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Abstract

In conjunction with horizontal drilling, hydraulic fracturing or fracking has enabled the
recovery of natural gas from low permeable shale formations. In addition to water, these
fracking fluids employ proppants and up to 38 different chemical additives to improve the
efficiency of the process.

One important class of additives used in hydraulic fracturing is biocides. When applied
appropriately, they limit the growth of harmful microorganisms within the well, saving energy
producers 4.5 billion dollars each year. However, biocides or their harmful daughter products
may return to the surface in produced water, which must then be appropriately stored, treated
and disposed of.

Little is known about the effect of mineral-fluid interactions on the fate of the biocides
employed in hydraulic fracturing. In this study, we employed laboratory experiments to
determine changes in the persistence and products of these biocides under controlled
environments. While many minerals are present in shale formations, pyrite, FeSay) is
particularly interesting because of its prevalence and reactivity. The Fe!! groups on the face of
pyrite may be oxidized to form Fe!l phases. Both of these surfaces have been shown to be
reactive with organic compounds. Chlorinated compounds undergo redox reactions at the
pyrite-fluid interface, and sulfur-containing compounds undergo exceptionally strong sorption
to both pristine and oxidized pyrite. This mineral may significantly influence the degradation of
biocides in the Marcellus Shale. Thus, the overall goal of this study was to understand the effect
of pyrite on biocide reactivity in hydraulic fracturing, focusing on the influence of pyrite on

specific functional groups.



The first specific objective was to demonstrate the effect of pyrite and pyrite reaction
products on the degradation of the bromine-containing biocide, DBNPA. On the addition of
pyrite to DBNPA, degradation rates of the doubly brominated compound were found to increase
significantly. DBNPA is proposed to undergo redox reactions with the pyrite surface, accepting
two-electrons from pyrite, and thus becoming reduced. The primary product is the
monobrominated analogue of DBNPA, 2-monobromo-3-nitrilopropionamide (or MBNPA). The
surface area-normalized first-order initial degradation rate constant was found to be
5.1 L.m2day. It was also determined that the dissolution and oxidation products of pyrite, Fell,
S,042 and SO, are unlikely to contribute to the reduction of the biocide. Taken together, the
results illustrate that a surface reaction with pyrite has the ability to reduce the persistence of
DBNPA, and as a consequence change the distribution of its reaction products.

The second objective was to quantify the influence of water chemistry and interactions
with pyrite on the degradation of the sulfur-containing biocide. Dazomet readily hydrolyzes in
water due to the nucleophilic attack of hydroxide (OH-) anions. Thus the half-life of dazomet
during the shut-in phase of hydraulic fracturing will decrease with increasing pH: 8.5 hours at
pH 4.1 to 3.4 hours at pH 8.2.Dazomet degradation was rapidly accelerated upon exposure to
the oxidized pyrite surface, reacting five times faster than hydrolysis in the absence of pyrite at a
similar pH. The products measured were identical to those identified on hydrolysis (methyl
isothiocyanate and formaldehyde) and no dissolved iron was detected in solutions. This suggests
that the dithiocarbamate group in dazomet was able to chemisorb onto the oxidized pyrite
surface, shifting the electron density of the molecule which resulted in accelerated hydrolysis of
the biocide.

The third objective explored the reactivity of various biocide functional groups due to the
addition of pyrite. Several elimination mechanisms were identified, and tied to the reactivity of

the specific functional group involved. The addition of pyrite led to accelerated degradation of



dibromodicyanobutane. This is because the bromine (-Br) group is easily reduced. For
methylene bis(thiocyanate), hydrolysis was a noteworthy elimination mechanism since the
thiocyanate (-SCN) functionality is a good leaving group. Benzisothiazolinone and methyl
isothiazolinone were stable at low pH due to the stabilizing donor-acceptor interactions between
the organic biocides’ carbonyl (—C=0) groups and salts in the solution.

This body of work has illustrated that pristine pyrite can undergo redox reactions with
brominated biocides used in hydraulic fracturing, reducing their persistence and altering the
product distribution. This will change the efficacy and the risks associated with the use of these
biocides in shales containing pyrite, particularly at lower pH where organic compounds are
more stable to hydrolysis. However, at higher pH hydrolysis becomes more important, and
additional studies will need to be conducted to investigate the pyrite contribution under these
conditions. Conversely, the Fell surface groups on oxidized pyrite can catalyze the hydrolysis of
dazomet and may do so for other labile, sulfur-containing biocides as well. Overall, this research
has shown that the physicochemical properties (such as the acid dissociation constant and the
standard reduction potential) that govern the environmental reactivity of a molecule can be used

to anticipate its reactivity in hydraulic fracturing.
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Chapter 1 Introduction, Problem Identification, and

Research Objectives



1.1 Introduction

Hydraulic fracturing (fracking) and horizontal drilling have enabled the extraction of
natural gas from low permeable shales, allowing the US to tap into reserves of 176 trillion cubic
feet of natural gas (US EIA, 2016a). Although hydraulic fracturing has been around since the
1940s (Montgomery & Smith, 2010; Yan, et al., 2011), the successful incorporation of horizontal
drilling has resulted in its recent increase in productivity and popularity. Once considered an
“unconventional” form of resource extraction, this technology is quickly becoming the norm. In
2016 alone 6,900 wells were fractured in shale formations across the country, generating 17
trillion cubic feet of natural gas (US EIA, 2017). The technology has brought about substantial
benefits to the US: significantly lower natural gas prices and a decrease in dependence on coal
(Loomis and Haefele, 2017). By the year 2040, shale gas production is expected to triple,
accounting for over 50% of US gas production (US EIA, 2016b).

To access the natural gas in the low permeable shale, the technique relies upon greatly
increasing the exposed surface area within the gas reservoir. Energy producers capitalize on
horizontal drilling, which can extend 1 or 2 miles from the vertical well-bore (Yan et al., 2011).
Following this, roughly 1.5 million gallons of fracking fluid are pumped into each well at
pressures exceeding the tensile strength of the rock. In addition to water, these fracking fluids
employ proppants and up to 38 different chemical additives such as corrosion inhibitors,
friction reducers, surfactants and biocides (U.S. EPA, 2015). These chemical additives are
employed at concentrations of about 1% to improve the recovery of natural gas of the fracking
fluid. The fluid is held in the well for a few days to a month. The high pressures result in
fractures throughout the formation, which allow the natural gas to flow (King, 2012; Carter et
al.,, 2011; Fakcharoenphol et al., 2013). Some fraction of this water, along with chemical

residues, returns to the surface as flowback water, along with native formation water.



Collectively, this is termed produced water, which is considered a waste. This waste stream must
then be disposed of, or if economically infeasible, primed for reuse (Shaffer et al., 2013).

It follows that sourcing fresh water for fracking fluids and treating waste water from the
process are two of the biggest issues related to the technology. Hydraulic fracturing requires
large amounts of water and this may add pressure to already water-stressed regions (Walker et
al., 2017; Vengosh et al., 2014). In addition, the well generates produced water over the course of
its lifetime and is the largest waste stream associated with gas production (Judd et al., 2014).
Calculations suggest that 150 billion gallons of water is produced from unconventional oil and
gas extraction each year (Thiel et al., 2015). This produced water contains high concentrations of
dissolved solids, pH ranging from 5.1 to 8.4 and can also contain the residuals of chemicals used
in the fracking fluid (Luek and Gonsior, 2017; Barbot et al., 2013; Orem et al, 2014; Gregory et
al., 2011). Typically, this produced water is deposited into regulated Class II deep well injection
sites. Recently, due to a combination of high costs of fresh water and limited options for safe
disposal of produced water, the latter is reused: treated, blended with fresh surface water and
pumped back into the shale (Shaffer et al., 2013; Akyon et al, 2015).

Biocides form a vital class of chemical additives in the hydraulic fracturing water cycle as
they control the growth of bacteria within the well. Bacteria can be harmful as they may generate
hydrogen sulfide (H.S) which increases production costs, and cause microbially induced
corrosion (MIC) of materials within the well. The successful use of biocides saves energy
producers 4.5 billion dollars each year (Javaherdashti, 1999; Adesina et al., 2015). They are
critical for keeping wells in service for their expected lifetime of 15 years or longer (O’Sullivan
and Paltsev, 2012). Biocides are used to sterilize the surface water that is needed for fracking
and added to the well for long-tern disinfection. They may also be mixed into produced water
while stored in holding ponds and before being pumped back into the shale for reuse (BASF,

2000). This work investigates the reactivity of selected biocides used in hydraulic fracturing.



1.2 Problem Identification

It is clear that fracking has been beneficial for the US economy. However, questions still
linger over the environmental impact of chemical usage. Exposure to these chemicals may occur
under one of two circumstances: either due to spills of chemicals at the surface prior to
injection; or due to inadequate storage and disposal of flowback water. While the former can be
prevented by following industry best practices, the risks due to flowback fluid can only be
managed by thorough characterization of this waste stream. Studies have shown that this fluid
contains hazardous substance that may adversely affect human and ecological health (McKenzie
et al., 2012; Ferrar et al. 2013; Zhang et al., 2015). In addition to changes in pH and salinity,
research has shown that many of the organic compounds in the initial fracturing fluid do not
return in produced water, suggesting that adsorption or chemical transformations may take
place in the subsurface (Carter et al., 2013). This study will investigate some of these reactions
and aid decision makers in adopting best practices for produced water reuse and disposal.

While the behavior of many biocides has been studied under surface conditions, little is
known about the effect of mineral-fluid interactions on the fate of these compounds (Kahrilas et
al, 2015). For biocides, this is particularly important for two main reasons. First, an
understanding of sorption and transformation reactions will contribute to our knowledge of the
efficacy of these biocides under specific formation conditions. Second, identifying these
reactions and their corresponding reaction products will also aid in pinpointing biocides or
harmful daughter products returning to the surface in produced water. By developing a more
fundamental understanding of biocide reactivity, energy producers can improve the efficacy of
microbial treatments while limiting adverse effects of this burgeoning technology.

Many studies have attempted to investigate mineral-fluid interactions by comparing the
components of produced water to that of the fracking fluid (Orem et al., 2014; Ferrer and
Thurman, 2015; Hoelzer et al., 2016). However, these matrices are challenging to analyze and
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thus, researchers find it difficult to elucidate specific mechanisms in this way. The most
promising approach is to perform laboratory experiments to determine changes under a
controlled environment. Several studies have also looked at core samples testing various
formation conditions (Tasker et al., 2016; Paukert Vankeuren et al., 2017; Marcon et al., 2017;
Harrison et al., 2017). These have generated much needed information regarding changes to
porosity and mineral surfaces, but offer little insight into the behavior of biocides.

