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Chapter 1

1 Introduction

1.1 Background

“[a] great deal has been learned, but at the same time the vastness of our ignorance has

become even more apparent.”
Harry Hanson, 1961 Symposium on Ground Water Contamination.

It was at one of the earliest groundwater contamination conferences in the United States
where Mr. Hanson, late Director of the Sanitary Engineering Center, made this comment
in the opening remarks to approximately 300 attendants. It’s unlikely anyone present would
have predicted the amount of time it would take the industries and government agencies
most responsible, as well as the rest of the environmental community to overcome its own
ignorance and acknowledge the pervasiveness of groundwater contamination. It took
another 20 years after Mr. Hanson made this statement for the rest of the United States to
recognize the seriousness of the issue and begin taking any meaningful action. In 1980
EPA Administrator Costle made clear, while speaking on NBC’s Meet the Press, that
groundwater protection is a principle EPA priority. This point in time is recognized as the
catalyst for environmental action in the United States (Pankow et al., 1996). In the same
year, U.S Congress passed the Comprehensive Environmental Response, Compensation,
and Liability Act (CERCLA), better known as “Superfund” to mandate large scale
groundwater monitoring at disposal sites. By the time these actions were taken,
considerable damage to aquifers had already been done. A 1975 study led by the EPA on
113 different public drinking water supplies in the US revealed that a common metal
degreaser, trichloroethene (TCE), was present in nearly 25% of all sites tested (Brass et al.,
1977).

Because of the multiple decades of poor disposal practices, as well as lack of sufficient
environmental oversight, the financial repercussions associated with remediation are still

felt today. In 1985, the US Department of Defense (DoD) estimated it would cost between



$5 billion and $10 billion to clean the 400 to 800 US sites requiring environmental
remediation. After spending approximately $12 billion over the next ten years, the cost-to-
complete estimates had grown to over $20 billion. By 2007, after spending over $20 billion
in the just the past decade, the DoD estimated another $13 billion would still be required
(McCarty, 2010).

Within Canada, a 15-year, $4.33 billion program called the Federal Contaminated Sites
Action Plan (FCSAP) started in 2005 to reduce environmental and human health risks from
federal contaminated sites. As of 2016, the Government of Canada still holds an estimated
$6.27 billion in environmental liability (FCSAP, 2017). In 2011, the FCSAP created a 5-
year plan to reduce the Government’s liability by $576 million; the result after 2016 was a
$1 billion increase. As a part of the same 5-year plan, only 48% of projects were
successfully completed of the targeted 368 sites (FCSAP, 2017).

This sluggish progress reflects how the remediation community did not properly assess the
seriousness of the problem, believing instead that off-the-shelf technologies would be
adequate in cleaning up all types of spills. In a 1994 report titled “Alternative for Ground
Water Cleanup”, the US National Research Council showed clear evidence that the default
pump-and-treat method that had been predominately used over the past 15 years was
largely ineffective (Peters, 1995).

One reason why the remediation efforts between 1980 and 1990 had been so ineffective
was a poor understanding of the physical and chemical properties of the most predominant
contaminants; specifically, a class of chemicals known as chlorinated solvents. Chlorinated
solvents have proven to be one of the most pervasive groups of groundwater contaminants,
and have been found in approximately 80% of all U.S. Superfund Sites (Westrick et al.,
1984). The solvents most commonly encountered include tetrachloroethene (PCE),
trichloroethene (TCE), carbon tetrachloride (CT), and 1,2-dichloroethane (1,2-DCA).
These chemicals typically enter the subsurface as a dense non-aqueous phase liquid
(DNAPL). A DNAPL exists in its own phase and is denser than water, giving it the ability
to migrate through the subsurface and below the water table. This, along with

characteristically low viscosities and solubility, combine to make these types of



contaminants very recalcitrant to treatment once in the subsurface (Kueper et al., 2014b).
As one of the most prevalent groundwater contaminants, technologies are continually being
developed and improved to remediate soil and groundwater impacted by chlorinated
solvents. Of these technologies, the use of zero valent iron (ZVI) as a reductant, and
bioremediation (naturally occurring, or introduced microorganisms which can biodegrade
contaminants) have received significant attention since the mid-1990s (O’Carroll et al.,
2013) (Dzionek et al., 2016).

The purpose of this study is to examine a full-scale remediation project based on the use
of a ZV1/organic substrate mixture used to treat soil predominantly contaminated with PCE
and 1,2-DCA. Since these two chlorinated compounds are relatively common soil and
groundwater contaminants, there have already been many successful full-scale remediation
projects targeting these compounds. The full-scale project being examined in this study
was unique due to the novel ex-situ amendment application process, although the relative
contribution made by the most prominent mechanisms contributing to contaminant

destruction is not well understood.

1.2 Research Objectives

The main objective of this work is to identify the main mechanism of remediation through
which the amendment effectively removes chlorinated solvents from soil in large-scale
field applications. The amendment used in this project contains two primary constituents:
ZV1, and proprietary organic material, designed to destroy contaminants either abiotically
or biotically respectively. Abiotic degradation describes the reduction of chlorinated
solvents by micro-sized ZVI. The biotic degradation is caused by supplying a microbial
food source to increase the population of naturally occurring microorganisms in the soil;

some of which can break down chlorinated solvents through their metabolic process.

Data collected during the field scale project suggest that the amendment and application
strategy was successful in decreasing the contaminant concentrations to the project’s target
criteria, although the relative role ZVI and bioremediation had on the observed decreases
was not determined. In addition, the effect the ex-situ amendment application process had

on contaminant concentrations is also not well understood. It has been hypothesized that



volatilization may be significantly contributing to the observed losses in contaminant
concentrations. If so, the contaminant decreases being attributed to the amendment may be

overestimated.

