophic and very sensitive to oxygen (Löffler
et al., 2013; He et al., 2003a; He et al., 2003b; He et al., 2005; Ritallahti et al., 2005; Sung et al.,
2006b). To dechlorinate chlorinated solvents successfully with the use of these microbes, there
needs to be a sustained release and targeted delivery of the electron donors (Löffler and Edwards,
2006). Dehalococcoides mccartyi require hydrogen (H2) as an electron donor (Yang and
McCarty, 1998). H2 can be produced from the fermentation of certain substrates such as sugars.
2.5 Common Electron Donors
All known metabolic reductively dechlorinating bacteria (MRDB), now referred as
organohalide-respiring, only use H2, or H2 and acetate as electron donors (Löffler et al, 2013).
Biostimulation can be used to provide direct electron donors in contaminated sites to increase
microbial growth and activity and remediate chlorinated solvent contamination (Henry, 2010;
Ward and Stroo, 2010).
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Biostimulation uses food additives such as high soluble substrates, molasses and lactate, and low
soluble substrates, vegetable oil and polymers (Aulenta et al., 2006; Alvarez and Illman, 2005;
ITRC, 2008). In the field, these electron donors are injected up gradient and are competitively
consumed by dechlorinating and other microbes in the subsurface. Sometimes they can be
completely used up by the time they reach the DNAPL source zone. Addition of electron donors
underground also stimulates the microbial activity of methogens, acetogens, sulfate reducers, and
nitrate reducers just in addition to the bacteria responsible for the breakdown of chlorinated
solvents, increasing the injection volumes, frequencies, and resulting in a longer cleanup time for
a contaminated site (Aulenta et al., 2002). The table below, Table 2, compares electron donors
with high and low solubilities in water and describes the differences in injection technique and
frequency as well as pros and cons of the substrates.

Table 2: Description of Electron Donors with High and Low solubility in Water (Sale et al,
2008)
Electron
Donors

Solubility
in Water

Injection
Technique

Frequency
of Injection

Lactate, High
Fructose Corn
Syrup,
Molasses

High

Injection
Wells

Continuous
to Monthly

Vegetable Oils,
Hydrogen
Release
Compounds,
Soybean Oil,
Wood Chips

Low

Direct
Injection

One-time
Application
to Annually

Pros

Cons

Uniformly
Repeated
Distributed
Injection,
in
Consumed by
Subsurface, Competitor
Easy to
Microbes
Inject
Few
Immobile,
Injections
Difficult to
Inject,
Consumed
by
Competitor
Microbes
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Water soluble electron donors (lactate, high fructose corn syrup, and molasses) cost around
$0.5/lb while insoluble electron donors (vegetable oils, hydrogen releasing compounds (HRC),
soybean oil, and wood chips) on average cost $5-$7/lb (McDade et al., 2005). Soluble electron
donors are injected continuously or repeatedly and tend to distribute around the site quickly
(ITRC, 2008). Insoluble electron donors often require one injection but are difficult to inject.
Due to their minimal solubility, insoluble electron donors usually have minimal mobility and
may cause clogging and changes to groundwater flow patterns (Alvarez and Illman, 2005).
2.6 Bioenhanced Dissolution
Bioremediation within the source zone can enhance dissolution or increase the rate in which
DNAPLs dissolve into the aqueous phase. Biological transformation coupled with substrate
addition tripled the dissolution rate of DNAPLs when compared to a non-substrate column in a
study done by Yang and McCarty (2002). The study compared columns filled with soil and
injected with either viscous olive oil premixed with PCE, continuously fed soluble pentanol with
a column containing PCE-NAPL, or continuously fed insoluble calcium oleate. The study found
all three electron donors bioenhance dissolution by two to three folds but the column with
premixed olive oil and PCE had the greatest conversion from PCE to ethene. These results show
that a microbial dechlorinating community can be supported by a viscous electron donor near
DNAPL -water interphase and that this population can enhance DNAPL dissolution.
Biodegradation causes a greater concentration gradient which leads for more DNAPL to dissolve
in the aqueous phase. Bioremediation dechlorinates PCE to more soluble compounds such as
TCE and cis-DCE leading to an increase in aqueous concentrations (yang and McCarty, 2000).
2.7 Partitioning Electron Donors
Of the three electron donors (pentanol, calcium oleate, and olive oil), olive oil was found to
dechlorinate the highest proportion of PCE to ethene because it was most utilized by the
12

dechlorinating bacteria (Yang and McCarty, 2002). The results from the Yang and McCarty
(2002) study show that providing electron donors near the contaminant leads to the highest rate
of bioenhanced dissolution.