While many minerals are present in shale formations, this research will focus on pyrite,
FeS.(s) because of its prevalence and reactivity. In the first coordination sphere, the Fe atoms are
surrounded by six S neighbors, in a distorted octahedral arrangement. The Fe ions should be
considered to be in a low spin divalent state rather than in tetravalent state as the stoichiometry
would suggest. Pyrite formation naturally occurs under oxygen-depleted conditions (Berner,
1984), which also support the accumulation of organic matter, the ultimate source of natural
gas. Consequently pyrite is often prevalent in black shales, occurring at up to 24 vol% in some
parts of the Marcellus Shale, which is currently the largest producer of shale gas in the world
(Wang & Carr, 2012, US EIA, 2016b). Pyrite also is present in other producing shale formations
throughout the United States (Chermak and Schreiber, 2014; Wang et al., 2016), Canada (Haeri-
Ardakani et al., 2015; Dong et al., 2015; Van de Wetering et al., 2016) and China (Zeng et al.,
2016; Cai et al., 2009; Guo et al., 2016).

Of equal significance is the reactivity of pyrite. Pyrite plays a catalytic role in the
degradation of various organic pollutants. Pyrite induces chemical transformation, either due to
the redox activity of the sulfur dimers (S.) (Luther, 1987; Lee and Batchelor, 2002); the
production of highly reactive hydroxyl radicals (*OH) due to a Fenton-like mechanism (Borda et
al. 2003; Pham et al., 2009; Wang et al., 2012; Dhanasekara et al., 2015); or as a source of

ferrous (Fe!!) , hydrogen (H*) and sulfate (SO,2) ions on dissolution (Zhang et al., 2014).



Additionally, the oxidation of pyrite changes the surface groups at the mineral-fluid
interface. In aqueous, air-saturated solutions, pyrite is oxidized to form mainly ferric
(hydroxy)sulfate and at pH greater than 4, Fe! oxyhydroxide forms on the surface as well (Todd
et al., 2002; Dos Santos et al., 2016). These iron oxide surfaces can catalyze the hydrolysis of
organic compounds due to the formation of complexes that allow for hydrolytic attack (Torrents
and Stone, 1991). As the largest source of iron in shale formations (Jew et al., 2017), pyrite
stands to be the greatest contributor of dissolved Fe!! and Fe!! in flowback waters. Thus, both
pristine pyrite and the oxidation of this mineral may significantly influence the degradation of

biocides in the Marcellus Shale.

1.3 Research Objectives

The overall goal of this study is to understand the effect of pyrite on biocide reactivity in
hydraulic fracturing. Although biocides are often considered a coherent class of compounds,
they exhibit widely differing chemical properties. Consequently, an initial study was done to
characterize the reactivity of the various biocides used in hydraulic fracturing and to place the
reactivity of pyrite within context of the many interactions that may occur downhole. This initial
review to explore significant sorption and transformation mechanisms that occur at the mineral-
fluid interface was done by tackling three tasks: (i) to determine the physical and chemical
properties of biocides used in hydraulic fracturing; (ii) to present the physical and chemical
properties of major minerals in the Marcellus Shale and (iii) to anticipate the sorption and
transformation mechanisms that occur at the mineral-fluid interface.

This review prompted the three main experimental objectives as illustrated in Figure 1-1

and described in detail, below.



OVERALL GOAL
To understand the effect of pyrite on biocide reactivity in
hydraulic fracturing

1

CHARACTERIZATION OF BIOCIDES
To explore significant sorption and transformation
mechanisms that occur at the mineral-fluid interface

Task 0.1 To determine the physical and chemical
——  properties of biocides used in hydraulic fracturing

Task 0.2 To present the physical and chemical
properties of major minerals in the Marcellus Shale

Task 0.3 To anticipate sorption and transformation
L mechanisms at the mineral-fluid interface

!

OBJECTIVE ONE
To demonstrate the effect of pyrite
and pyrite reaction products on the
degradation of the bromide-
containing biocide, DBNPA

Task 1.1 To determine the rates
and products of DBNPA
degradation with pyrite

Task 1.2 To determine the
rates and products of DBNPA
degradation with

(i) Fe" (ii) 5,0, and (iii) 50,>

!

OBIJECTIVE TWO
To quantify the influence of water
chemistry and interactions with
pyrite on the degradation of the
sulfur-containing biocide, dazomet

Task 2.1 To determine the
rates of dazomet hydrolysis
with pH, temperature, and
ionic composition

Task 2.2 To determine the
mechanism of dazomet
degradation due to the
addition of pyrite

OBIJECTIVE THREE
To identify the reactivity of various
hiocide functional groups due to the
addition of pyrite

Task 3.1 To determine the
reactivity of specific functional
groups at the pyrite-fluid
interface

Figure 1-1. Flowchart illustrating the relationships between research goals, objectives and tasks

completed in the dissertation.

Objective 1. To demonstrate the effect of pyrite and pyrite reaction products on the

degradation of the bromine-containing biocide, DBNPA.

Organobromides have proven to be an effective class of disinfectants and have been

successfully applied to hydraulic fracturing. These biocides attribute some of their efficacy to the

ability of the hydrophobic bromine group to partition into bacterial cell membranes, disrupting

normal cellular function. Studies have shown that the dehalogenation of organobromides can be

catalyzed by bacterial electron mediators, but no studies have yet assessed whether pyrite can

also reduce these compounds.



This study puts forward the hypothesis that pyrite can reduce brominated compounds,
just as observed with their chlorinated counterparts. To test this, DBNPA is used as a model
compound to explore the effect of pyrite on the persistence of brominated biocides. This is done
by exploring two tasks: Task 1.1 is to determine the rates and products of DBNPA degradation
with pyrite; and Task 1.2 is to determine the rates and products of DBNPA degradation with (i)
Fell, the redox-active pyrite hydrolysis product of pyrite and (ii) S.052> and SO,2, nucleophilic
pyrite oxidation products.

Objective 2. To quantify the influence of water chemistry and interactions with pyrite
on the degradation of the sulfur-containing biocide, dazomet.

Dazomet is one of the most-commonly used biocides for hydraulic fracturing, and one of
the many sulfur-containing biocides reported. Chemically, it falls under the group of
dithiocarbamates, a sulfur analog to carbamates or urethanes. It rapidly hydrolyses in water to
form methyl isothiocyanate (MITC), formaldehyde and other compounds. Manufacturers
recommend using dazomet at concentrations between 200 and 1000 mg/L in fracking fluids
and 150 and 200 mg/L in produced water that will be stored or reused (BASF, 2000). Its
degradation product hexahydro-1,3,5-trimethyl-1,3,5-triazine-2-thione has been measured in
produced water at concentrations between 0.01 and 1.6 mg/L (Orem et al., 2014).

While pyrite can bind to a range of compounds, sulfur-containing species are particularly
likely to approach the surface (Bebié and Schoonen, 2000). This study proposes that the
reactivity of dazomet will change at the water-mineral interface. In order to assess this
difference, it was important to also understand the influence of temperature and water
chemistry. This was done by accomplishing the following tasks: Task 2.1 is to determine the
rates of dazomet hydrolysis with pH, temperature, and ionic composition; and Task 2.2 is to

determine the mechanism of dazomet degradation due to the addition of pyrite.



Objective 3. To identify the reactivity of various biocide functional groups due to the
addition of pyrite.

While the initial objectives have targeted the degradation of more reactive compounds,
this objective targets the degradation of more recalcitrant biocides. Four biocides are
investigated with very different functional groups: dibromodicyanobutane, methylene
bis(thiocyanate) and two isothiazolinones — benzisothiazolinone and methyl isothiazolinone.
The result of this work is to identify functional groups relevant to biocides that are responsible
for the reduction of these biocides with pyrite. This was accomplished by the completion of Task

3.1: to determine the reactivity of specific functional groups at the pyrite-fluid interface.

1.4 Thesis Organization

This dissertation consists of six chapters. Chapter 1 discusses the motivation, problem
identification and research objectives. Chapter 2 presents a review of the state of knowledge of
significant sorption and transformation mechanisms that occur between major shale minerals
and organic compounds at the mineral-fluid interface. Chapter 3, 4 and 5 describe the methods
and materials, results and discussion for objectives 1, 2 and 3, respectively. These chapters
progress from specific case studies of biocides to more general research generating fundamental
understanding of pyrite-organic reactions. Lastly, chapter 6 summarizes the conclusions, novel

contributions and suggestions for future work.
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Chapter 2 Review of mineral and biocide properties
influencing biocide sorption and transformation in the

Marcellus Shale

The information presented in this chapter will appear as a publication in a peer-reviewed
journal with the tentative title "Review of mineral and biocide properties influencing biocide
sorption and transformation in the Marcellus Shale" by Nizette Consolazio, Gregory V. Lowry, J.

Alexandra Hakala and Athanasios K. Karamalidis.
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2.1 Abstract

Biocides are being used as chemical additives in hydraulic fracturing fluids to control
microbial activity in the subsurface. When biocides are released into the subsurface, their fate is
controlled by sorption to solids and/or heterogeneous electron transfer (redox) reactions at the
mineral-fluid interface. This Chapter reviews the literature and synthesizes data and
information from various fields to identify the major minerals that may impact biocide sorption
and reactivity. To achieve this goal, the chemical and physical properties of quartz, illite,
chlorite, pyrite, calcite and dolomite are presented and their reactions with organic compounds
similar to biocides are identified. Although biocides are often thought of as a coherent group of
chemical compounds, they are structurally diverse and possess various chemical reactive
groups. However, certain properties are common across the chemical structures. Oxygen-
containing groups dominate the class and the carbonyl (-C=0) substructure is integrated into
many biocides. The biocides are also classified according to their charge in water and any
surfactant-like properties: cationic biocides (with surfactants placed within their own separate
group), acidic, basic, and neutral biocides. Cationic surfactant biocides were shown to sorb to
every mineral due to multiple mechanisms for sorption. Clays, because of their negative surface
charge and comparatively high surface are make excellent sorbents of positively charged
biocides (cationic and basic biocides). Despite the high concentrations in shale formations, the
sorption to organic matter is expected to be limited due to the very polar groups found in
biocides. Pyrite stands as the mineral most likely to cause transformation of biocides due to its
ability to reduce halogenated organic compounds and initiate Fenton-like reactions which
generate non-specific hydroxyl radicals. Carbonate minerals act as physisoprtion sites for

negatively charged biocides and potential chemisorption sites for biocides possessing a carbonyl
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group adjacent to another electronegative group. However, the rapid dissolution of this mineral

limits its persistence at the mineral-fluid interface.
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2.2 Introduction

During the shut-in phase of hydraulic fracturing, the reactions that take place at the
mineral-fluid interface play an important role in the fate of the minerals, fluid and the dissolved
species. The introduction of hydraulic fracturing fluid into newly fractured shale formations
leads to chemical disequilibrium (Harrison et al., 2017). When the thermodynamic equilibrium
at the interface is disturbed, matter and energy are transferred through chemical reactions to
establish a new chemical equilibrium (Hinman, 2013). At the micro level, these heterogeneous
processes amount to the attachment and detachment of fluid molecules to mineral surfaces. At
the macroscopic level, they have shaped the planet, responsible for the distribution of nutrients,
the concentration of CO. in the atmosphere, and the geochemical cycling of the elements (Teng,
2005). An understanding of theses reactions is vital in order to predict the long-term effects of
this anthropogenic activity over across temporal and spatial scales (Brantley et al., 2008).