1.3 Thesis Outline

This thesis is written as an “Integrated Article”. A summary of the chapters is given below:
Chapter 1: Introduces the topic and presents the main research objective.

Chapter 2: Provides a review to the relevant literature on the of use of ZVI and

biostimulation as remediation techniques both separately and combined.

Chapter 3: Describes the materials used, as well as procedures used for laboratory and

field work. Experimental results are also presented and discussed.

Chapter 4: Summarizes the findings of this study and provides recommendations for

future work.

Appendices: Contain supplementary material for Chapter 3.
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Chapter 2

2  Literature Review

2.1 Introduction

Through the mid to late 1900s, lax regulation and oversight led to liquid halogenated
organic waste being directly released into the ground (O’Carroll et al., 2013). Much of the
contaminated sites being handled today are a result of these practices before the
implementation of modern legislation. Today’s financial penalties for uncontrolled
releases, as well as the amount of liability required for contaminated sites has led
government and industry to minimize their environmental footprint. Penalty avoidance,
and liability reduction are also the main motivators for the remediation of contaminated
sites by owners (Nielsen, 2006). Although the financial consequences of modern
environmental legislation are the main driver for today’s remediation projects, they can
still be cost inhibitive. Reducing this cost, and making more efficient technologies are main

objectives in soil and groundwater remediation research.

While zero valent iron (ZV1) and bioremediation are proven remediation technologies, the
implementation of their use to treat highly recalcitrant chlorinated solvents ex-situ is an
area where several research efforts converge. Therefore, the efficacy of this novel
remediation technique is the basis of this work. It is hypothesized that there are three
processes contributing to the chlorinated solvent decreases observed in the remediation
project being investigated: ZVI mediated reduction, bioremediation, and partitioning
between soil, water, and air. As such, each will be introduced, along with a summary of

how these compounds act in the subsurface.

2.2 Understanding Chlorinated Compound
Contamination

2.2.1 State of the Practice

It is important to note that the most commonly used remediation technologies do not often
succeed at reducing chlorinated volatile organic compound (CVOC) concentrations to the

maximum allowed contaminant level in drinking water. Because drinking water criteria for



CVOCs are so low (0.1 mg/L for PCE and 0.005 mg/L for 1,2-DCA in Ontario), it is not
uncommon for a remediation technology to have to reduce contaminant concentrations 3
orders of magnitude (99.9%) or more to meet regulations for drinking water. For this
reason, in some cases, returning a site to drinking water guidelines is not financially
feasible, and other strategies such as containment, or risk analyses are chosen instead of
remediation (Mcguire et al., 2016). In 2016, a meta-analysis of 235 remediation projects
was conducted for the Department of Defense Environmental Security Technology
Certification Program (ESTCP). This analysis indicated that while most projects were able
to decrease CVVOC concentrations 90-99%, only 7% of sites actually achieved drinking
water standards (Mcguire et al., 2016). Figure 2.1 depicts the main findings of this study
comparing before and after treatment contaminant concentrations, and whether they

successfully reached the maximum contaminant level (MCL).
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Figure 2.1 Remediation Performance Based on Geometric Mean Concentrations
of Total CVOCs. Reprinted from Mcguire, Adamson, Newell, & Kulkarni, 2016.

When each remediationn technology is grouped, bioremediation and chemical reduction
(such as ZV1) reduced CVVOC concentrations on average 96% and 93% respectively, i.e.

slightly above a one order of magnitude decrease in concentration (Table 2.1).



Table 2.1 Before and After Treatment Groundwater Concentrations Data from
Mcguire, Adamson, Newell, & Kulkarni, 2016.

Mediam Median Order of Magnitude
Geomean Geomean | % Reduction in Reduction in
Before (mg/L) | After (mg/L) | Concentration Concentration
Bioremediation 0.74 0.027 96% 1.4
Chemical Reduction 1.8 0.13 93% 1.1

2.2.2  Physical and Chemical Properties

The mobility and fate of different contaminants can vary greatly depending on their
physical and chemical properties, their biological interactions, as well as the
hydrogeological characteristics of the surrounding area. Compared to many other types of
contaminants, the properties of chlorinated solvents make them especially recalcitrant
(McCarty, 2010). In the context of groundwater contamination, these compounds are
commonly referred to as dense non-aqueous phase liquids (DNAPLS) when they are in
their own phase in the subsurface. Their greater density than water allows chlorinated
solvents to penetrate the water table and sink through the saturated zone becoming more
difficult and costly to remediate. Their characteristically low viscosity allows for this
downward movement to be relatively rapid. DNAPLSs are also sparingly soluble in water,
allowing them to travel through aquifers as a separate phase and spread out vertically and
horizontally as the DNAPL preferentially travels through the path of least resistance, or
pools on top of lenses of lower permeability soil where it can then slowly dissolve into the
groundwater. Because the drinking water standards for chlorinated solvents are so low,
even this slow dissolution can result in dissolved phase plumes with CVOC concentrations

orders of magnitude greater than regulatory guidelines (Pankow et al., 1989).

The physical and chemical properties of chlorinated solvents also control their partitioning
between the phases present in the subsurface. The properties that govern the partitioning

between air, water, and aquifer solids are summarized in Table 2.2.
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Table 2.2 Physical and Chemical Properties of Chlorinated Solvents. Values taken
from Cwiertny & Scherer, 2010.