Partitioning electron donors (PEDs) offer an alternative and, potentially, more effective means of
electron donor delivery to the contaminants. PEDs are short chain fatty acids that are soluble in
water but also partition into organic liquids (i.e., DNAPL). They are inexpensive, and, when
dissolved, PEDs may be able to act as an electron donor or undergo fermentation or hydrolysis to
generated electron donors. PEDs will preferentially partition into the DNAPL then slowly
dissolve back into the aqueous phase. This sustains the release of electron donors at low
concentrations and promotes the growth of the microorganisms in close proximity to the source
zone (Cápiro et al, 2011). The difference between a soluble electron donor and PEDs with
biomass and DNAPL is shown in Figure 3. With a soluble electron donor, the biomass tends to
grow in the area where there is both dissolved electron donor and dissolved chlorinated solvents
(left image). With a PED, the biomass would grow in close proximity to the DNAPL due to the
PED partitioning into the DNAPL and then dissolving to the aqueous phase enhancing DNAPLs
dissolution.
nor

le Do

Solub

Figure 3: Soluble Electron Donor versus Partitioning Electron Donor (Cápiro, 2012)
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Abiotic work in batch reactors and sand filled columns show that one injection of PEDs can
persist in a contaminant zone for a prolonged period of time. This persistence could reduce the
frequency of the electron donor injections needed to support dechlorinating bacteria (Cápiro et
al, 2011). Partitioning of potential PEDs has been shown through abiotic work (Sylvia, 2015).
Additional research is needed to determine if PEDs dissolving out of DNAPL provide sufficient
electron donors to enhance reductive dechlorination. The ability of PEDs serving as electron
donors for dechlororinating bacteria will be evaluated with biotic reactors. The three PED
candidates chosen for this research are n-butyl acetate (nBA), 2-ehtyl-1-hexanol (2E1H) and
isopropyl propionate (IPP).
2.7.1 Candidate PEDs
The PED candidate nBA was chosen due to positive results from previous studies for
biodegradation and its ability to partition to TCE (Roberts, 2008; Cápiro et al., 2011). This
compound has sustained a dechlorinating consortium that degraded TCE to ethene (Roberts,
2008). Previous work done with nBA with a concentration near solubility showed a DNAPL and
water partitioning coefficients of 330.40 ± 6.7 (Cápiro et al., 2011). Literature from food science
shows that nBA can be hydrolyzed or fermented to harmless compounds such as acetate,
butyrate, and n-butanol which could potentially serve as electron donors (Barton et. al, 2004;
David et al., 2001). Stoichiometry shows that the reducing equivalent for nBA is 4. This means
that 1 mole of nBA can reduce 4 moles of PCE to ethene. The solubility of nBA is very high in
water; it is around 7,000 mg/L. The cost of most electron donors is around $0.5/lb, but nBA has a
cost between $0.67/lb to $0.72/lb, just slightly higher than the common electron donors (McDade
et al., 2005; ICIS, 2014). This candidate is a clear volatile solvent that is used in paints, aerosol
sprays, fragrances, and cosmetics (DOW, 2014).
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The PED candidate 2E1H was chosen because of its usage in partitioning interwell tracer tests
(PITTs), previous studies showing that it partitions into TCE, and has a partitioning coefficient
between 202 and 227 (Istok et al., 2002; Dugan et al., 2003). The hydrolyzation of 2E1H is 8
moles of carbon dioxide and 24 moles of hydrogen. The reducing equivalent for 2E1H is 6 mol
PCE/mol of PED. With a solubility of around 880 mg/L, 2E1H is the least soluble of the PED
candidates (Pubchem, 2014). It is less expensive than nBA; it has a price between $0.62/lb to
$0.65/ lb (ICIS, 2014). This candidate is usually found in the production of plasticizers, coating,
and adhesives (DOW, 2014).

IPP was chosen because previous studies have shown that fatty acids, like IPP, break down
slowly and release hydrogen. Fatty acids usually have large Knw and provide reducing
byproducts that could support dechlorination (Roberts, 2008; Cápiro et el. 2011). IPP forms
propionic acid and isopropyl alcohol when it is hydrolyzed (Williamson, 1994). The reducing
equivalent for it is of 4 mol PCE / mol PED. IPP has a solubility around 5,5950 mg/L (Pubchem,
2014). IPP is common in artificial rum extract and flavorings (DOW, 2014). The table below,
Table 3, shows a summary of the chemical properties and prices of the three PED candidates.
The reducing equivalents for each PED by mol PCE/ mol PED are also shown in the table below.

Table 3: Summary of Chemical Properties, Prices, and Reducing Equivalents for PED
Candidates
PED
Molecular Density Solubility Price per Pound
Candidate Weight
(g/mL)
(mg/L)
(g/mol)
nBA
116.16
0.88
7,000
$0.67-$0.72
2E1H
130.23
0.83
880
$0.62-$0.65
IPP
116.16
0.87
5,950
-not listed
- Chemical prices were found from ICIS (2014)
-Chemical properties were found in Pubchem (2014)

Reducing Equivalents
(mol PCE/ mol PED)
4
6
4
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3.0 PURPOSE AND HYPOTHESIS
This research evaluates the ability of three potential PEDs (nBA, 2E1H, and IPP) to serve as an
electron donor source for dechlorinating bacteria. The rates of dechlorination, breakdown of PCE
and byproducts, and utilization of different electron donors were analyzed. It was hypothesized
that the potential PEDs would be able to support a microbial population to carryout reductive
dechlorination of chlorinated solvents due to their fermentation to acetate or H2.