The impact of the hydraulic fracturing fluid on the mineral surface has been the subject
of much interest, as research in this field can help to maximize well productivity. This is
particularly true during the shut-in phase of the hydraulic fracturing process where the fluid
interacts with the formation for days to weeks (Paukert Vankeuren et al., 2017; Fakcharoenphol
et al., 2013). In fact, fracking fluids are designed to interact with, and change the properties of,
formation minerals. Acids cause dissolution of some rocks and initiate fractures. Antiscalants
inhibit the thermodynamically favored precipitation of minerals. Surfactants reduce the surface
tension at the mineral-fluid interface, altering the wettability of the rock.

This chapter focuses on the effect of the mineral surface on the fate and transport of
biocides. This study proposes that this can be done by identifying and categorizing the common
biocides used, as well as the minerals found in the Marcellus Shale, the largest producing shale

gas formation. By understanding the properties of each these components, it is possible to
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anticipate how they may interact. The environment of the system is also influential. In this
study, the range of pH of the fluid at the mineral interface was assumed to be equal to that
recorded for produced water, i.e. 5.2 to 8.9 (Hayes, 2009). The effect of ionic strength is also
considered as the median salinity of the Marcellus Shale is 250,000 mg/L (Rowan et al., 2011).
Temperature is also an important factor as it spans span a wide range within the formation, 27 -
93°C, averaging 61°C (Dilmore et al., 2015).

This review draws from the great quantity of previously documented data that exists for
organic compounds of comparable physicochemical properties, including research from the
fields of geochemistry, soil science, mining engineering and environmental science. Although
both inorganic and organic biocides are used, the fate of the latter is more complex as they
undergo a wider variety of transformation and sorption. When released into the subsurface,
their fate is controlled by sorption to solids and heterogeneous electron transfer (redox)
reactions (Martin et al., 2015; Grundl and Sparks, 1999). The rate of reaction at the mineral-
fluid interface is also promoted by the increased surface area of the induced fractures (Walton
and Woocay, 2013). The sorption of these biocides will define the ultimate fate, bioavailability
and toxicity of these biocides.

The goal of this chapter is to establish a qualitative picture of the environmental fate of
the organic biocides at the mineral-fluid interface within the Marcellus Shale. The initial task of
this review was to summarize the physical and chemical properties of biocides used in hydraulic
fracturing. Then, the balance of the review presents the chemical and physical properties of each
major mineral component of the Marcellus Shale and identifies published literature on the
reactions of organic compounds similar to the biocides. The final task is to then anticipate
sorption and transformation mechanisms at the mineral-fluid interface. This approach will

consequently identify reactions of interest for more focused study.
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2.3 Common biocides used in the Marcellus Shale

2.3.1 Physical and chemical properties of biocides

Many states, including Pennsylvania have adopted FracFocus, the hydraulic fracturing
chemical registry for the disclosure of the chemical additives used for hydraulic fracturing.
Forty-five unique compounds have been reported for use in biocidal formulations (Kahrilas et
al., 2015; Rogers et al., 2015; Stringfellow et al., 2014; Carter et al., 2013; Elsner and Hoelzer,
2016). Of these, 22 biocides were organic compounds identified by the US Environmental
Protection Agency (EPA) as “active ingredients” (Office of Pesticides and Toxic Substances,
1992). Table 2-1 lists the identifiers, structures, reactive functional groups, and key
physicochemical properties (solubility, log P and polar surface area, PSA) of biocides reportedly

used in the Marcellus Shale.
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Table 2-1. The common name, CAS number, structural and physical properties of biocides selected for this study. Note: log P is the
logarithm of the partitioning between octanol and water and PSA is the polar surface area of the compound, as modeled by SciFinder.

Biocide name Structure Reactive groups MW Physical properties Ionization
(CAS#) (g/mol)
Acrolein 0 Alkene, C=C 56.06 Solubility: 66.2 g/L. | none
(107-02-8) H2C§A Aldehyde, C=0 Log P: 0.263
"’ PSA: 17.1 A2
Alkyl dimethyl or Long carbon chain 368.04 - Dissociates
benzyl ammonium 5 \/@ Phenyl ring
chloride e T Quaternary
(For example , CHy ammonium ion, N*R,
139-08-2) Long carbon chain
Benzisothiazolinone Phenyl ring 151.19 Solubility: 0.56 g/L | pKa (acidic) =
(2634-33-5) @;}m Carboxamide, - Log P: 1.953 10.19
C(=0)N(R>) PSA: 54.4 A2 pKa (basic) =
) Sulfide, -S- -1.97
Bronopol o Bromide, -Br 199.99 Solubility: 86 g/L pKa (acidic) =
(52-51-7) /q» P Alcohol, -OH Log P: 1.150 12.02
N Nitro, -NO, PSA: 86.3 A®
1-Bromo- Chloride, -Cl 241.47 Solubility: 7.2 g/L pKa (basic) =
3-chloro-5,5- 0 Bromide, -Br Log P: 1.134 -3.44
dimethylhydantoin . MH: Aminal - PSA: 40.6 A2
(16079-88-2) RO C(NR)(NR.)
%N\ Carboxamide, -
= = C(=O)N(R.)
Chloromethyl- . Alkene, C=C 149.60 Solubility: 10 g/L pK. (basic) =
isothiazolinone c Nyt Sulfide, -S- Log P: 0.487 -4.06
(26172-55-4) \ Chloride, -Cl PSA: 45.6 A2
X Carboxamide, -
C(=0)N(R.)
Dazomet i Aminal, - 162.28 Solubility: 4.9 g/L pKa (basic) =
(533-74-4) HJC\NJ\S C(NR2)(NR.) Log P: 0.639 4.04
Dithiocarbamate, PSA: 63.9 A2

N(R.)C(=S)SR
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Dibromodi- ; . Bromide, -Br 265.93 Solubility: 0.82 g/L | none
cyanobutane (35691- “=j'_/7 Nitrile, -C=N Log P: 1.515
65-7) 4 PSA: 47.6 A2
Dibromonitrilo B o Bromide, -Br 241.87 Solubility: 4.1 g/L pKa (acidic) =
propiamide N — Nitrile, -C=N Log P: 1.061 11.72
(DBNPA) (10222-01- - Amide, -C(=O)N(R2) PSA: 66.9 A2 pK. (basic) =
2) Br : -1.87
Didecyl dimethyl Long carbon chain 362.083 Solubility: 0.65g/L. | dissociates
ammonium chloride | e EH N Quaternary Log P: 2.59
(7173-51-5) \/\/\/\/\4\/\/\/\/\/ ammonium ion, N+R,
Dimethyloxazolidine o Hemiaminal, -C(OH) | 101.15 Solubility: 256 g/L. | pKa (basic) =
(51200-87-4) 7 (NR2)- Log P: 0.237 8.41

He NH PSA: 21.3A2

CH;,

Formaldehyde, o Aldehyde, C=0 30.03 Solubility: 198 g/L. | none
paraformaldehyde Log P: 0.350
(50-00-0) H)J\H PSA: 17.1 A2
Glutaraldehyde (111- o o Aldehyde, C=0 100.12 Solubility: 19 g/L none
30-8) Y\/\f Log P: -0.264

" " PSA: 34.1 A2
Grotan or Actane ' Alcohol, -OH 219.28 Solubility: 1000 g/L | pKa (acidic) =
(4719-04-4) H Aminal, - Log P: -1.270 14.16

\ C(NR.)(NR») PSA: 70.4 A2 pKa (basic) =
b 5.44
Hj/\/N\/“\L
Methylene s s Thiocyanate, -SC=N 130.19 Solubility: 23 g/L none
bis(thiocyanate) // ~ \§ Log P: 0.630
(6317-18-6) i " PSA: 98.2 A2
Methyl . Alkene, C=C 115.15 Solubility: 24 g/L pK. (basic) =
isothiazolinone Syt Sulfide, -S- Log P: 0.119 -2.03
(2682-20-4) \ Carboxamide, - PSA: 45.6 A2
o] C(=O)N(R2)
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Peracetic acid o Peroxyacid, - 76.05 Solubility: 389 g/L. | pKa (acidic) =
(79-21-0) M C(=0)O0H Log P: -0.301 8.08

meroe PSA: 46.5 A2
Quaternium-15 ol Long carbon chain 251.155 Solubility: 127.2 97.8%
or CTAC I Alkene, C=C g/L dissociated
(4080-31-3) Chloride, -Cl Log P: -0.1

N Alcohol, -OH PSA: 9.7 A2
@ a Aminal, -
N N C(NR:)(NR,)
g
Tetrakis HO Alcohol, -OH 406.276 Solubility: 1000 g/L | Dissociates
hydroxymethyl k Vo I Phosphonium, PR, Log P: -20.39
phosphonium sulfate . _/PW i
(55566-30-8) L °
Thiocyanomethyl //“ Phenyl ring 238.35 Solubility: 0.076 pKa (basic) =
thiobenzothiazole / Imine, -C=NR g/L -0.09
(21564-17-0) s © Sulfide, -S- Log P: 3.120
N/>' N Thiocyanate, -SC=N PSA: 116 A2

Trimethyloxazolidin °7 Hemiaminal, -C(OH) | 115.17 Solubility: 250 g/L. | pKa (basic) =
e (75673-43-7) P (NR2)- Log P: 0.387 7.58

Tl e PSA: 12.5 A2
Tributyl tetradecyl " Long carbon chain 435.158 Dissociates
phosphonium \_\ \)/ = Phosphonium, P+R,
chloride he F

(81741-28-8)
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Although biocides are often thought of as a coherent group of chemical compounds, they
are structurally diverse with a range of chemical functional groups. While many heteroatoms are
represented (for example: halogens, sulfur, nitrogen), oxygen-containing groups dominate the
class. In particular, the carbonyl functionality (C=0) is integrated into many biocides, either as
the simple aldehyde group or in more complex arrangements such as carboxamides, -
C(=0)N(R.). There is also an assortment of structures: ten biocides exhibit ring structures and
three possess aromatic (phenyl) rings; four possess long alkyl chains consisting of 8 or more
carbon atoms. Figure 2-1 presents the number of biocides possessing at least one of the
functional groups identified, highlighting the most common functional groups and the most

reactive compounds. Table 2-2 presents the data in table form.

» .
g Functional group
- Q
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= T ~ -~ s
8% ¢ 5§ E g8¢ ¢
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20 & O Y9 FRY 2999 YUY HFH §
Acrdein ]
Alkyt dimetbyl benzyt ammonium chlaride | [l & o)
Benzisoiazolinone [l Hc ]
Bronapel S I3 - = -%
1-Brame-3<hiom-55dmethyhydantoin [l & =M ] B=
Chiorameth flisothiazolinone % . . 8 .
Dazamet c ] Z‘ O
Dibramodicyanobutane g = i O o =
L DBNPA © 3 ] e | =
:U Dideoyt dmethyt ammaonium chiaride . 12 (&) (E“ =
g Dimethyiaxazoidne [l ] o ‘-
L Fomaldehyde parafarmaldehyde 5 45 8
m Gutanidenyde | O b
Grotan orAdane = i
Methylene bisithiocyanate) | 09 B
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Tribut yf tetradecyl phosphonium chiaide .