Ontario Henry’s
Drinking Law Octanol/Water
Water Solubility | Constant, | Absolute Partition Vapour
Standards | Density | in Water Ku Viscosity | Coefficient (log | Pressure
Chlorinated Solvent (mg/L) (g/cm3) (mg/L) (atm/M) (cP) Kow) (torr)
Water N/A 0.997 N/A N/A 0.894 N/A N/A
Tetrachloroethylene 0.01 1.63 150 26.3 0.9 2.88 18.1
(PCE)
Trichloroethylene 0.005 1.46 1,100 117 0.57 253 74.2
(TCE)
1,2-Dichloroethane
(1,2-DCA) 0.005 1.25 8,606 1.2 0.84 1.48 79
Dichloromethane 0.05 1.33 13,200 1.7 0.44 1.25 415
carbon 0.002 1.59 800 28.9 0.97 2.64 153.8
Tetrachloride

2221

Solid-Water Partitioning

As a class, chlorinated solvents are considered moderately hydrophobic. Their affinity for
aquifer solids is less than other organic contaminants such as polycyclic aromatic
hydrocarbons (PAHS), and polychlorinated biphenols (PCBs). The most practical measure
of a compound’s hydrophobicity is the octanol-water partitioning coefficient (Kow) and is
defined as the ratio of their concentration in the octanol and in water after the partition
equilibrium has been reached (Cwiertny & Scherer, 2010).

Coctanol
Kow -

Equation 2.1

Cwater

In this calculation, the concentration of octanol is used as a proxy for the concentration of
organic carbon in the subsurface. Large values of Koy correspond to compounds that are
expected to sorb to soils and organics more readily.

2.2.2.2 Air-Water Partitioning

The partitioning between air and water is commonly described by Henry’s Law, which
applies to low concentrations of solvents in water. This law relates the concentration of the
solvent in air to its concentration in water at equilibrium (Cwiertny & Scherer, 2010).
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Ky = Cair_ Equation 2.2

Cwater

Large values of Kn describe chemicals that readily partition from water to air. It should be
noted that the Henry’s constant for a given compound can be influenced by several

environmental factors.

2.2.2.3 Solid-Air Partitioning

A compound’s vapour pressure (p°) is a measure of the maximum attainable concentration
of a chlorinated solvent in air, and is considered a noteworthy variable in solid-air
partitioning. A compound with a high vapour pressure will partition more readily between
air and soil (Cwiertny & Scherer, 2010).

2.2.3 Dechlorination Reactions

The dechlorination pathways of chlorinated compounds have been well studied (Arnold &
Lynn Roberts, 1998; Li & Farrell, 2000) and include four main reaction mechanisms

depicted and described in Figure 2.2.
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Figure 2.2 Reductive dechlorination pathways of chlorinated ethenes. Adapted
from Arnold and Roberts 2000, and Kocur 2015.

The main mechanisms in dechlorination are hydrogenolysis, which involves the
replacement of one chloride atom with a hydrogen atom, and beta and alpha eliminations,
where chlorine atoms are released by the chlorinated compounds resulting in the formation
of additional unsaturated carbon-carbon bonds. The third possible mechanism is
hydrogenation, which involves the addition of hydrogen across a double or triple carbon-
carbon bond.
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These reductive dehalogenation reactions have been reported to preferentially degrade
highly chlorinated compounds (Gillham & O’Hannesin, 1994). This phenomenon can
sometimes lead to a temporary, or prolonged accumulation of partially dechlorinated
compounds, which has important implications since some daughter products of chlorinated
compounds such as vinyl chloride have a greater toxicity (Lien & Zhang, 2005). This is of
great concern for remediation projects. If the technology selected results in the
accumulation of incomplete dechlorination products such as vinyl chloride, a site may be
worse off than it was before the project took place.

2.3 Zero Valent lron

Zero valent iron is a powerful reducing agent capable of donating electrons to a variety of
contaminants. While the basis of this study is the use of ZVI in degrading chlorinated
solvents, various studies have shown it to be able to react with metalloids (such arsenic
bearing anions), polychlorinated biphenyls (PCBs), chlorinated pesticides, nitro aromatic
compounds, and nitrates (O’Carroll et al., 2013). The following section provides a history
of ZVI as a soil and groundwater remediation tool, a brief introduction into its mechanism
for chemical reduction and the most relevant reactions, as well as the advantages and

limitations of its use.

2.3.1  History

The first publication documenting the degradation of halogenated compounds by iron was
largely an accidental finding by Reynolds and collaborators in 1990, who were evaluating
the possible sampling bias that different groundwater monitoring construction materials
could impart (Reynolds et al., 1990). One of the first papers actually studying ZVI as a
possible remediation tool was conducted by Gillham and O’Hannesin in 1994, who
concluded that ZV1 is highly effective at enhancing the rate of degradation of a wide range
of chlorinated compounds (Gillham & O’Hannesin, 1994). The research team of
O’Hannesin and Gillham followed up this work with the first field trial using ZVI by
placing the reductant in a trench to act as a permeable reactive barrier (PRB) (O’Hannesin
& Gillham, 1998). Since the acceptance of ZVI as an effective remediation tool and the
success of PRBs, many other advancements have been made. These include the use of
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nano-scale ZVI, which increases the iron surface area and consequently the reaction rate
(Zhang & Wang, 1997), or encapsulating ZV1 in an emulsion causing DNAPL to solubilize
into it to preferentially react with the ZVI within (ITRC, 2011). Advancements such as
these have allowed practitioners to tailor the ZVI to better treat site specific contaminant

sources and plumes in varied circumstances.

2.3.2 Technical Basis

ZV1 is best described as having a core-shell structure (Zhang & Wang, 1997) (Figure 2.3).
Through reactions with oxygen and water, the surface of the particle passivates and forms
an iron oxy/hydroxide layer, which limits the transfer rate of electrons between the zero-

valent iron core, and outer oxidants (Nurmi et al., 2005).