4.0 MATERIALS AND METHODS
Abiotic and biotic batch experiments were done in this research. Abiotic experiments were used
to check if the PEDs were partitioning into the NAPL phase. Biotic experiments were used to
check if the PED candidates could serve as electron donors for the dechlorinating bacteria.
4.1 Abiotic Columns Set-up
The abiotic column experiments used 15 cm long, 4.8 cm
diameter glass columns with Teflon end caps. They were
packed with Ottawa Federal Fine sand, flushed with CO2 to
remove air, and saturated with 500 mg/L (10mM) CaCl in
milli-Q water. A pre-NAPL 10mM (1000 mg/L) bromide tracer
was used to determine the pore volume (PV) of each column.

or
PCE

After determining the PV, about 100mL of TCE or PCE dyed
with Oil-Red-O Dye was injected at a flow rate of
approximately 1mL/min. The columns were then flushed with
500 mg/L CaCl until just residual TCE or PCE remained,
without mobile phase. The weight of column saturated with
500 mg/L CaCl2 and weight of column with TCE or PCE

Figure 4: Abiotic Column Set-Up
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injected are used to determine NAPL saturation and a second 10mM (1000 mg/L) bromide tracer
was run to determine the PV after NAPL saturation. About 2 PVs of PED (and 500 mg/L CaCl2)
near saturation were then injected at approximately 2.5mL/min, and the column was then flushed
with 500 mg/L CaCl2. Effluent NAPL and PED concentrations were measured using gas
chromatography (GC). Abiotic mass transfer and partitioning properties, including partitioning
coefficients (Knw), lumped mass transfer coefficient, were calculated based on the abiotic test
data. Figure 4 above, show the glass 15.0cm column filled with Federal Fine Ottawa sand after
being injected with TCE or PCE.

4.2 Abiotic Batch Reactors Set-Up
Abiotic batch reactors were set up in 40mL glass vials and with Teflon screw caps, Figure 5. The
reactors tested the PEDs' partitioning to a 0.25PCE:0.75Hexadecane(HD) (mol: mol) mixture.
The 0.25PCE:0.75HD (mol: mol) mixture sustains the NAPL phase and the 50mg/L of PCE.
Half a liter of PED stock solutions were made near solubility and left to mix overnight. The PED
stock solutions were made in 90mM ionic strength reduced mineral salt medium solution (Amos
et al, 2009; Löffler et al, 1996). The NAPL stock solution (200mL) of 0.25PCE:0.75HD (mol:
mol) was mixed for 30 minutes. Eight sets of three of the vial and the Teflon screw caps were
weighed empty. Varying volumes between 0 to 35mL PED stock solution were added to each
triplicate set and weighed. The background reduced medium solution was then added to fill the
vials up to 35mL, and weighed. A glass 10mL pipette was used to fill the 40mL vial with NAPL
stock. After being weighed, the abiotic batch reactors were placed on shakers for 24-48 hours.
PED, PCE and HD concentrations in the NAPL and aqueous phase were measured using gas
chromatography (GC) flame ionization detector (FID) with liquid injection.
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Figure 5: Abiotic Batch Reactors in 40mL Teflon Vials

4.3 Preliminary Biotic Batch Reactors
Four sets of preliminary biotic batch reactors were monitored, each set in triplicate. The first set
was started on July: 5µg of PCE added and 200 mg/L of lactate were added weekly for 13 weeks
and ethene was detected within 2 months. Three sets of controls, a set with no microbes, a set
with autoclaved (sterilized) microbes, and a set with microbes, were maintained. All the controls
had the same PCE, lactate and nutrient additions. Samples were taken periodically from each
reactor and chlorinated ethene byproduct formation was quantified through GC-FID headspace
autosampler.
4.4 Biotic Batch Set-up
Reactors were inoculated with a consortium that contains multiple bacterial species capable of
reductive dechlorination and bacteria capable of fermenting short-chain fatty acid PEDs to
simpler potential electron donor products. The biotic batch reactors were performed with the
inoculum BDI-SZ and combinations of electron donors and PCE. BDI-SZ is a microbial
consortium that contains dechlorinators, three Dehalococcoides mccartyi strains, a Dehalobacter
sp., and Geobacter lovleyi strain SZ, without methanogens to reduce microbial competition
(Amos et al, 2008; Amos et al, 2009; Amos et al, 2007; Ritalahti, 2006).
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The biotic batch reactors were prepared following previously designed methods (Amos et al.,
2007(a)) using serum bottles (160mL capacity) filled with a reduced, anaerobic, mineral salts
medium mixture (Amos et al, 2009; Löffler et al, 1996). All the PEDS were sterilized by
autoclave before being transferred to the biotic batch reactors. Sterile medium was transferred to
the reactors with gas tight syringes to prevent contamination and oxygenation. Pure phase PCE
was added to the biotic batch reactors using gas tight syringes and left to equilibrate for 5 weeks.
PCE concentration was measured using GC-FID with liquid injection and GC-FID headspace
autosampler for initial concentration and every other day after the microbial addition. A real-time
polymerase chain reaction (qPCR) analysis of the microbial dechlorination populations were
done before the distribution of the active BDI-SZ reactor, maintained with 330µM (54 mg/L)
PCE as electron acceptor and 10mM lactate as electron donor, to experimental bottles. All the
reactors were inoculated with 5% (vol/vol) inoculum for a final volume of 105 ± 5 mL after all
the amendments. The reactors were placed in a shaker for 24 hours immediately after the
addition of the electron acceptor. Both biotic and abiotic reactors were incubated at 22ºC after
the addition of the BSI-SZ consortium. All the reactors were prepared in triplicate. The biotic
batch experiments and control matrix can be seen below on Table 4. The three PEDs, n-butyl
acetate, 2-ethyl-1-hexanol, isopropyl propionate, were compared to lactate, a common electron
donor used in the field. In addition, the experiment included a total of 24 control reactors. The
controls are all abiotic reactors with either 300 µM dissolved PCE or 0.25PCE:0.75HD
(mol/mol) mixture.
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Table 4: Batch Experiments Matrix
Electron donor
Total Reactors per
nBA 2E1H IPP Lactate Electron Acceptor
3
3
3
3
12