Figure 2-1. Heat map displaying the reactivity of each biocide and the occurrence of each identified

functional group and structural arrangement.
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Table 2-2.The number of biocides containing at least one of functional groups and structural

arrangements identified. Functional groups are classified according to type.

Number of .
Biocides Example biocide
Heterocyclic . -
Structural (ring) 10 Dimethyloxazolidine
arrangement Carbon chain . . . .
(> 8 C atoms) 4 Didecyl dimethyl ammonium chloride
Aromatics Phenyl ring 3 Benzisothiazolinone
CH only A(lgkzege 4 Acrolein
Chloride . .
Halogen- -l 3 Chloromethyl isothiazolinone
containing Br?glrlde 4 1-Bromo-3-chloro-5,5-dimethylhydantoin
Ald:}cl)yde 3 Glutaraldehyde
CHO- Alcohol
containing -OH 3 Grotan or Actane
Peroxyacid N
-C(=0)OOH 1 Peracetic acid
Ammonium 4 Quaternium-15
N+Ry
Nitro 2 Bronopol
-NO,
CHN- Aminal 4 Quaternium-15
containing -C(NR2)(NRo)-
Nlt{lle 2 Dibromodicyanobutane
-C=N
Imine . . .
_C=NR 1 Thiocyanomethyl thiobenzothiazole
Carboxamide 4 Benzisothiazolinone
-C(=0)N(R>)
CHON- Hemiaminal . -
containing _C(OH)(NR,)- 2 Trimethyloxazolidine
Amide
C(O)N(Ry) 1 DBNPA
Su_lé“l_ de 4 Methylisothiazolinone
. . Dithiocarbamate
S-containing N(R.)C(=S)SR 1 Dazomet
Thl_osc(}:filr\llate 2 Methylene bis(thiocyanate)
P-containing Phoslg)}l}gf um 2 Tributyl tetradecyl phosphonium chloride

These numerous functional groups ultimately determine their toxicity and physical

behavior in the environment. For example, C=0-containing compounds in particular are often
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electrophilically-active substances that can react with nucleophilic groups in bacteria (Bieleman,
2000). Each biocide is either charged or possesses highly polar groups which are exemplified by
their significant polar surface areas (PSA). This accounts for their appreciable solubility which
ranges from sparingly soluble at 0.076 g/L to essentially miscible in water at 1000 g/L.
Hydrophobic moieties such as Br and phenyl rings greatly increase the hydrophobicity of some
compounds: only the biocides containing these groups have octanol/water partition coefficients
(Kow) greater than 100. Nitrogen-containing functional groups are also more likely than others
to be positively charged. Biocides with quaternary ammonium (or quaternary phosphonium)
groups are positively charged at all pHs. The biocides with a basic pKa between 5.2 - 8.9 (i.e.
dazomet, grotan, di- and tri-methyl oxazolidine) all contain nitrogen within their structure.
These varied groups undergo different chemical reactions (for example hydrolysis or

nucleophilic substitution) leading to a wide range of persistence in the environment.

2.3.2 Mechanisms for sorption

Given the diverse properties of biocides, various mechanisms exist to explain the
sorption of these biocides molecules from solution to the mineral surface. To approach a
charged mineral surface, a biocide must first displace the water molecule previously sorbed to
the surface. Thus, highly polar chemicals can usually compete with the water molecules.
Adsorption may occur by either chemisorption, the formation of specific bonds between biocide
and mineral surface; or physisorption, which relies on intermolecular forces such as hydrogen
bonding or electrostatic attractions to provide the attraction between the biocide and surface.
Ion exchange occurs when a charged biocide displaces a similarly charged ion from the surface
of the mineral. The adsorption of compounds to mineral surfaces of similar charge may occur
through “bridging”. Here, an intermediary ion of opposite charge first sorbs to the surface,

changing the apparent surface charge and causing a mutual electrostatic attraction for the

25



chemical and mineral surface. By contrast if the biocide dissolves into the bulk mineral phase,
absorption occurs. These mechanisms are summarized in Figure 2-2. Although these definitions
are useful in principle, in practice, it may be difficult to distinguish between specific
mechanisms. In fact, in heterogeneous systems, multiple sorption mechanisms may be

occurring simultaneously.

KEY
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0 Biocide surface
| | |
I |
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} I : Cation
I ; | bridging
I |
h ‘ 9 --3 Me :
} " _9 Hydrogen -~ lon exchange ‘0:1:
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Figure 2-2. Illustration of possible sorption mechanisms of organic biocides onto mineral surfaces
Due to their amphiphilic nature, the sorption of cationic surfactant biocides can occur

via two mechanisms and result in pronounced effects on the wettability and electrostatic
properties of the mineral. Here, surfactants are defined as possessing a charged hydrophilic
group (head) and a hydrophobic group or tail consisting of at least 8 carbon atoms. The first
sorption mechanism is the electrostatic sorption of the charged head to the oppositely charged
mineral surface. The hydrophobic chains which extend into the fluid can then stabilize other
surfactant chains to form hemimicelles. The hydrophobic chains may also sequester other apolar
compounds to the surface (Fuerstenau and Jia, 2004; Somasundaran and Zhang, 2006;
Scheider et al., 1994). If the solid surface is itself hydrophobic, then the long hydrophobic chains

adsorb, leaving the charged head to interact with the fluid.
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Thus, to facilitate the discussion of mineral-fluid interactions, the biocides were also
classified according to their charge in water and any surfactant-like properties, Figure 2-3a. Five
main groups are represented: cationic biocides (with surfactants placed within their own
separate group), acidic, basic, and neutral biocides. Figure 2-3b demonstrates visually how pH
affects the overall charge of selected groups. Of the 22 biocides, the largest class was that of
neutral biocides, i.e. compounds with no ionizable functional groups within 2 pH units from the
pH range for produced water (pH 5.2 - 8.9). Interestingly, all of the surfactant biocides were
cationic and several of the biocides possess a permanent positive charge or acquire one at low
pH (basic biocides). No anionic biocides were identified. Positively charged biocides may be
particularly useful as they are electrostatically attracted to the negatively charged bacterial cell
walls (Carmona-Ribeiro and de Melo Carrasco, 2013). Several biocides dissociate into an

inorganic anion and an organic cation. Only the latter was considered for this study.
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Figure 2-3. (a) Classification of biocide used in the Marcellus Shale according to dissociation in
aqueous solutions. The biocides were compiled from Kahrilas et al., 2015, Rogers et al., 2015,
Stringfellow et al., 2014, Carter et al., 2013 and Elsner and Hoelzer, 2016. The physical properties
were estimated from the Chemical Abstracts Service, SciFinder (2017) and the PubChem compound

database (2017). (b) Changes in net charge of cationic, neutral, basic and acidic biocides with pH.

2.4 Mineralogy of the Marcellus Shale

Extending southwest from New York state through Pennsylvania into West Virginia, the
Marcellus Shale covers 50,000 square miles (Bruner and Smosna, 2011). It is the lowest unit of
the clastic sedimentary layers in the Middle Devonian which accumulated 390 — 360 million
years ago (Soeder, 2010). In 2015, proved reserves in the Marcellus Shale stood at 72.7 trillion
cubic feet in 2016 (US EIA, 2016).

Shale is a highly consolidated composite of clay-sized particles and rock types (Figure
2-4). The characteristic dark color of black shales stems from compositions of organic carbon
greater than 2% (Nijenhuis et al.,, 1999). The mineralogy of the Marcellus Shale consists
predominantly of quartz, SiO.; illite, KAl.(AlSi;0.,)(OH),; chlorite, (Al,Fe,Mg)s(Al,Si),0:0(OH)s;
calcite, CaCO,; dolomite, CaMg(CO,).; and pyrite, FeS, (Wang and Carr, 2012; Roen, 1984;
Emmanuel, 2014; Fortson, 2012; Chalmers et al., 2012; Curtis et al., 2010, Tiab and Donaldson,
2004). In a typical sample, the phyllosilicates (quartz and clays) make up the largest portion of

the shale matrix although the distribution varies widely between samples.
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Major minerals of
Marcellus Shale

Silicates Carbonates Sulfide minerals Organic Matter
Calcite L Pyrite Petroleum
Phyllosilicates (0 - 27 vol%) (0 - 13 vol%)
Dolomite Kerogen
(0 - 6 vol%) (0 - 19 wt%)

Illite
(0 - 45 vol%)

Chlorite
(0 - 22 vol%)

Figure 2-4. Flow chart classifying the major minerals of Marcellus Shale minerals. The major
groupings used in this review are shown in blue and the minerals investigated in detail are
highlighted in yellow. The values in parentheses indicate the 25th to 75th percentiles corresponding
minerals as determined by XRD and geochemical data (Wang and Carr, 2012)

Mineral surfaces are charged in aqueous solutions, and the sign and magnitude of this
charge is dependent on, among other factors, pH. At the water interface, the unsatisfied groups
on the edges of the crystals are hydrolyzed resulting in the loss of gain of a proton (H+*). This
charge can be described as the point of zero charge (PZC) or pH at which the mineral surface is
uncharged. It may also be quantified as the isoelectric point (IEP) or the pH at which there is a
net neutral electric field. Although PZC and IEP are sometimes used interchangeably, the latter
shifts if specific sorption of potential determining ions (PDIs) occurs. The mineral surface will
be negatively charge at any pH higher than the IEP, and positively charged when the pH falls

below.

2.5 Quartz

Quartz (SiO,) is the largest, single component of shale samples, accounting for

approximately 40 vol% (Roen, 1984; Wang and Carr, 2012; Emmanuel, 2014). Its prevalence
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and persistence are in part due to its low solubility and high stability which comes from its
three-dimensional network of SiO. groups (Morey et al., 1962; Knauss and Wolery, 1988).
Quartz also has very low surface areas: even finely ground powders have surface areas of less
than 1 m2/g (Klimesch et al., 1996; Meloni et al., 2012). At the quartz-water interface, the silanol
(=Si-OH) groups hydrolyze to form Si-O- groups. With an IEP below 2 (Kosmulski, 2014), a
clean quartz surface is always negatively charged at the pH range observed in the Marcellus

Shale. The structure of clays is unlikely to be affected by the hydraulic fracturing fluid.

2.5.1 Sorption to quartz

The sorption of biocides to quartz is likely to be predicted by charge. In particular,
positively charged biocides can displace water molecules within the diffuse layer to adsorb onto
the negative surface of quartz. The influence of ionic strength, pH and temperature has been
shown with methylene blue, a cationic organic dye (Jada and Ait Akbour, 2014). Increasing the
ionic strength of the solution reduced sorption, due to an increased competition for surface
sites. This competition is more pronounced with larger, loosely hydrated cations, as they can
bind more tightly to the quartz surface. As pH is increased, the quartz surface becomes more
negatively charged, enhancing sorption. Although an increase in temperature often leads to a
decrease in sorption (Goss, 1992), the opposite was found to be true for methylene blue. This is
likely due to compound-specific changes in the planarity of with temperature (Fontecha-Camara
et al., 2006). Basic biocides which dissociate at higher pH will likely sorb to the surface.