R-H

Reduction

Precipitation Oxidation

(+2)+

n+
Me
Adsorption

Figure 2.3 Core-shell structure of ZVI depicting various mechanisms for the

removal of chlorinated compounds and metals. Adapted from O’Carroll et al., 2013.

Reactions with contaminants take place on the surface of the ZV1 particle where the strong
reduction potential of the ZV1 (-0.44V) (Eq. 2.3) allows for the breakage of carbon chlorine
bonds, releasing chloride ions (Eq. 2.4) (Lien & Zhang, 2005).

Fe0 __E°=048V | o2+ 4 oo Equation 2.3

RCL + H" + Fe® - RH + Fe?" + CI Equation 2.4
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The most common reduction reactions responsible in the dehalogenation of chlorinated
compounds are hydrogenolysis (Eq. 2.5), and reductive elimination (Eg. 2.6).
Polychlorinated compounds can undergo sequential hydrogenolysis, resulting in a
characteristic sequence of partially dechlorinated products. As the chlorine ions are
removed, further dechlorination becomes both thermodynamically and kinetically less
favourable, possibly increasing the concentration of persistent, and sometimes more toxic,
partially dechlorinated daughter products. The other major reduction pathway involves
eliminating two chlorine ions at the same time, resulting in the formation of a carbon-
carbon double or triple bond. When the two chlorines are cleaved from the same carbon,
the process is named a-elimination, and when the chlorines are on adjacent carbons the
process is a B-elimination (Eg. 2.6). The reaction step that commonly follows elimination
reactions is hydrogenation. This involves hydrogen being added to a double or triple
carbon-carbon bond (Arnold & Lynn Roberts, 1998).

CIHC =CCly + 2¢ + H" — CIHC = CHCI + CI' Equation 2.5
CIHC = CCl, + 26 — HC = CCl + 2CI’ Equation 2.6

The significance of each reaction pathway has been shown to depend on a variety of factors
including contaminant structure, properties of the reductant, as well as environmental
conditions (Kim et al., 2008). Hydrogenolysis is more prevalent when higher chlorinated
compounds are reduced using less reactive species. Reductive elimination tends to be more
important when there are fewer chlorines per carbon, or when stronger reductants are used
(Tratnyek et al., 2003).

2.3.3  Advantages and Limitations of Zero-Valent Iron

Advancements in ZVI technology have allowed practitioners to tailor its physical and
chemical properties to work best for a specific application. These properties can be both an
advantage when exploited to increase the technology’s remedial potential, or they can act
to limit ZVI’s effectiveness when not controlled for or properly considered. Factors include
variation in surface area, effects of pH, as well as contaminant identity and other ion

concentrations in the groundwater. A good example of this is controlling the size of the
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particle to control the rate of reaction. When a PRB is being installed, the ZV1 should be
designed to maintain reactivity for years. To achieve this, micro-sized ZV1 is used. If ZVI
is being used to treat a source zone, more reactive yet shorter lived nano-sized particles
may be better suited (Nurmi et al., 2005).

Perhaps the main shortcoming of ZVI is its inability to break down 1,2-DCA, as well as its
limited reactivity with other lower halogenated compounds such as vinyl chloride (Lien &
Zhang, 2005). This of course has important implications for any remediation field project
(such as the one which is the focus of this study) with the presence of significant

concentrations of these compounds.

2.4 Bioremediation

The term bioremediation is usually broadly defined as the chemical breakdown of
contaminants because of biological activity. This definition includes biotic pathways, as
well as abiotic pathways that rely at some point on a biological process. The following
section provides short overview of bioremediation as a soil and groundwater remediation
tool, a brief introduction into how it works and the most relevant reactions, as well as its

advantages and limitations.

2.4.1  History

The soil and groundwater remediation industry first saw success using microorganisms in
treating petroleum hydrocarbons from gasoline and diesel plumes. It was identified that the
rate limiting step was the rate of introduction of the electron acceptor, so by increasing the
oxygen content in the subsurface, native microorganism populations and degradation rates
could increase by several orders of magnitude (Raymond et al., 1977). Biodegradation of
chlorinated compounds under anaerobic conditions was first recognized as early as 1983
(Bouwer & McCarty, 1983). It was also noted that each subsequent reductive
dechlorination step was slower than the previous one, and like ZVI, often resulted in the
accumulation of more toxic compounds such as vinyl chloride. Researchers finally
identified a group of organisms (Dehalococcoides spp.) that was able to completely reduce
chlorinated compounds to ethene in 1989 (Freedman & Gossett, 1989). With more recent

work showing the viability of bioremediation to even treat high concentrations or even
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source zones, this has become one of the most commonly used remediation technologies

used today (Kueper et al., 2014a).

2.4.2 Technical Basis

Many different approaches to bioremediation have been developed since the technology’s
inception. Aerobic and anaerobic oxidation, aerobic and anaerobic cometabolism, and
direct reductive dechlorination can all degrade solvents (Brown et al., 2009). The
biochemical reactions listed below include those that are more commonly used by
practitioners treating chlorinated solvents in groundwater and soil, together with a brief

description of each:

— Aerobic Oxidation — This reaction is restricted to dichloroethene (DCE) and vinyl
chloride (VC) and is not effective for most parent compounds such as
tetrachloroethene (PCE) and trichloroethene (TCE) (Bradley & Chapelle, 2010).
Research has shown that VVC can biologically oxidize at very low oxygen levels
that may appear to be anaerobic.