biotic 300µM dissolved
Electron PCE
acceptor biotic 0.25 PCE:0.75HD
3
3
3
3
(mol: mol)
abiotic 300 µM
3
3
3
3
dissolved PCE
abiotic
3
3
3
3
0.25PCE:0.75HD (mol:
mol)
Total Number of Batch Reactors

12
12
12

48

The volume of each PED or electron donor addition was calculated by finding around 8600
µReducing equivalents of each PED or electron donors per 100mL. The concentrations for the
PED or electron donor range from 1444mg/L (2E1H) to 5750 mg/L(lactate) and the volumes
added to the biotic batches range from 23.9µL (2E1H) to 287.5 µL (Lactate) by taking into
account their corresponding reducing equivalents per mol (Table 5).

Table 5: Electron Donor Additions to Batch Reactors
PED/
Electron
Donor (ED)

MW
(g/mol)

Density Volume PED/ED
Reducing
(g/mL) (ED)
Concentration Equivalent
µL
(µM)
per mole

µRed
Equivalent
per 100 mL

nBA

116.16

0.883

30.0

2152

4

8609

2E1H

130.23

0.833

23.9

1444

6

8662

IPP

116.16

0.87

30.5

2152

4

8609

287.5

5750

1.5

8625

Lactate

- Lactate made from 2M solution made from Sodium L-Lactate from Sigma-Aldrich
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Samples from the reactors were collected periodically. Biomass samples taken will be used to
quantify the microbial community through DNA extraction and subsequent qPCR analysis.
Samples quantifying chlorinated ethene byproduct formation, volatile organic compounds, were
evaluated through GC-FID headspace autosampler. Volatile fatty acid, concentration with a high
performance liquid chromatography (HPLC). Biomass samples were monitored and quantified
every one to two weeks, and volatile fatty acids (VFAs), volatile organic compounds (VOCs)
were monitored and quantified every two days. An image of the biotic batch reactors can be seen
below (Figure 6).

Figure 6: Biotic Batch Reactors

4.4 Analytical Methods
Aqueous Phase Chemical Analysis
Samples quantifying the concentration of chlorinated ethene byproduct formation will be
determined using an Agilent Model 7890B gas chromatography (GC) equipped with TeledyneTekmark HT3 headspace autosampler and a HP-624 column (60m by 0.32 mm; film thickness,
1.8 μm nominal) or a 30 m long by 0.32 mm OD Agilent DB-5 column connected to flame
ionization detectors (FID) (Amos et al, 2008; Amos et al, 2009; Amos et al, 2007). Calibration
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standards for chlorinated ethenes and ethene will be prepared following previous methods (Amos
et al, 2008; Amos et al, 2009; Amos et al, 2007). PED concentrations will be determined using a
model 7890A GC equipped with Agilent Tech 5975C inert and XL EI/CI MSD with a triple-axis
detector liquid autosampler (HP 7683) and an Agilent DB-5column (30m by 0.32mm OD)
connected to a flame ionization detector (FID) (Cápiro et al, 2011). As electron donors are
fermented, and volatile fatty acids (VFAs) will be measured with an Agilent 1200 High
Performance Liquid Chromatography (HPLC) system equipped with an Aminex HPX-87H
column and a diode array absorbance detector (DAD) operated at 210 nm, as described in
previous work (He et al, 2002).
Biological Analysis
The microbial community will be quantified and monitored through DNA extraction and
subsequent qPCR analysis (Ritalahti, 2006). Similar to previous work, DNA extraction will be
done using commercially available kits (Amos et al, 2009; Ritalahti, 2006; Sung et al, 2006).
Established protocols for TaqMan-based quantification of total bacterial 16S rRNA genes,
Dehalococcoides 16S rRNA genes, and the Dehalococcoides reductive dehalogenase (RDase)
genes tceA, bvcA and vcrA have been confirmed (Ritalahti et al, 2006; Löffler et al, 2005).
Individual monitoring of the three different Dehalococcoides strains present in BDI-SZ will be
done through the RDase-targeted qPCR tools. Specific 16S rRNA gene targeted approaches for
PCE-to-cis-DCE dechlorinators present in BDI-SZ, Dehalobacter sp. and Geobacterlovleyi
strain SZ, will be utilized (Amos et al, 2007; Daprato et al, 2007; Smits et al, 2004).