The sorption of cationic surfactant biocides may lead to the apparent sorption of less
polar, neutral biocides. Cationic surfactants such as dodecylammonium chloride and
dodecylpyridinium chloride have been shown to sorb onto the quartz surface (Li, 1958;
Fuerstenau and Jia, 2004). At low concentrations of surfactants, the positively charged

hydrophobic head approach the quartz surface, leaving the hydrophobic tail to interact with the
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surrounding fluid. Consequently, this leads to further sorption of surfactants as the hydrophobic
alkyl tails undergo favorable interactions. Alternatively, the small apolar molecules may
partition from the surrounding fluid to these hydrophobic chains at the surface (Schieder et al.,
1994).

In general, neutral biocides cannot compete with water molecules and dissolved cations
sorbed on the quartz surface. Extremely hydrophobic, insoluble compounds such as PAHs have
been shown to gain thermodynamic stability by sorbing to the vicinal water near the quartz
surface (Miiller et al., 2007). However, compounds with a log Kow less than 2 will not undergo
significant sorption to quartz surface (Barrett et al., 1994). This suggests that the only neutral
biocide that may sorb to quartz is thiocyanomethyl thiobenzothiazole (KOW of 1031) although its
relatively high solubility will combat this effect. At very high ionic strengths, cation bridging may
become possible, resulting in the partitioning of negatively charged biocides to the quartz

surface.

2.5.2 Transformation due to quartz

The transformation of biocides due to quartz is not likely. Quartz is extremely stable
hence unreactive due to its three dimensional silica structure. Although the generation of quartz
dust is known to produce highly redox active hydroxyl (*OH) radicals (Narayanasamy and

Kubicki, 2005), this is likely negligible in aqueous systems.

2.6 Clays

Clay minerals are pervasive throughout the Marcellus Shale formation: one study reports
clay minerals in every sample tested (Emmanuel, 2014; Hosterman and Whitlow, 1981). The two

most detected clays are illite, KAl,(AlSi;O,0)(OH). and chlorite (Al,Fe,Mg)s(Al,Si),0.0(OH)s with
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median values of 30 vol% and 8 vol% respectively. The structures of these clays lend
tremendous insight into their influence of the movement of organics in the subsurface.

Illite and chlorite are both 2:1 clays, comprising layers of octahedral aluminum oxide
sheets each sandwiched between two layers of tetrahedral aluminum oxide sheets. These
tetrahedral-octahedral-tetrahedral (TOT) layers are slightly negatively charged due to the
presence of electron donating oxygen atoms on the surface (Hsu, 1999). The unbound =Al-OH
(PZC of 8.5) and =Si-OH (PZC of 2) groups on the edges of the crystals hydrolyze in water,
resulting in modest, but noticeable pH dependent positive and negative charges (Sposito and
Grasso, 1999; Wainipee et al., 2013). Isomorphic substitutions on the surface of the TOT sheets
result in a larger permanent charges. Here, cations with lower charges such as Al3+, Fe2+ or Mg2+
replace those with higher charges, (Si4+ or Al3+) (Sposito and Grasso, 1999; Schwarzenbach et
al., 2003). These negatively charged TOT sheets are balanced by a positively charged interlayer.
In illite, this consists of poorly hydrated potassium ions. In chlorites, this is a brucite-like (Mg2*,
Fe3*)(OH)¢ layer. In other clays such as smectite or montmorillonite, water can enter these
sheets, forcing the layers apart when wet. However, illite and to a greater extent chlorite are
considered “non-swelling” clays due to the strong electrostatic forces holding the layers together
(Foster, 1954).

These structural properties result in the observable characteristics of these clays. Illite
possesses an IEP of 2.8 (Nagaraj and Ravishankar, 2007; Hu et al., 2003), and for chlorite, this
lies between 2 and 2.5 (Tan et al., 2013; Alvarez-Silva 2010). The ability of clays to attract
positively charged species is measured as the cation exchange capacity or CEC. Unlike many
other clays, the major clays in the Marcellus Shale possess relatively low surface areas and CECs.
Chlorite has a surface area of 10 to 40 m2/g. Illite’s is slightly higher, at 65 to 100 m2/g. By
contrast, montmorillonite has a surface area between 600 to 800 m2/g. This difference stems

from increased access to the interlayer surface area of the latter (Bailey and White, 1964;
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Antognozzi et al., 2006; Altin et al., 1999; Burgos et al., 2002). Thus while montmorillonite clays
boasts CEC values between 80 and 150 meq per 100 gram clay, the CEC of illite and chlorite lie
between 10 and 40 meq per 100 gram clay. Illite and chlorite are hence much less reactive than
kaolinite and montmorillonite clays and are consequently featured less often in scientific
studies. Acid treatment may alter the structure of clays, usually increasing the available surface
area for adsorption (Jozefaciuk and Matyka-Sarzynska, 2006; Jozefaciuk and Bowanko, 2002).
The hydraulic fracturing fluid on the other hand has been shown to have little effect on the

structure of these clays (Dieterich et al., 2016).

2.6.1 Sorption to clays

Clays are excellent adsorbents for cationic and basic biocides such as the tetrakis
hydroxymethyl phosphonium cation and dimethyloxazolidine. Due to the permanent negative
surface charge on the TOT layers, cationic biocides are electrostatically adsorbed to clay
minerals (Koppelman, 1980; Siobhan and Roubaud, 1997; Cornejo, et al., 2008, Bansal and
Bansal, 1980). This sorption is comparable to that experienced with (but may decrease on the
addition of) natural organic matter (NOM) (Droge and Goss, 2013; Bansal and Bansal, 1980). In
addition, the dissociated water molecules that are sorbed to the negatively charged TOT sheets
can behave as proton donor sites resulting in clay minerals surfaces 2 to 4 pH units below the
pH of the bulk fluid (Stevens, 1998; Bhattacharyya and Gupta 2008; Bailey et al., 1968). The
presence of these acidic sites on the surface of clay favors the protonation and adsorption of
basic compounds such as atrazine (Herwig, et al., 2001). As ionic strength increases, sorption is
expected to decrease as inorganic cations compete for limited sorption sites on the clay surface
(Fil et al. 2016; Droge and Goss, 2013). The effect of temperature is more difficult to predict as it
can affect the rate of sorption, desorption and solubility of the organic compound, all which

affect overall affinity to the clay surface (Fil et al. 2016; Bansal and Bansal, 1980; Adeyemo et al.,
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2017). By comparing the sorption of a wide variety of cationic amines (-N+R,) Droge and Goss
(2013) found that in general, sorption increased as the size of the molecule increased and as the
order of the amine increased. However, the addition of other polar groups decreased sorption.
This is suggests that the sorption of the cationic biocide tetrakis hydroxymethyl phosphonium
and the basic biocide grotan will be tempered due to their multiple polar groups.

Similarly, the sorption of cationic surfactants such as the quaternary ammonium
surfactants (alkyl dimethyl benzyl ammonium chloride and didecyl dimethyl ammonium
chloride) is favorable, enhanced by hydrophobic interactions. Fourier transform infrared
spectroscopy (FTIR) shows that sorption initially occurs via electrostatic attraction and, if
possible hydrogen bonding (Huang et al., 2013). In a study investigating the sorption of
octadecyltrimethylammonium bromide, a cationic surfactant onto illite, it was estimated that
surfactant sorption exceeded the CEC of the clay by 410% (Sanchez-Martin et al., 2008).
Langmuir type graphs indicate that the hydrophobic attractions are equally as favorable as
electrostatic ones: there was no plateau or break in the isotherm to indicate a switch from
monolayer electrostatic attraction to sorption of hemicelles. At lower concentrations, cationic
surfactants on the surface of clay may increase the sorption of neutral species (Sanchez-Martin
et al., 2006; Laha et al., 2009; Klumpp et al., 1993).

The effect of pH is complex due to the pH dependence of both the molecule and the clay
surface. For example, we consider the amphoteric pesticide oxamyl (Bansal and Bansal, 1980).
At low pH, some fraction of the compound exists in the protonated form which favors sorption
onto the clay. As the pH increases, the clay become more negatively charged, resulting in an
overall increase in sorption. However, as the pH is further increased, the organic compounds in
turn became deprotonated, losing their affinity for the clay surfaces. Studies investigating the
ability of cationic surfactants to adsorb to illite for the recovery of useful mineral ores show that

as pH increases, sorption generally decreases (Deng et al., 2016; Xia et al., 2009). This is due to
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enhanced competition with the solution cations or protonation of the surfactant. The result is
that affinity for positively charged biocides will peak around neutral pH.

Due to the negatively charged surface, the sorption of any anionic biocides is expected to
be limited. Although negatively charged pesticides are not usually well retained, sorption may
occur via one or both of two mechanisms (Errais et al., 2012; Cornejo et al., 2008). The first is
the use of an electrolyte cation as a bridge or intermediate. Experiments with salicylic acid (a
negatively charged organic molecule) and illite illustrate that as Na+* concentration is increased,
sorption also increases due to more “bridging” cations. The second is sorption to the unbound
=Al-OH. and =Al-OH groups at the clay edges via ligand exchange. In this case, increasing pH
leads to a decrease in the sorption of deprotonated (negatively charged) salicylic ions as fewer
easily exchangeable =Al-OH, become available (Kubicki et al., 1997).

The sorption of neutral biocides is also predicted to be limited, except in the case of
bronopol. Because all the biocides surveyed are polar and soluble, they are expected to partition
weakly (if at all) to clay surfaces due a combination of van der Waals forces and H-bonding
(Herwig et al., 2001; Weber, 1970; Hermosin et al., 1982; Laird 1996; Lagaly, 2001). Nitro
aromatic compounds (NACs) have been shown to strongly sorb to illite clays (Haderlein et al.,
1996). This sorption is due to limited solubility of NACs in water and the presence of electron-
withdrawing aromatic nitro groups which chemisorb to the electron-rich siloxanes oxygen atoms
on the illite TOT sheets. Although none of the biocides are NACs, bronopol does have a nitro

group which may enhance its sorption.

2.6.2 Transformation with clays

Illite and chlorite may contribute to the reduction of reducible biocides due to the redox
properties of structural iron. Illites and chlorite clays possess structural Fe! and Fe!! (Seabaugh

et al., 2006; Jaisi et al., 2007). The latter has to potential to contribute some redox activity.
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Smectite clays, particularly those with high amounts of iron have been shown to reduce NACs
and polychlorinated alkanes (Hofstetter et al., 2003; Neumann et al., 2009). The fraction of
redox-active species was found to depend on the total Fe content; the layer charge; and
molecular scale Fe-O bond lengths of the clay (Gorski et al., 2013). Little research has
investigated the phenomenon with chlorite and illite clays, but experiments illustrating the
microbial reduction of Fe I in these minerals suggest that the structural iron may be accessible
to chemical redox activity (Jaisi et al., 2007). However, this is likely to be limited by illite and
chlorite’s non-expanding structure and relatively few structural defects which may increase the
reaction surface area (Seabaugh et al., 2006).