— Anaerobic Oxidation — Again only applicable for DCE and VC degradation, this
reaction has been proposed but has proven to be difficult to verify. This process has
not been used as the primary bioremediation tool in engineered remediation
systems, but may play a minor role in natural systems (Bradley & Chapelle, 2010).

— Aerobic Cometabolism — The organisms involved in this process have non-specific
oxygenases which fortuitously oxidize chlorinated ethenes to CO., but the process
has only ever been reported for TCE and DCE. While it is unlikely to significantly
contribute to non-engineered bioremediation, there has been some success in
engineered systems (Mccarty et al., 1998).

— Anaerobic Cometabolism — This process is largely viewed as a side effect when
stimulating Dehaloccocoides bacteria for reductive dechlorination. The rate of
dechlorination decreases by an order of magnitude with each chlorine removed,
making the process inefficient and unattractive as a remediation tool (Bouwer &
McCarty, 1983).
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While these approaches have shown the ability to contribute to dechlorination under
different circumstances, reductive dechlorination (Figure 2.4) has become the most
prominent remedial approach due to its ability to treat all chloroethenes, and has proven to
be relatively easy to implement and control under field conditions when compared to other
biological approaches (Stroo et al., 2014). Sequential reductive dechlorination takes place
when a chlorine is substituted with a hydrogen atom. The anaerobic bacteria that can
degrade chlorinated solvents can use them as terminal electron acceptors in their
metabolism for ATP synthesis (McCarty et al.,, 1998). Because of this, the term
organohalide respiration is commonly used due to the fact that the organisms are
‘breathing’ the chlorinated ethenes, using them as electron acceptors in the same way

mammals use oxygen (Stroo et al., 2014).

Several bacterial genera Only a select few Dhc strains
Cl Cl Cl Cl Cl H H H H H
N X & X X Ny Ny
G 2H* + 2¢ G 2H" + 2¢ (& 2H" + 2¢ G 2H" + 2¢ C
H* +CF H* +Cr C H* + CI H* +Cr
A 7N P X N
Cl Cl Cl H Cl H Cl 4 H H 4 H

Figure 2.4 Reductive dechlorination pathway leading to detoxification of chlorinated
ethenes. Adapted from Loffler et al 2013.

While researchers continue to search for new organisms capable of organohalide
respiration, the current list is short and restricted to a few genera of bacteria, and only
strains of Dehalococcoides mccartyi (Dhc) have been shown to be able to respire DCE and
VC (Loffler et al., 2013b). These specialized cells required hydrogen as an electron
donor and reduced organic compounds such as acetate as a carbon source. They
also rely on other bacteria to supply vitamin B12 (Stroo et al., 2014). This reliance on other
microorganisms has made researchers realize the importance of cooperative functions in
microbial communities in addition to the activity of individual species for dechlorination
(Bradley & Chapelle, 2010).
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In engineered remediation systems, the two categories of active remediation are
biostimulation and bioaugmentation. Bioaugmentation refers to the practice of adding
organisms to impacted soil or groundwater. Suitable organisms are not always present at
contaminated sites, or at concentrations too low to achieve a timely and cost-effective
remediation. If the proper environmental conditions are present, studies have shown that
organisms introduced can establish and increase the rate of complete dechlorination (Ellis
et al., 2000). Biostimulation involves creating optimal conditions for the growth and
activity of the targeted microbes. In the case of creating conditions for reductive
dechlorinators such as Dhc, this typically means neutral pH, potentials < -100 mV, and
readily available hydrogen (Stroo et al., 2014). Stimulating reductive dechlorination
typically relies on adding organic compounds that are fermented to produce acetate and
hydrogen to act as electron donors. During fermentation, an anaerobic environment is
created through the consumption of oxygen and other electron acceptors. The more
favourable redox environment along with increased levels of the ultimate electron donor
for anaerobic bacteria, hydrogen, create the optimal conditions for these bacterial groups
to function (Bradley & Chapelle, 2010). The types of substrates that are most commonly
used to achieve these conditions can be categorized into soluble substances, such as lactate,
molasses, ethanol, methanol; slow release substrates such as emulsified vegetable oil
(EVO), hydrogen releasing compounds (HRC®); and solid substrates including bark mulch,
compost, manure, chitin, and other trademarked mixtures (Henry, 2010). These substrates

vary in their ability to distribute in the subsurface and rate at which they degrade or ferment.

2.4.3  Advantages and Limitations of Bioremediation

The advantages and disadvantages of using bioremediation need to be well understood by
those planning to use the technology. While its use has been increasing, there are important
limitations that can significantly undermine its effectiveness. Some of the reasons this
technology is attractive to practitioners is its relative low cost, especially when using
biostimulation. One post-mortem study of over 200 remediation projects estimates
bioremediation to be approximately 50% less expensive compared to zero valent iron and

thermal treatment (Mcguire et al., 2016). The same study also found that the performance
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of these bioremediation projects was not significantly different when compared to the other

remediation technologies.

As described earlier, the reactions that contribute to bioremediation can cause
accumulation of partially dechlorinated compounds, most importantly a possible increase
in highly toxic VC concentrations (Stroo et al., 2014). This can have serious regulatory
implications if these accumulations become long-term trends. Another important aspect
that must be acknowledged is the fact that the microorganisms that are responsible for
organohalide respiration — and especially Dehalococcoides sp. — require very specific
environmental conditions and have several sensitivities that can significantly reduce their
effectiveness. Duhamel and collaborators have shown that chloroform concentrations of
2.5 uM and 1,1,1-trichloroethane concentrations of 5.2 uM can completely inhibit vinyl
chloride degradation to ethene (Duhamel et al., 2002). Work done by Bagley and
collaborators have also shown evidence that carbon tetrachloride can completely inhibit
PCE degradation at concentrations of 19 uM (Bagley et al., 2000). Research also shows
that ORP conditions that promote sulfate reduction or methanogenesis (Eh < -200 mV),
and near neutral pH are essential for effective bioremediation (H F Stroo, Major, & Gossett,
2010; Robinson, Barry, Mccarty, Gerhard, & Kouznetsova, 2009). Finally,
Dehalococcoides spp. are strict anaerobes, and even minimal oxygen exposure will destroy

the microorganism (He et al., 2003).