5.0 PRELIMINARY WORK
The next set of biotic batch reactors were used to test the ability of different PEDs to serve as
electron donors for the breakdown of chlorinated solvents such as PCE to non-toxic ethene.
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Commonly used electron donors (lactate) was used for comparison to the PEDs performance
using a mixed bacterial culture containing bacterial species capable of reductive dechlorination
and fermenting PEDs to simpler electron donors.

During the summer and fall of 2014, abiotic columns filled with Federal Fine Ottawa sand and
injected with contaminant (PCE or TCE) to assess the PED mass transfer parameters in the
absence of microbes. Using abiotic column methodology described in section 4.1 above,
potential PEDs, 2E1H, IPP, and nBA were injected into the column. Figure 7, below, presents a
bromide tracer and the different potential PEDs' breakthrough curves generated from the abiotic
columns. This figure demonstrates that IPP (green triangles), nBA (blue diamond), and 2E1H
(red squares) persisted 20-25 times longer than the injected width of 2 PVs in the column than
the bromide (purple line). These extended residence times suggest that the PEDs are partitioning
in NAPL and could provide a sustained source of fermentable electron donors to support
microbial reductive dechlorination.

Figure 7: Abiotic PED and PCE Columns (Sylvia, 2015)
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Additional results from the columns are shown on Table 6 below. The table shows the mass
transfer/partition properties for the three PEDs: IPP, nBA, and2E1H. The partitioning
coefficients (Knw) between NAPL and water were also calculated for each PED. Partitioning
coefficients represent the distribution of the PED in NAPL and water when in contact with both
at equilibrium conditions. Lumped mass transfer coefficient describes the dissolution
performance of the NAPL phase. The lumped mass transfer coefficient is the relative speed in
which the PED partitions into the NAPL phase, the higher the coefficient the faster the
partitioning. From the results the PED candidate IPP has the highest lumped mass transfer
coefficient with both TCE and PCE, meaning that this PED would have faster partitioning in to
the contaminant (TCE or PCE). These results show that the PEDs could potentially be a longer
term electron donor source.
Table 6: Mass Transfer/ Partitioning Properties from the Abiotic Columns

Column Experiment
IPP TCE
IPP PCE
nBA TCE
nBA PCE
2E1H PCE

Knw (column)
247
88
384
105
145

Lumped mass transfer (1/min)
0.035
0.027
0.005
0.002
0.003

Preliminary biotic reactors were done during the summer and fall to understand the behavior of
PEDs in the presence of dechlorinating microorganisms. From this preliminary work it was
suspected that bicarbonate addition to medium is necessary for dechlorination due to low
dechlorination rates.
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6.0 ABIOTIC AND BATCH REACTORS RESULTS
Abiotic and biotic batch reactors were done to understand the partitioning properties of the
potential PEDs in a 90mM ionic strength reduced medium, and their potential of breaking down
to electron donors and supporting dechlorinating bacteria.
6.1 Abiotic Batch Reactors with 0.25 PCE:0.75 Hexadecane in 90mM Medium
The abiotic batch reactors were used to find the partitioning coefficients, Knw for each potential
PED in the 90mM ionic strength reduced medium that would be used in the biotic batch reactors.
Knws, for these batch reactors were calculated using Equation 6.1.
(6.1)
The 0.25PCE:0.75HD (mol: mol) mixture was chosen to provide a sustained source of 50 mg/L
PCE and to keep a separate NAPL phase. A previous study showed that a concentration of
90mg/L of PCE is toxic for the microorganisms used in the biotic batch experiments (Amos et
al., 2007).

nBA & 0.25PCE/0.75Hexadecane in 90mM
Medium
35000

y = 173.44x
R² = 0.9712

NAPL Conc. (mg/L)

30000
25000
20000
15000
10000
5000
0
0

50

100

150

200

Aq Conc. (mg/L)

Figure 8: Abiotic Batch Reactor-nBA& 0.25:PCE/0.75Hexadecane in 90mM Medium
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The results from the nBA and 0.25PCE:0.75HDmixture can be seen above in Figure 8. The
results from the nBA in NAPL and aqueous concentrations of the reactors with different
concentration of nBA were plotted. The results show that nBA has a Knw of 173.44. A previous
study with the same set-up had a similar Knw of 186.69 (Sylvia, 2015).

2E1H & 0.25PCE/0.75Hexadecane in 90mM
Medium
NAPL Concentration mg/L

3000
2500

y = 90.467x
R² = 0.968

2000
1500
1000
500
0
0

5

10

15

20

25

30

35

Aqueous Concentration mg/L

Figure 9: Abiotic Batch Reactor-2E1H& 0.25:PCE/0.75Hexadecane in 90mM Medium
The partitioning coefficient for 2E1H in the 0.25PCE:0.75HD mixture in a 90nM mixture is of
90.467, Figure 9 (above). For IPP the partitioning coefficient was of 103.03, Figure 10 (below).
There results were found by comparing the varying PED concentration in the abiotic batches and
then after mixing between 24-48 hours checking the PED concentrations in the NAPL and
aqueous phase.
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IPP & 0.25PCE/0.75Hexadecane in90 mM
Medium
NAPL Concentration mg/L
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Figure 10: Abiotic Batch Reactor-IPP & 0.25:PCE/0.75Hexadecane in 90mM Medium

Table 7 shows the summary of the abiotic batch reactors. Lactate abiotic batch reactors were
done previously in the same 90mM and 0.25PCE:0.75HD (mol: mol) conditions (Sylvia, 2015).
The potential PED concentrations ranged from 0 mg/L to near solubility. The potential PED with
the highest Knw was nBA, with a Knw of 173.44. The potential PED with the lowest Knw is 2E1H.
The Knw was of 90.467. Lactate shows almost no partitioning in the 90mM ionic strength and
PCE/HD mixture with a Knw of 17. The results show that compared to the potential PEDs there is
minimal partitioning with lactate in 0.25PCE/0.75HD mixture in 90mM medium.