Illite may catalyze the hydrolysis of some hydrolysable biocides such as DBNPA. In
experiments investigating the effect of clay minerals on carbamates, Wei et al. (2001) found that
illite, along with other clay minerals could hydrolyze the pesticides carbosulfan and aldicarb.
Interestingly, montmorillonite was shown to inhibit the degradation of chlorpropham, and had
no significant effect on other carbamate pesticides carbofuran and primicarb. Despite having
similar reactive groups (that is, the carbamate functionality, -NHC(O)O-) the effect of clays
varied widely. The difference in reactivity was attributed instead to the structural properties of
each of these related pesticides. Chlorpropham hydrolysis was inhibited due to its ability to
penetrate into and be protected by the interlayer spaces of montmorillonite. Because illite and
chlorite are non-expanding clays, they are unlikely to inhibit the catalysis of biocides in this way.
Carbosulfan and aldicarb were both hydrolyzed, because only these pesticides possessed a
carbonyl functionality and nitrogen-containing group separated by a flexible aliphatic chain of
one or two atoms. Figure 2-5 contrasts the structures of carbosulfan and primicarb. This allowed
the sorption of carbosulfan to the clay surface, where it was hydrolyzed either due to the surface
acidity of the clays or the formation of surface chelates which promote the attack of H.O

molecules. As DBNPA also has a carbonyl group separated from a nitrogen-containing group,
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enhanced sorption of illite is likely, but experimental work will need to be done to determine
whether illite can catalyze this reaction. The addition of other organic compounds or salts is

likely to decrease this catalysis.
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Figure 2-5. (a) Molecular structure of carbosulfan, indicating points of sorption to clay surfaces as

suggested in Wei et al., 2001 (b) Molecular structure of primicarb

2,7  Carbonates

Calcite minerals in sedimentary rocks originate from the exoskeletons of marine animals
and the direct precipitation of the mineral. Dolomite is generally authigenic (Emmanuel 2014).
Calcite and dolomite are usually present at low levels in black shales (3 vol% and 2 vol% in the
Marcellus Shale, respectively) but have been detected at concentrations greater than 9o vol%
(Wang and Carr, 2012). Many more studies have been conducted on calcite than dolomite,
leading to a larger repository of data, but in aqueous systems, both minerals react in a similar
manner (Pokrovsky et al., 1999). Carbonate dissolution is accelerated in acidic solutions. At
25°C and pH of 7, calcite and dolomite dissolution rates lie at 107 and 10° mmol cm=2 s,
respectively. Decreasing the pH drastically increases dissolution rates by 2 — 3 orders of
magnitude (Plummer et al., 1979; Morse and Arvidson, 2002). Hydrochloric acid may be used

by operators to chemically initiate fracturing of the formation (King, 2012). This acid
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preferentially dissolves these soluble minerals. Because of their rapid dissolution the abundance
of carbonates in hydraulically fractured shale is expected to be much lower than that of pristine
shale samples. The carbonate also acts as a buffer, so that shales with higher carbonate
concentrations generate produced water with higher pH (Paukert Vankeuren et al., 2017;
Harrison et al., 2017; Marcon et al., 2017).

In water, calcite surface groups react with the divalent cations, Me2*, and CO42/HCO5" to
develop the overall surface charge. As the Me2* concentrations in solution increase, the surface
of the carbonate becomes more positively charged. And as CO52/HCO; concentrations increase,
the surface becomes more negative. Thus, the point of zero charge (PZC) of the carbonate
system depends on the pH, partial pressure of CO2 and the Me2* potential determining ions
(PDIs) in solution (Moulin and Roques, 2003; Vdovi¢, 2001). In light of the best estimates for
calcite and dolomite isoelectric points (IEPs), the carbonates would be positively charged for

most pHs of interest (Ma et al., 2013; Pokrovsky et al., 1999; Kosmulski, 2009).

2.7.1 Sorption to carbonates

The sorption of biocides with carboxyl functional groups, —C(O)OH, can occur by the
substitution of the carboxyl group for the CO; group in carbonates. The chemisorption of acidic
amino acids, humic acids and fulvic acids (all negatively charged organics in aqueous solution)
has been well investigated in the literature. These organic compounds react with CO3> ions in
calcite and dolomite (Morse, 1986; Carter, 1978). Computer simulations have been employed to
discern the effects of the carbonyl (-C=0) group and hydroxyl (-OH) group. The results suggest
that in addition to carboxylic acids, hydroxy aldehydes (compound containing non-adjacent
carbonyl and hydroxyl groups) and amides (-C(=O)NR.) could undergo significant
chemisorption with calcite (de Leeuw and Cooper, 2003). This idea is supported by many

studies investigating the sorption of various pesticides onto calcite: only pesticides with these
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groups exhibited measureable sorption (Clausen et al., 2001; Kovaios et al., 2006; Giiliit and
Sayin, 1998). Thus unlike the previous minerals, the sorption of biocides to carbonates
introduces the need to consider the specific functional groups of the biocides. An interesting
sorbate would be peracetic acid. It dissociates to form a negatively charged compound which
possesses both the carbonyl and hydroxyl groups which favor sorption onto calcite. This also
suggests that there may some affinity for biocides containing amine groups such as DBNPA;
biocides with multiple carbonyl groups such as glutaraldehyde; and biocides with a carbonyl
group adjacent to another electronegative group such as bromochlorodimethylhydantoin or any
of the isothiazolinones.

Ionic strength, in general, was found to decrease sorption. In some cases, Mg2* ions were
theorized to complex with the organic compound, resulting in decreased sorption on the
carbonate surface (Lahann and Campbell, 1980). In others, negatively charged orthophosphate
was found to displace fatty acids from the surface (Zullig and Morse, 1988). Because most
studies focused on the reactions taking place in surface waters, the effect of temperature or pH
has been largely ignored (Morse, 1986).

The sorption of positively charged surfactant biocides to calcite is also likely to be
appreciable although the mechanism for this unlikely interaction is not yet clear. Although
carbonates are positively charged in the pH range of natural systems, studies have reported the
sorption  of  cationic  surfactants such as  cetylpyridinium  chloride  and
dodecyltrimethylammonium bromide (Ma et al., 2013, Duran-Alvarez et al., 2016). Multiple
explanations have been proposed. Undetectable sorption onto synthetic calcite suggest that Si
and Al impurities or sorbed natural organic matter may provide additional negative sites for
cationic sorption (Moulin and Roques, 2003). Alternatively, the sorption of cationic surfactants
may take place at the negatively charged surface groups on the calcite surface, which exist

despite a net positive charge. Theoretical and computational models using
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dodecyltrimethylammonium bromide have led to a third explanation. This cationic surfactant
possesses a relatively “soft” (viz. large and polarizable) headgroup. This results in a diffuse
positive charge that is partly spread onto the surfactant’s aliphatic, hydrophobic tail. Density
Functional Theory (DFT) models illustrate that the flexible surfactant can undergo
rearrangement in solution due to both anionic bridging and hydrophobic chain-chain
interactions to aggregate onto the calcite surface (Vlachy et al., 2009; Duran-Alvarez et al.,
2016). Considering these arguments, it is highly likely that sorption of alkyl dimethyl benzyl
ammonium chloride, quaternium-15 and didecyl dimethyl ammonium chloride will occur. By
extension, the sorption of tributyl tetradecyl phosphonium chloride is also likely. The
polarizability of phosphonium surfactants should be greater than that of corresponding

ammonium surfactants leading to even more favorable interactions with carbonate minerals.

2.7.2 Transformation with carbonates

While carbonates are themselves transformed due to dissolution and precipitation
reactions, there is very little research highlighting the role of calcite and dolomite in redox
reactions. While Nefso et al. (2005), show that of six mineral surfaces, only calcite and siderite
were able to reduce trinitrotoluene, TNT, the reduction was occurred due the presence of Fe2*,

this activity was attributed to the higher final pH rather than the carbonate structure.

2.8 Sulfides

Pyrite (FeS.) is the most frequently detected sulfide in the Marcellus Shale and is often
associated with organic matter in black shales (Curtis et al., 2010). Pyrite formation occurs
during the early stages of burial via the reaction of iron minerals and H.S from to the respiration
of sulfate-reducing bacteria under oxygen-depleted conditions (Berner, 1984). These conditions
also support the accumulation of organic matter, the ultimate source of natural gas. Thus, pyrite
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is often associated with black shales, occurring at average concentrations of 4 vol% but has been
measured at up to 24 vol% in some parts of the Marcellus Shale (Wang and Carr, 2012). Pyrite
aggregates into framboids, forming thin bands averaging 5 pm throughout the shale (Chalmers
et al., 2012; Roen, 1984; Curtis et al., 2010; Emmanuel, 2014; Lash and Blood, 2014).

The pyrite surface presents two distinct surface sites: those centered around the Fe
atoms and those on the S, dimer. While the iron sites tend to be hydrophilic, the thiol surface
sites are more hydrophobic. Under anoxic conditions and in the absence of PDIs, the PZC of all
metal sulfides including pyrite lie between 0.6 and 3.0. Solutions containing Fe2+ will result in
an increase in isoelectric potential (IEP) (Weerasooriya and Tobschall, 2005; Bebié et al., 1998).
In acidic (pH < 5) anoxic solutions, pyrite dissolves to release Fe2* into solution (Weerasooriya
and Tobschall, 2005). Parthasarathy et al. (2015) showed that pyrite dissolution may be
enhanced by the presence of that are cations such as Na* (which preferentially coordinate with
the S, dimer) but suppressed by the presence of Cl-.

Pyrite surfaces are quite complex and continually evolving in aqueous solution. Because
FeS. is a semiconductor, it can undergo electrochemical reactions. The surface of pyrite is quite
reactive: it rapidly oxidizes in air and in oxygenated aqueous solutions. In water, pyrite
generates H* ions and ferric iron (Fe3*) which further fuels pyrite oxidation (Chandra and
Gerson, 2010). In aqueous, air-saturated solutions, the pyrite surface is oxidized to form mainly
ferric (hydroxy)sulfate and at pH greater than 4, Felll oxyhydroxide forms on the surface as well
(Todd et al., 2002; Dos Santos et al., 2016). This rapid oxidation of pyrite may be the cause of
misestimated IEP: studies reporting values between 5.5 and 6.8 (as summarized by Kosmulski,
2009) may be measuring the IEP of the corresponding, and often present, iron oxide
(Weerasooriya and Tobschall, 2005). Experiments confirm that if even in fracking fluids with

low levels of oxygen are used, pyrite will be oxidized and dissolved, especially at higher pH. The
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result is that the surface becomes oxidized with a corresponding release of Fe!l cations and

sulfate anions (Jew et al., 2017; Harrison et al., 2017; Marcon et al., 2017).