2.5 Combining Zero Valent Iron and Bioremediation

The practice of treatment trains, or using multiple technologies either in series or in parallel
has become a popular method to combine the most advantageous aspects of various
technologies. Combining ZVI with bioremediation has the potential to create both

causative, and synergistic advantages (Brown et al., 2009).

Causative interactions can occur when the metabolism of a carbon substrate results in the
reduction of iron species capable of mediating abiotic dechlorination reactions. Examples
include ferrous iron precipitates, formed by the corrosion of ZVI reacting with chlorinated
solvents (Matheson & Tratnyek, 1994). Iron-based reductive chemistry has also been

demonstrated in the field by the reactions of naturally occurring, ferrous-containing
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minerals (Brown et al., n.d.). In a laboratory column experiment, Shen & Wilson (2007)
simulated a passive reactive barrier constructed with plant mulch. Sulfate reduction driven
by anaerobic biodegradation produced as much as 100 mg/L of sulfide, which reacted with
naturally occurring iron to produce 500 — 2500 mg/L of acid volatile sulfide. The
researchers attributed one-half of the TCE removal observed to abiotic reactions with iron

monosulfides, and the remainder to biotic reactions (Shen & Wilson, 2007).

Examples of possible synergistic advantages when using these technologies in combination
include the more favourable redox conditions created by the ZVI which better supports
biotic dechlorination. ZV1 also generates hydrogen, which is used by the bacteria as an
electron donor (Dolfing et al., 2008). This phenomenon has been demonstrated in bench-
scale column experiments testing the degradation of 1,2-DCA (Brown et al., 2009).
Typically, treating 1,2-DCA with only ZVI or a source of carbon results in incomplete
degradation. Researchers found that when contaminated soil was treated with a
combination of controlled-release carbon plus ZVI particles, 99% reduction could be

obtained in 98 days compared to 33% in the control column.

2.6 Summary

Chlorinated solvents are a very difficult group of contaminants to remediate. The
degradation of these solvents by ZVI and bioremediation have been researched for over 25
years. This cumulative body of work indicates that these technologies can be quite effective
under the right set of conditions. Moreover, during this time, researchers and practitioners
have developed an understanding of the advantages and limitations of their use. Better
understanding the possible short and long-term effects of the novel remediation process
being investigated in this research project will add to the body of work, and allow future
practitioners to make more informed decisions regarding if an ex-situ soil mixing process

is best for their remediation efforts.
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remediation process on microbial community structure, groundwater samples were
collected from five different locations on a site remediated using the ex-situ mixing

technology 4 years earlier (Figure 3.20).

Figure 3.20 Location of the five monitoring wells sampled for DNA analysis (labelled
A through E). Burgundy highlighted area represents the area remediated using the ex-

situ mixing process.

Monitoring well D is located up-gradient of the remediation site. This well therefore
represents conditions that were not affect by the remediation process. Monitoring well B
and C are installed within the area remediated. Monitoring well A is down-gradient from
the area that was treated, and monitoring well E is located outside the area that was
remediated using the ex-situ process, but still within the area impacted by CVOCs.
Monitoring well E is also the location of a fracture injection study that took place in 2011
where emulsified vegetable oil (EVO) was injected into the subsurface to stimulate

biological activity.

Illumina® sequencing was performed on the groundwater samples to understand the

change in abundance of each microorganism present at the monitoring well locations.
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Figure 3.21 shows the abundance of genera that are capable of degrading chlorinated
solvents. The genera included had 2 percent or greater relative abundance in at least one of
the 4 monitoring wells up-gradient, within, or down-gradient of the previously remediated
site. Figure 3.21 also shows the Shannon Species Diversity Index at each location, which

is used as a measure of the community’s species diversity.
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Figure 3.21 Relative abundance of the most common microorganisms capable of
dechlorination as well as the Shannon Species Diversity Index at monitoring wells up-
gradient, within, and down-gradient of a previously treated site.

The Shannon Diversity Index shows higher values outside (up-gradient and down-gradient)
of the area treated than within the remediation zone. Looking at the change in relative
abundance of the genera capable of dechlorination also shows a distinct community
structure within the treatment zone that differs from that both up-gradient and down-

gradient of the site.

This community structure shift within the treatment zone is hypothesized to be a result of

the ex-situ mixing process, though since samples could not be collected from the treatment
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zone before the ex-situ mixing process took place, more indirect evidence is used to support
this hypothesis. Historical measurements of CVOC concentrations at monitoring well D
have been within the same order of magnitude as groundwater samples collected in the
treatment area. The distinct community structure in monitoring wells C and B that differ
from monitoring well D provides evidence that the microbial community structure in
monitoring well C and B has changed due to the remediation process, and is not a result of
contamination concentrations within the treatment zone causing a selective pressure before
the remediation project took place. Further evidence is provided by observing that the
greatest genera abundance in the wells installed within the treatment area is Geobacter.
This organism grows chemoorganotrophically with Fe(lll) serving as the sole electron
acceptor (Mahadevan et al., 2006). The ZVI added to the soil may be the source of ferric
iron, and acting as the dominant factor in the population growth of Geobacter.