Table 7: Summary of Abiotic Batch Reactors Results
PED/ED

Concentration Range (mg/L)

nBA
0 - 4,000 mg/L
2E1H
0 – 430 mg/L
IPP
0 – 3,200 mg/L
*Lactate
0-3,000 mg/L
*(Sylvia, 2015)

Knw
173.44
90.467
103.03
17
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6.2 Biotic Batch Reactor Results
Biotic batch reactors were used to compared the effectiveness of the potential PEDs of providing
sufficient electron donors to support microbial dechlorination to lactate, a common electron
donor. PCE daughter products were monitored to check if there was microbial dechlorination
occurring in the abiotic or the biotic batch reactors.

Figure 11: VOCs Abiotic Reactors (300µM PCE & Lactate) Results
Figure 11 shows that there was no reductive dechlorination in the abiotic 300µM PCE and
lactate batch reactors. The initial PCE was around 70-110µM PCE. As time passes there is a
slight decrease of PCE. There were no chlorinated ethene byproducts detected in these and the
rest of the abiotic batch reactors.
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Figure 12: VOCs Biotic Reactors (300µM PCE & Lactate) Results
Figure 12 shows the results for the biotic batch reactors with 300µM PCE and lactate. PCE
daughter products were detected in these reactors, showing that reductive dechlorination did
occur in these reactors. The sequential steps of reductive dechlorination can be seen in these
results. As PCE decreases, cis-DCE increases, and as cis-DCE decreases, VC increases. The
most recent data showed that PCE and cis- DCE were gone and there was only VC left in these
reactors.
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Figure 13: VOCs Abiotic Reactors (0.25PCE:0.75HD& Lactate) Results

Figure 13 shows there was no reductive dechlorination in the abiotic 0.25PCE:0.75HD (mol:
mol) and lactate batch reactors, just like in the abiotic batch reactors with lactate and dissolved
PCE. The initial PCE concentration was around 5,000 µM PCE and as time passed there was a
slight decrease of PCE. The results for the hexadecane batch reactors need to be doubled checked
with the GC-FID liquid injection.
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* Initial PCE concentrations from GC-FID liquid injection
Figure 14: VOCs Biotic Reactors (0.25PCE:0.75HD& Lactate) Results

Figure 14 shows the results for the biotic batch reactors with 0.25PCE:0.75HD (mol: mol)
mixture and lactate. PCE daughter products were detected showing reductive dechlorination
occurred in these reactors. The original PCE concentrations were found from using the GC-FID
liquid injection, the data shows that the initial PCE concentration ranged from 300-850µM PCE.
The sequential steps of reductive dechlorination were shown in these results. The data shows
TCE and cis-DCE increase since Day 1.5. As the concentrations of TCE and cis-DCE equilibrate
an increase of VC was detected, since Day 7.5. These batch reactors show TCE which is usually
a quick step that can be undetected such as in the dissolved PCE and lactate batch reactors. This
extra step and the equilibration of TCE and cis-DCE overtime may be due to an initial higher
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concentration of PCE as well as the sustained release of 50mg/L of PCE. The PCE
concentrations for the rest of the time period will be checked with the GC-FID liquid injection.

Figure 15: VOCs Abiotic Reactors (300µM & 2E1H) Results
Figure 15 does not show any reductive dechlorination occurring in the abiotic 300µM PCE and
2E1H batch reactors, similarly to the abiotic batch reactors with lactate. The initial PCE
concentration was around 35-75µM PCE. As time passed a slight decrease of PCE was seen in
the batch reactors.
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Figure 16: VOCs Biotic Reactors (300µM & 2E1H) Results
Figure 16 shows there was no reductive dechlorination in the biotic 300µM PCE and 2E1H
batch reactors, unlike in the biotic 300µM PCE and lactate batch reactors where PCE daughter
products were detected starting in Day 1.5. The initial PCE concentration was around 70-80 µM
PCE. As time passed there was a slight decrease of PCE and no chlorinated ethene byproducts
detected.
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Figure 17: VOCs Abiotic Reactors (0.25PCE:0.75HD& 2E1H) Results

Figure 17 shows there was no reductive dechlorination in the abiotic 0.25PCE:0.75HD (mol:
mol) mixture and 2E1H batch reactors, similarly to the abiotic lactate reactors with the separate
NAPL phase. The initial PCE concentration was around 400 µM PCE. PCE concentration was
stable as time passed and there was a slight decrease in PCE concentration starting Day 13.5.
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Figure 18: VOCs Biotic Reactors (0.25PCE:0.75HD& 2E1H) Results
Figure 18 shows no reductive dechlorination in the abiotic 0.25PCE:0.75HD (mol: mol) mixture
and 2E1H batch reactors, unlike to the biotic lactate reactors with the separate NAPL phase
which did show reductive dechlorination. These results are similar to the results found in the
2E1H biotic batch reactors with dissolved PCE. The initial PCE concentration was around
500µM PCE and there was a slight decrease of PCE as time passed.