2.8.1 Sorption to pyrite

Evidence points to the ability of pyrite to chemisorb to a wide variety of organic biocides.
In fact, there is little correlation between the charge of the pyrite surface and sorption of organic
compounds (Murphy and Strongin, 2009). In a study designed to probe the effects of carboxyl (-
C(O)OH), sulfonate (-SOs-), hydroxyl ( OH) and carbonothioyl or thiourea (-C(=S)R) functional
groups, Boulton et al. (2001) concluded that each of these groups were able to undergo specific
interactions to the pyrite surface. In oxygen rich solutions, this adsorption occurs on the
oxidized pyrite sites (Mu et al., 2016). Under anoxic conditions, Bebié and Schoonen (2000)
observed that a diverse group of 12 cationic, anionic, zwitterionic and neutral biogenic molecules
could all chemisorb to pyrite sites due to the distinct physicochemical properties of the iron-
centered and the sulfide-centered surface groups. In both studies, even anionic compounds were
able to overcome electrostatic repulsion of the negatively charged surface to bind with the pyrite
surface. Metal ions Fe2* and Cu2* often caused an increase in the magnitude of the interaction
between organics and pyrite (Bebié and Schoonen, 2000). Particularly strong interaction is
predicted for biocides with multiple electronegative functional groups such as grotan but further
experimental work is needed to investigate this.

The sorption of biocides with sulfur containing groups such as dazomet and
benzisothiazolinone also stand out as being very likely to sorb to oxidized pyrite. In the
aforementioned study, Bebié and Schoonen (2000) noted a particularly strong interaction of
cysteine under anoxic conditions, which contains a thiol (-SH) group, possibly due to an
enhanced affinity to iron sites. Practices in mineral engineering echo this finding. Xanthates,

sulfur analogues of carbonate ester salts, are extensively used to alter the hydrophobicity of
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pyrite. Other sulfur containing compounds such as dithiophosphates, thiocarbamates and
benzothiozoles have also been used (Bradshaw and O’Connor, 1994). Chemisorption of
xanthates occurs under oxygen-saturated conditions via the interaction of the negatively
charged sulfur group with any oxidized iron-centered (sulfur deficient) surface sites (Wang,
1995; Ahmed, 1978). The molecular structures of established pyrite collectors and sulfur-
containing biocides are presented in Figure 2-6 to illustrate the possibility of sorption of

dazomet and benzisothiazolinone.
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Figure 2-6. Molecular structures of pyrite collectors and biocides with similar-sulfur-containing

groups.

The sorption of the cationic surfactant biocides should occur at any pH as they can sorb
to both the hydrophobic and hydrophilic sites. Bae et al. (2012) looked at the adsorption of the
cationic surfactant cetylpyridinium chloride onto pyrite, varying pH and the solution ionic
strength. Because the experiment was conducted under aerobic conditions they measured a PZC
value of 6.25. They found that adsorption occurred under two regimes. Below the PZC, the
surfactant sorbed due to hydrophobic interactions such that the aliphatic tails were towards the
pyrite surface. However, above the PZC, the hydrophilic heads were sorbed towards the surface
and the formation of micelles was observed. This is likely to be an electrostatic attraction, as

increasing ionic strength decreased sorption.
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2.8.2 Transformation with pyrite

Pyrite is redox active, as demonstrated by its oxidation in oxic aqueous solutions. This
redox activity may result in the reduction of halogenated biocides such as
dibromodicyanobutane, dibromonitrilopropiamide (DBNPA) and 1-Bromo-3-chloro-5,5-
dimethylhydantoin. Molecular orbital theory indicates that electrons may be transferred
between the sulfur dimer of pyrite and the highest occupied molecular orbitals (HOMO) or
lowest unoccupied molecular orbitals (LUMO) of the approaching compound (Luther, 1987).
Specifically, pyrite can reduce compounds with 7w or m* LUMO symmetry and oxidize
compounds with ¢* HOMO symmetry. This hypothesis was used to explain the reductive
dechlorination of recalcitrant pollutants such as trichloroethene (TCE) under anoxic conditions
(Weerasooriya and Dharmasena, 2001). Degradation rates were independent of pH below 5.5.
However, above this pH, degradation increased significantly, probably due a greater prevalence
of hydrophobic S. sites, which interact favorably with the hydrophobic TCE molecules (log Kow =
2.4). Lee and Batchelor (2002) also showed that pyrite could dechlorinate a range of chlorinated
ethylenes (tetrachloroethylene, trichloroethylene, TCE, cis-dichloroethylene, cis-DCE, and vinyl
chloride, VC), Figure 2-7. Extending this argument predicts that redox activity is likely with that
biocides which possess double and triple bonds (that is, t bonding) and good leaving groups

(such as halogens).

Cl
Tetrachloro Trichloro cis-Dichloro Chloro
ethene ethene ethene ethene

Figure 2-7. Reductive dechlorination of chlorinated ethenes by pyrite, as proposed by Lee and
Batchelor (2002).
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Another mechanism for the degradation of any organic biocide due to pyrite lies in the
formation of reactive hydroxyl radicals (*OH) in aqueous solutions. Borda et al. (2002)
hypothesized that the conversion of =Fe!! defect sites to =Fe!! produces hydroxyl radicals which
can then combine to form H.O.. Both of these species are extremely reactive and non-specific
oxidants. Using the pyrite as an iron source, dissolved Fe2* ions in conjunction with H,O, can
then initiate a Fenton-like mechanism to oxidize organic compounds. Pham et al. (2008; 2009)
illustrated that in the presence of dissolved oxygen, TCE could be oxidized with pyrite to
produce organic acids and CO.. This Fenton-like reaction is dependent on both temperature and
pH. For example, lactate oxidation was fastest in the pH range of 4.5 to 6. Under basic
conditions H,O, decomposes and the ferric sites become hydroxylated, reducing the production
of hydroxyl radicals. Increasing the temperature increased the rate of lactate oxidation with
pyrite, up to 60°C at which increased H.O. degradation diminished the oxidation of lactate
(Wang et al., 2012). This reaction was found to decline with the addition of hydroxyl radical
scavengers such as ethanol (Zhang et al., 2015). The production of hydrogen peroxide has also
been noted in mineral engineering and is affected by the grinding method used prior to
floatation (Javadi Nooshabadi and Hanumantha Rao, 2014; Moslemi and Gharabaghi, 2017;
Peng and Grano, 2010). This mechanism is highly dependent on the concentration of oxygen in
the fracking fluid, but the production of in situ hydroxyl radicals due to defects at the surface

may result in non-specific oxidation of biocides.

2.9 Organic matter

Organic matter in sediments is often a major factor controlling the adsorption of
nonionic organic compounds. The nature of sorption depends heavily on the structure of the
organic matter (Schwarzenbach et al., 2003; Grathwohl, 1990; Huang et al., 2003). At 4 to 19

wt% in the Marcellus Shale, the organic carbon originated from phytoplankton and higher plant
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material remains that escaped remineralization in the water column during sedimentation
(Werne et al., 2002; Lash and Blood, 2014). On burial, it was then subjected to increasing heat
and pressure resulting in kerogen and, over time, oil and natural gas (Killops and Killops, 2005).
Of these forms of organic matter, kerogen is the largest by several orders of magnitude
(Vandenbroucke and Largeau, 2007). The kerogen of the Marcellus Shale is classified as type II
kerogen as it was formed under marine settings (Bruner and Smosna, 2011; Killops and Killops,
2005).

Kerogen is operationally defined as the organic component of sedimentary rocks that is
insoluble in typical solvents. Thus, elucidation of its structure must be implied from converging
lines of evidence: its lack of solubility; a range of analytical techniques; and theoretical
understanding of kerogen formation (Cao et al., 2013; Longbottom et al., 2016). Kerogen is
proposed to be a condensed, three-dimensional organic macromolecule or geopolymer of
molecular weight between 5,000 — 10,000 Da (Vandenbroucke and Largeau, 2007). Initially,
type II kerogen has both structurally flexible aliphatic groups and rigid aromatic groups. As it
matures, the latter begins to dominate the structure and the polar oxygen- and nitrogen-
containing functional groups are lost (Behar and Vandenbroucke, 1987; Killops and Killops,

2005).

2.9.1 Sorption to kerogen

The sorption of positively charged surfactant biocides to kerogen is highly favorable due
to multiple augmenting mechanisms of sorption. Sorption to organic matter is described by a
dual mode model: the sum of linear absorption into the aliphatic portions and nonlinear
adsorption onto relatively planar, aromatic surface. In kerogen, the latter can result in
partitioning coefficients several orders of magnitude higher than predicted by kq (Cornelissen et

al., 2005; Allen-King et al., 2002). In the field however, this sorption is attenuated due to
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polycyclic aromatic hydrocarbons (PAHs) such as naphthalene and phenanthrene that are
naturally present in the shale (Cornelissen et al., 2005; Orem et al., 2014). Organic biocides
must also be capable of displacing these PAHs previously sorbed to kerogen. Positively charged
surfactants appear to be the best suited for this as they can undergo hydrophobic interaction
with the aliphatic and aromatic components of kerogen, electrostatic bonding and even
hydrogen bonding (Keiluweit and Kleber, 2009; Zhang and He, 2011; Edwards et al., 1994). An
increase in temperature is likely to decrease sorption to organic matter (Zhang et al, 2009). The
sorption of surfactant biocides also results in a subsequent increase in partitioning of apolar
compounds, but a decrease in the partitioning of hydrophilic biocides. This is due to an increase
in hydrophobic sorption sites (Zhang and He, 2011; Edwards et al., 1994; Tao et al., 2006).
Because of the numerous polar groups observed on other biocides, kerogen is unlikely to
a significant factor controlling their transport. Of these, the biocides benzisothiazolinone and
thiocyanomethyl thiobenzothiazole are most likely to be influenced by kerogen due to aromatic
moieties in their structure. Experiments with highly polar but aromatic 1,3,5-trinitrobenzene
(TNB) illustrate that the aromatic rings in black carbon to sediments were responsible for 34-
54% of sorption due to highly favorable interactions of the aromatic groups (Shi et al., 2010;
Keiluweit and Kleber, 2009). For kerogen with the specific thermal history of the Marcellus
Shale (type II kerogen with a reflectance of vitrinite, RO, between 1.1 and 2%) the most
significant factor controlling sorption is adsorption in the kerogen pores. Partitioning into
aliphatic moieties and onto external aromatic surfaces is less important (Yang et al., 2004;
Bruner and Smosna, 2011, Ran et al., 2004). Thus, the biocides with aromatic groups are likely
to partition, but larger biocides such thiocyanomethyl thiobenzothiazole will be sterically
inhibited. The acid treatments used in hydraulic fracturing are unlikely to affect the sorption of
biocides to kerogen as experiments show that treating unoxidized sediments with acids had no

effect on the partitioning of organic compounds to the sediments (Jeong et al., 2008).
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2.9.2 Transformation with kerogen

Kerogen is considered fairly inert as the most reactive components have long been
degraded (Philip and Calvin, 1976). Kerogen reduces strong oxidizing agents, and is slowly
oxidized in air (Saxby, 1976; Durand and Nicaise, 1980). Of the biocides listed, peracetic acid is
the most likely to be affected by this property of kerogen. In water, peracetic acid exists in
equilibrium with acetic acid and hydrogen peroxide (equation 1). The latter is reduced by
kerogen. The law of mass action will ultimately lead to a decrease in the parent compound,
peracetic acid.