While the relative abundance of microorganisms capable of dechlorinating organic
compounds seems to increase from up-gradient to within the treatment zone, none of the
genera identified are capable of completely dechlorinating ethenes. Only a select few
strains of Dehalococcoides mccartyi (Dhc) have shown the ability to degrade lower
chlorinated species (Loffler et al., 2013b). As such many remediation projects quantify the
population of this genera as a proxy for the effectiveness of the microorganism community
at degrading chlorinated solvents without stalling at more toxic compounds such as VC
(Stroo et al., 2014). Dhc population was investigated by analyzing the number of

Dehalococcoides gene copies from monitoring wells using qPCR analysis (Figure 3.22).
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Figure 3.22 Dehalococcoides gene copies/mL at five monitoring wells sampled on a
previously remediated site. Error bars are the standard deviation of duplicate samples.

The results of this investigation show that the abundance of Dhc per milliliter at monitoring
wells D and E are an order of magnitude greater than concentrations found at monitoring
wells A, B, and C. The higher concentration of Dhc gene copies at the background location
(monitoring well D) compared to monitoring well B and C, which are within the treatment
area is contrary to both what is expected and what is desired. One of the goals of adding
the amendment in the ex-situ mixing process is to have the population of Dhc become
greater than background concentrations. One explanation may be Dhc activity being
adversely affected by the presence of other chlorinated solvents, as previously reported
(Bagley et al., 2000), which could be affecting how substantially the remediation process
can increase Dhc concentrations within the area treated. Although this hypothesis is not
supported by the observation that Dhc abundance at wells B and C are an order of
magnitude lower than monitoring well D and E, which have both been impacted by
CVOCs.
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The effect of oxygen exposure on Dhc provides another hypothesis contributing to the
lower Dhc abundance seen within, and down-gradient of the treatment area. Research has
shown that exposure to even small quantities of oxygen can irreversibly inhibit Dhc
dechlorination (Amos et al., 2008; Loffler et al., 2013a). The ex-situ mixing process
exposed the soil to oxygen concentrations much greater than the concentrations used to test
Dhc’s oxygen sensitivity in the referenced literature. The dissolved oxygen content of the
monitoring wells at the time of sampling is considered below 1 mg/L, which is the level
deemed damaging to anaerobic biodegradation (Stroo et al., 2014) (Table 3.1). This further
suggests that if oxygen exposure has negatively impacted Dhc abundances, it was a result
of past exposure possibly from the mixing process, and not an effect of the dissolved

oxygen levels at the time of sampling.

Table 3.1 Groundwater parameters important to Dhc viability at monitoring wells

before and after the ex-situ remediation process.

Spring 2011 Spring 2016 Spring 2017
(Pre-Remediation) (Post-Remediation) (Post-Remediation)

Oxidation- Oxidation- Oxidation-

Reduction | Dissolved Reduction | Dissolved Reduction | Dissolved

Potential Oxygen Potential Oxygen Potential Oxygen

(mV) (mg/L) pH (mV) (mg/L) | pH (mv) (mg/L) | pH

Well A -15.2 1.17 6.4 -29 0.69 7.9 -56.1 0.31 6.7
Well B -17.1 1.21 6.6 -127.2 0.31 7.6 -23.5 0.41 6.5
Well C -292.8 0.68 6.5 -3.7 0.22 7.5 -40.8 0.62 6.4
Well D 30.1 0.87 6.8 187.9 0.25 7.8 -53.1 0.42 6.8
Well E -137.1 0.21 6.3 -128.9 0.35 7.8 -100.1 0.34 6.2

The oxidation-reduction potential (ORP), and pH have also been reported to be important
for Dhc activity. Measurements of these parameters taken at the time of sampling (Table
3.1) indicate that pH values are within the acceptable range, but ORP values are generally
higher than the desired values of < -100 mV (Stroo et al., 2014) at the wells within the area
remediated (wells B and C) at the time of microorganism sampling (Summer 2017). As
mentioned previously, a key attribute of the amendment that is advertised is its ability to
create redox conditions which promote reductive dehalogenation. Field measurements

collected at the time of sampling do not support these conditions exist. It is important to
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note that these conditions could have existed in the past, but the amendment’s effect on the

subsurface environment had diminished by the time samples were collected for this study.

3.5 Summary

This study used a combined field and laboratory approach to evaluate the efficacy of a
novel chlorinated solvent remediation strategy. Overall findings suggest that the strategy

did not work as hypothesized by the practitioners.

Laboratory experiments provide a proxy for the three weeks that the soil was above ground
and having the amendment mixed into it during the remediation project. Results from the
short-term batch reactor experiments show that 1,2-DCA cannot be degraded abiotically,
or biotically in a sealed anaerobic system within three weeks. 1,2-DCA may be able to be
biodegraded aerobically, but this process may be inhibited by the amendment. The batch
reactor tests suggest that the organic substrate may be sorbing up to 60% of the PCE in the
system, though this does not necessarily imply degradation. Further studies would need to
be conducted to confirm whether the PCE is being degraded or only removed from the
aqueous phase. Beyond the hypothesized sorption mediated decrease in concentration, PCE
did not show evidence of abiotic or biotic degradation. In reactors open to the atmosphere,
PCE and 1,2-DCA concentrations decreased a minimum of 75%, and at similar rates
regardless of amendment addition or soil type. This supports the hypothesis that
volatilization is the dominant process mediating chlorinated solvent concentration changes.
There is little evidence that supports any further abiotic or biotic processes that

significantly contribute to CVOC degradation.