35

Figure 19: VOCs Abiotic Reactors (300µM & nBA) Results
Similar to the abiotic batch reactors for lactate and 2E1H, Figure 19 shows that there was no
reductive dechlorination in the abiotic 300µM PCE and nBA. The initial PCE concentration was
around 3,750µM PCE. Through time there was a slight decrease of PCE concentration in these
reactors. The data for nBA and PCE may have overlapped in these results, so the PCE
concentrations should be checked with the GC-FID liquid injection for all the nBA batch
reactors.
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**only original PCE concentration from GC-FID liquid Injection
Figure 20: VOCs Biotic Reactors (300µM & nBA) Results

Figure 20 shows the results for the biotic batch reactors with 300µM PCE and nBA. PCE
daughter products were detected showing reductive dechlorination occurring in these reactors
similarly to the biotic batch reactors with dissolved PCE and lactate. The sequential steps of
reductive dechlorination were shown in these results. The initial concentration of a PCE was
found using GC-FID liquid injection. It was around 50-60µM of PCE in these batch reactors. An
increase of TCE and cis-DCE was first seen at Day 1.5, and as TCE and cis-DCE decreases, VC
increases. As the image shows TCE and cis-DCE were no longer detected after Day 7.5. The last
data showed a only VC left in these reactors.
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Figure 21: VOCs Abiotic Reactors (0.25PCE:0.75HD & nBA) Results
Figure 21 shows that no reductive dechlorination was detected in the abiotic 0.25PCE: 0.75HD
(mol: mol) mixture with nBA reactors. The results are similar to the abiotic lactate and 2E1H
batch reactors with the PCE/HD mixture. The initial PCE concentration was around 7400µM
PCE. As time passed there was a slight decrease of PCE. The PCE concentrations will be
checked in the GC-FID liquid injection in the near future.
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**only original PCE concentration from GC-FID liquid injection
Figure 22: VOCs Biotic Reactors (0.25PCE:0.75HD& nBA) Results

Figure 22 shows the VOC results for the biotic batch reactors with 0.25PCE:0.75HD (mol: mol)
mixture and nBA for 16.5 days. PCE daughter products were detected during this period
concluding that reductive dechlorination occurred in these reactors like in the lactate biotic
reactors with the PCE/HD mixture. The original PCE concentrations were found from using the
GC-FID liquid injection, the data shows that the initial PCE concentration was around 300µM
PCE. The data shows a TCE increase since Day 1.5. The concentration of TCE started to
increase at a smaller rate starting Day 9.5. An increase of cis-DCE was detected since Day 3.5.
These batch reactors showed TCE which is usually a quick step that can be undetected such as in
the dissolved PCE batch reactors. This extra step and the equilibration of TCE overtime maybe
be due to an initial higher concentration of PCE when compared to the dissolved phase reactors
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as well as the sustained release of 50mg/L of PCE. The PCE concentrations for the rest of the
time period will be checked with the GC-FID liquid injection. No VC was detected in these
reactors.

Figure 23: VOCs Abiotic Reactors (300µM PCE & IPP) Results
Figure 23 shows there was no reductive dechlorination in the abiotic 300µM PCE and IPP batch
reactors just like in the abiotic lactate batch reactors with dissolved PCE. These results are also
similar to the abiotic batch reactors for 2E1H and nBA. The initial PCE concentration was
around 50-75 µM PCE. As a few weeks passed there was a decrease of PCE.
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Figure 24: VOCs Biotic Reactors (300µM PCE & IPP) Results

Figure 24 shows the results for the biotic batch reactors with 300µM PCE and IPP. PCE daughter
products were detected showing reductive dechlorination occurred in these reactors similarly to
the biotic batch reactors with lactate or nBA and dissolved PCE. The initial PCE concentration
for these reactors ranged from 60-90µM PCE. These results showed the sequential steps of
reductive dechlorination. As PCE concentration decreased, cis-DCE concentration increased, and
as cis-DCE concentration decreased, VC concentration increased. At the last day the data was
analyzed for this research, at Day 16.5, the results showed that PCE and cis-DCE were no longer
detected.

41

Figure 25: VOCs Abiotic Reactors (0.25PCE:0.75HD& IPP) Results

Figure 25 shows that there was no reductive dechlorination in the abiotic 0.25PCE:0.75HD (mol:
mol) mixture and IPP batch reactors. These results are similar to the abiotic batch reactors of
lactate, 2E1H, or nBA with the PCE/HD mixture. The initial PCE concentration was around 400
µM PCE. The PCE concentration needs to be double checked with GC-FID liquid injection
incase of HD and PCE overlap in the PCE/HD reactors. The results from the GC-FID headspace
autosampler the PCE concentration decreased slowly in the last few days tested.
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**only original PCE concentration from GC-MS
Figure 26: VOCs Biotic Reactors (0.25PCE:0.75HD& IPP) Results

Figure 26 shows the results for the biotic batch reactors with 0.25PCE:0.75HD (mol: mol)
mixture and IPP. PCE daughter products were detected in these reactors showing reductive
dechlorination occurred, just like in the biotic batch reactors with PCE/HD mixture and lactate or
nBA. The original PCE concentrations were found from using the GC-FID liquid injection, the
data shows that the initial PCE concentration ranged from 300-500µM PCE. The PCE
concentration for the rest of the time for this research will be concluded with GC-FID liquid
injection. The data shows that TCE and cis-DCE increase since Day 3.5. The concentration of
TCE seem to be equilibrating and an increase of cis-DCE has been detected as time passes.
These batch reactors show the PCE to TCE reductive dechlorination step just like in the lactate
or nBA batch reactors with the PCE/HD mixture. .
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Table 8: Biotic Batch Experiments PED/ED with 300µM PCE Results Summary
PED/ED

PCE
TCE
Cis-DCE
VC
T-disappear
T-appear
T-disappear T-appear
T-disappear
T-appear
Lactate
3.5
--1.5
16.5
3.5
nBA
*N/A
1.5
5.5
1.5
7.5
3.5
2E1H
------IPP
7.5
1.5
3.5
1.5
16.5
5.5
* PCE concentration in nBA reactors need to be checked in the GC-FID liquid injection

Table 8 shows the summary of the results for the biotic batch experiments with 300µM PCE and
the PEDs/ED. TCE appeared in both nBA and IPP reactors and left from the IPP reactors first,
while TCE was never detected in the lactate reactors. The nBA and lactate reactors seem to have
similar results, with the exception of cis-DCE disappearing in the nBA reactors faster. Cis-DCE
disappeared in the nBA reactors at Day 7.5 while in the lactate and IPP reactors on Day 16.5.The
appearance of VC was shown at the same time, Day 3.5 for both lactate and nBA, and at Day 5.5
with IPP reactors. The only PED that does not show any reductive dechlorination in 2E1H.

Table 9: Biotic Batch Experiments PED/ED with 0.25PCE:0.75HD (mol:mol) Results Summary
PED/ED
Lactate
nBA
2E1H
IPP

T-appear
3.5
1.5
-1.5

TCE
T-disappear
-----

Cis-DCE
T-appear
T-disappear
5.5
-3.5
---5.5
--

VC
T-appear
11.5
----

Table 9 shows the summary of the results for the biotic batch experiments with the PCE/HD
mixture and the PEDs/ED. The PCE disappearance is not shown in this table because the data
needs to be confirmed with GC-FID liquid injection. TCE appeared in nBA and IPP at Day 1.5,
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and in lactate reactors at Day 3.5. TCE has not disappeared from any of the reactors. Cis-DCE
appeared in nBA first at Day 3.5, then in the lactate and IPP reactors at Day 5.5. Cis-DCE has
not disappeared from any of the reactors either. VC has only appeared in the lactate reactors at
Day 11.5 and 2E1H does not show any reductive dechlorination.

7.0 SIGNIFICANCE OF RESULTS AND CONCLUSION
Evaluating the ability of select short-chain fatty acids (IPP, nBA, and1E2H) that have been
demonstrated to partition into PCE and TCE NAPL to serve as electron donors has helped to
identify PEDs, which can then be used to accelerate remediation clean up time and potentially
reduce associated costs at contaminated sites. Specifically, the results show that nBA and IPP are
viable PEDs and supported microbial reductive dechlorination, while 2E1H does not appear to
support microbial dechlorination. Even though nBA and IPP led to slightly slower dechlorination
than in the presence of lactate, less volume is needed from both nBA and IPP to provide equal
reducing equivalents to lactate. Overall, the work improves our understanding of microbial
reductive dechlorination during bioremediation and helps to support further studies to evaluate
bioenhanced dissolution. This information contributes to research into PED delivery for
bioremediation of chlorinated solvents and provides information on the parameters needed for
growth of dechlorinating bacteria.

8.0 ONGOING AND FUTURE WORK
To provide more accurate results, and idea of the processes occurring in the biotic batch reactors
PCE concentrations should be confirmed with GC-FID liquid injection. The measurement of
PEDs degradation products (ongoing), and the quantification of the initial, middle and end
microbial samples should be completed to develop a more complete understanding of the
microbial utilization of PEDs. Evaluation of the microbes responsible for reduction
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dechlorination via DNA extraction and subsequent qPCR analysis will show how different
microbial species grew with different PEDs as the sole electron donor source, and if some
species favored some PEDs more than others or if they all responded similar to them.

In the future it is recommended that an evaluation of PEDs in dynamic flow-through columns
containing residual NAPL and utilizing a dechlorinating consortium be conducted to assess the
potential for bioenhanced dissolution of chlorinated solvents with IPP or nBA as the sole
electron donor source. Additionally, aquifer cell experiments could help test delivery practices of
candidate PEDs in a more heterogeneous flow-through system.
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