Directly measuring the long-term contribution the amendment and the mixing process have
on CVOC concentrations once the soil is returned to the ground is very difficult.
Understanding that the objective of the remediation process is to anaerobically dechlorinate
the CVOCs allows for an investigation into specific parameters that literature suggest are
required for successful anaerobic dechlorination. Results from field investigations reveal

that the geochemical environment as well as the biological community within an area
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previously remediated using the ex-situ mixing process may not support anaerobic
dechlorination at a rate considered acceptable for engineered remediation systems.
Furthermore, the microbial community within the treatment zone is still showing effects of
the ex-situ mixing process and populations of the organisms most desired to be present for
complete anaerobic dechlorination have been negatively impacted from the ex-situ

remediation project, and have not yet recovered.
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Chapter 4

4 Conclusions and Recommendations

4.1 Conclusions

The ex-situ mixing process is an attractive remediation technology in specific situations
such as tight project timelines, or when remediating low permeability soils which make in-
situ technologies difficult. Large quantities of soil can be treated in a short amount of time,
and there is likely no other process that can disperse an amendment as homogeneously.
Though the sampling conducted during the full-scale remediation project left important
questions to be investigated if the technology is to be used more frequently. This research
explored more closely the effects this novel ex-situ remediation technology has on
chlorinated solvent concentrations, as well as its impact on geochemical parameters and
microorganisms in treated soil. Changes in PCE and 1,2-DCA concentrations in batch
reactor experiments measured under anaerobic and aerobic conditions clarified which
mechanisms had the greatest impact on CVOC concentrations. Impacts of the ex-situ
mixing process and amendment on the subsurface environment were assessed through
groundwater samples collected and analyzed from a site remediated 4 years prior to

collecting the samples.
Results from the laboratory batch reactor experiments indicate that:

e The amendment used in the remediation project does not degrade 1,2-DCA

abiotically in a closed batch reactor system.

e The native microorganisms from within, or outside of the treatment zone cannot
biodegrade 1,2-DCA on their own anaerobically. The environment created by
adding the amendment also does not make a measurable difference in 1,2-DCA

biodegradation.

e Evidence suggests that 1,2-DCA can be degraded aerobically, but the presence of

the amendment may inhibit the solvent’s dechlorination. This may be due to the
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change in the microorganism community structure resulting from the ex-situ

mixing process, though further research is needed to confirm this possibility.

e Batch reactor experiments show the organic substrate used in the amendment may
be sorbing PCE. Aside from this, the batch reactor experiments do not suggest that
PCE can be further abiotically or biotically degraded regardless of the presence of

the amendment in the reactor.

e Volatilization appears to impact the change in both 1,2-DCA and PCE
concentrations to a larger degree than all other abiotic and biotic degradation

mechanisms.
Results from the field investigation suggest that:

e The REDOX conditions within the treatment area were not within the desired range
for anaerobic dechlorination when sampled at three and four years after the

remediation project took place.

e Field sampling of the microbial community suggest the ex-situ mixing process
caused a shift in the microbial community that is still measurable four years after

the remediation project.

e The population of Dehalococcoides which are the only known organisms able to
completely degrade chlorinated solvents may have negatively impacted from

excessive oxygen exposure during the mixing process.

4.2 Recommendations

While the batch reactor experiments provide clear evidence that the amendment had
minimal effect on the degradation of 1,2-DCA and PCE, the results should be scrutinized
in an experimental system which better resembles field conditions, specifically an open

system where losses by volatilization are monitored.

The field samples that were collected for this research provide a snapshot in time of the

subsurface environment. Because of this, it is unclear if the amendment was still inducing
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Appendix C Standard curve statistics for gPCR analysis.

Sample Efficiency % | R?Value
Field Study 89.22 0.938
Groundwater

Appendix D Percent unclassified, and the top 50 most abundant genera identified at

each groundwater well location through Illumina Sequencing.

Genus WellA | WellB WellC | WellD Well E
% Unclassified 20.98 31.67 36.44 20.72 21.26
Geobacter 1.04 9.29 8.27 0.20 33.96
Leuconostoc 1.47 10.93 6.49 2.01 0.45
Deinococcus 0.56 1.35 1.12 7.80 1.84
Geobacillus 0.87 1.53 2.29 5.38 0.99
Bacillus 12.11 0.31 0.39 0.16 0.04
Flavobacterium 0.37 2.61 2.12 3.61 1.83
Streptomyces 8.88 0.29 0.62 0.29 0.04
Demequina 0.11 1.23 1.14 4.39 0.01
Acidovorax 0.49 4.14 2.10 2.07 0.01
Mycoplasma 0.49 1.07 1.38 3.77 0.45
Ancylobacter 0.01 2.23 3.13 2.67 0.02
Rhodoferax 0.10 2.79 1.45 2.00 0.01
Pedobacter 0.83 1.14 0.85 2.48 1.34
Pseudomonas 0.50 0.36 0.23 3.63 0.05
Chryseobacterium 0.26 1.44 1.25 1.96 1.19
Weissella 0.24 2.83 3.62 0.13 1.15
Thermomonas 0.01 0.00 0.00 3.70 0.00
Tenacibaculum 0.15 0.16 0.07 3.24 0.02
Bifidobacterium 0.59 0.40 0.87 2.07 0.29
Hydrogenophaga 0.96 1.97 1.23 0.90 0.02
Polaromonas 0.13 3.56 1.97 0.24 0.00
Clostridium 0.90 1.65 1.72 0.21 0.41
Desulfovibrio 0.15 0.08 0.07 0.17 2.48
Salinibacterium 1.04 0.38 0.41 1.18 1.53
Treponema 0.27 1.34 1.36 0.31 1.56
Longilinea 1.08 0.22 0.24 1.20 0.16