CH3CO3H + H,0 = CH3CO,H + H,0, Equation 1

2.10 Perspective on Mineral-Fluid Interactions of Biocides

When compiled, a variety of experimental studies from diverse fields have advanced our
understanding of interactions between minerals surfaces and organic compounds. By focusing
on the structure and reactivity of biocides and minerals, this review offers general approaches to
anticipate the sorption and transformation mechanisms of biocides, and has identified specific
processes that may occur.

Of the groups of biocides studied, positively charged biocides (cationic and basic
biocides) are the most likely to physisorb to the Marcellus Shale. Despite widely differing
structures, most of the minerals surveyed were negatively charged in aqueous solutions, in
particular the most prevalent minerals: quartz and clays minerals. The surface area of illite and
chlorite is 2 — 3 orders of magnitude greater than that of quartz, so these clay minerals are likely
to be much better sorbents. The extent of sorption is a strong function of pH, which affects the
charge of minerals and basic biocides. Cationic biocides were shown to sorb to every mineral

due to multiple mechanisms for sorption. This is consistent with the studies showing significant
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losses of cationic surfactants when exposed to shale minerals (Zhou et al., 2016). These biocides,
in significant concentrations, can also change the wettability of the shale, allowing the
incorporation of neutral biocides (Zelenev et al., 2011). In the absence of cationic biocides,
neutral biocides are unlikely to sorb due to their high hydrophilicities (as in Tasker et al., 2016).
Of the minerals investigated, illite is likely the most responsible for physisorption in the shale.
However, many more experimental studies are needed to better characterize the interactions of
this mineral with organic compounds in shale formations. These results are summarized in

Figure 2-8.

Biocide R Anionic Neutral Basic
class e placices

Sorption

mechanism Electrostatic Cationic
attraction bridging

Mineral

group Quartz Clays Carbonates

Figure 2-8. A summary of physisorption mechanisms controlling the sorption of the assigned biocide

classes to quartz, clays and carbonates.

Chemisorption of biocides is predicted by the presence of specific functional groups. In
carbonate minerals, the interaction between calcite and dolomite CO; groups and carbonyl
containing functional groups was the primary driver for chemisorption. But, the rapid
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dissolution of this mineral limits chemisorption onto the surface. With pyrite, the chemisorption
of multiple functional groups in both oxic and anoxic environments has been observed (Table
2-3). It must be noted that although the interaction of pyrite with multiple groups has been
illustrated, the extent of this reaction has not been measured and as such, it is difficult to
translate these interactions in to what is observed on a macroscopic level. However, a key

finding is that pyrite sorption can occur, regardless of the charge of the biocide or pyrite surface.

Table 2-3. Organic functional groups and organic compounds shown to chemisorb onto carbonates,
pristine pyrite, and oxidized pyrite surfaces (de Leeuw and Cooper, 2003; Bebié and Schoonen, 2000;

Mu et al., 2016).

Carbonates (Unoxidized) Pyrite Oxidized Pyrite
40 Compounds 0 H - Compounds
[ containing hydroxyl I " N " ” containing carboxyl
and carboxyl groups 0 e o group
Acetate Ethylamine
H Compounds L0 ” ) Compounds
. N containing hydroxyl A ” Y . containing
| and amine groups \ & ® % sulfonate group
0 . Glycine
Alanine
N . & .0 Compounds
" . T! \ S containing hydroxyl
j o K group
p Adenine Compounds
D-Ribose ; ] containing thiourea
[ | N0 R 97O
N 0
T N.
H Ho
Formamide Carbamide
H f i H
H ﬂ,,,” J H "‘ H
‘ | . N !
Lo
H N i
L-cysteine Purine

The transformation of biocides is largely predicted by the presence of specific functional

groups. The reduction of halogenated biocides is expected to occur due to the presence of pyrite.
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Although oxidation of the pyrite surface will lower the number of reactive S. sites, experiments
suggest that this may still allow for reaction (Harrison et al., 2017; Kriegman-King and
Reinhard, 1994). Hydrolysable biocides, those containing amide groups and (thio)carbamate
groups are anticipated to be catalyzed due to the presence of clay minerals. Pyrite is the largest
source of inorganic iron in shale formations and, in the presence of Fe2* may also initiate
Fenton-like reactions which generate non-specific hydroxyl radicals. These characteristics make

pyrite the mineral most likely to induce transformations of biocides in shale formations
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Chapter 3 Pyrite-induced reduction of organobromide

biocides: Case study of DBNPA

The information presented in this chapter will appear as a publication in a peer-reviewed
journal with the tentative title "Pyrite-induced reduction of organobromide biocides: Case study

of DBNPA " by Nizette Consolazio, Gregory V. Lowry and Athanasios K. Karamalidis.
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3.1 Abstract

Bromine-containing biocides such as 2,2-dibromo-3-nitrilopropionamide or DBNPA are
needed to decontaminate and protect hydraulically fractured wells from microbial degradation
over their lifetime. Like their chlorinated counterparts, organobromides such as DBNPA are
likely to be degraded under reducing conditions. This study investigates the role of pyrite, an
abundant shale mineral with reduced iron, on the degradation of DBNPA. The results show that
pyrite reductively debrominates DBNPA to form 2-monobromo-3-nitrilopropionamide,
MBNPA. The hydrolysis product dibromoacetonitrile or DBAN was not detected over the time
frame of this experiment. The surface area normalized first-order initial degradation rate
constant was found to be 5.1 Lm-=day. In aqueous solutions, pyrite dissolves to form Fe! ions
and is oxidized to release SO, ions. These products of pyrite are known reducing agents, but
their reaction rates with DBNPA suggest that these species do little to contribute to DBNPA
reduction. Instead, a likely mechanism is a two-electron transfer from the disulfide groups on
the pyrite surface, resulting in reduction of DBNPA via an anionic intermediate. This study
confirms that pyrite can affect the persistence of DBNPA and change the distribution of reaction
products. As a result, pyrite can change the efficacy and risk of DBNPA use in hydraulic

fracturing.
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3.2 Introduction

There is abundant concern for the fate of anthropogenic bromine-containing compounds
in the environment. One such chemical is methyl bromide, which was used in the US as an
agricultural fumigant to limit the spread of pests and diseases before being phased out in 2001
(Noling and Becker, 1994). As a result of its widespread use, biocide residues in food was one of
the largest pathways for exposure to toxic brominated organics, and remains a cause for concern
in other countries where methyl bromide is still used (Vainikka and Hupa, 2012; Greve, 1983;
Wittayanan et al., 2017). Flame retardants such as polybrominated diphenyl ethers (PBDEs)
comprise another major group of organobromides that are widely distributed in the
environment: in 2008, flame retardants accounted for 50% of the anthropogenic
organobromine market (Vainikka and Hupa, 2012). The persistence and ubiquity of these
anthropogenic compounds in nature have sparked numerous studies investigating their effect
on human health and the environment, and has resulted in the phase out of certain PBDEs
(Renner, 2000; Dodson et al., 2012).

Some organobromides have proven to be an effective class of disinfecting alternatives to
chlorine for water treatment, but improper disposal may have deleterious environmental
consequences. Although more expensive than chlorine, organobromides can be used at wider
pH ranges and leave fewer residuals. Therefore they can be more effective and safer than
chlorine (Nalepa, 2004). Because of the efficacy of these compounds in industrial applications,
they have been successfully applied to hydraulic fracturing as well. These biocides include
dibromodicyanobutane, bronopol, bromohlorodimethylhydantoin and 2,2-dibromo-3-
nitrilopropionamide (DBNPA) (Stringfellow et al., 2014; Elsner and Hoelzer, 2016; Kahrilas et
al., 2015). Biocides such bronopol readily decompose into smaller, more toxic chemicals such as

formaldehyde (Vainikka and Hupa, 2012). Others take advantage of hydrophobic bromine group
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to partition into bacterial cell membranes and disrupt normal cellular function (Bazzini and
Wermuth, 2015; Williams et al., 1988; Schwarzenbach et al., 2003). Although intended for the
control of bacteria, these biocides and many of their by-products are also toxic to aquatic and
terrestrial organisms if inadvertently released into the environment (US EPA, 1994; US EPA,
1995; US EPA, 1996; US EPA, 2004).

Like their chlorinated counterparts, organobromides are likely to be degraded by
reducing minerals such as pyrite. Pyrite is known to reduce recalcitrant organohalogens such as
trichloroethylene (TCE) and carbon tetrachloride (Lee and Batchelor, 2002; Weerasooriya and
Dharmasena, 2001; Kriegman-King and Reinhard, 1994). Organohalides are oxidizing agents
and are many can be reduced in certain environmental conditions. Studies have shown that the
dehalogenation of organobromides such as bromoxynil, bromacil, 1,2-dibromo-3-
chloropropane, and 2,3-dibromobutane can be catalyzed by bacterial electron mediators (Castro
and Belser, 1968; Adrian and Suflita, 1990; Cupples et al., 2005). In addition, synthesized
nanoscale zerovalent iron (nZVI) has been shown to degrade persistent polybrominated
diphenyl ethers in flame retardants (Zhuang et al., 2012; Shih and Tai, 2010). These reactions
suggest that pyrite in shale formations may also reduce brominated biocides such as DBNPA.
However, the reactivity of brominated compounds with pyrite has yet to be explored, and in
particular, the specific biocides used for hydraulic fracturing.

The overall goal of this study is to gain insight into the role that pyrite in reservoir
systems may have on the fate of DBNPA and, as a consequence, related organobromide
disinfectants. In this chapter, DBNPA is used as a model biocide to explore the effect of pyrite on
the persistence of brominated biocides. The reactivity of DBNPA with pyrite and pyrite’s
reaction products was assessed by measuring (i) the rates and products of DBNPA degradation

with pyrite and (ii) the rates and products of DBNPA degradation with Fe!l, S,052, and SO,
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This work will provide insight in the role that pyrite in the subsurface may have on the efficacy

and environmental risk associated with organobromide biocides.

3.3 Background on DBNPA

DBNPA is commonly used to control microbes in processes involving continuously
recycled water such as in paper making and in recirculating cooling towers. DBNPA is also an
attractive biocide for oil and gas operations because it is very soluble in glycols (which are often
used as a corrosion inhibitor in hydraulic fracturing fluids) and is effective at inhibiting sulfate-
reducing bacteria (Wolf and Sterner, 1972). Estimates suggest that it is used in 18 to 24% of
fracking operations making it one of the most commonly used hydraulic fracturing biocides
(Kahrilas et al., 2015; Elsner and Hoelzer, 2016).

Current risk assessments of DBNPA illustrate that the risk to human and environmental
health depends heavily on the process to which the biocide is applied. In recirculating processes,
the concentrations of DBNPA and its reaction products are low enough to be mitigated with the
use of a secondary biological treatment before disposal to surface water. However in single flow-
through cooling tower systems and secondary oil recovery systems, a secondary biological
treatment was deemed inadequate at reducing concentrations of the biocide below the level of
concern (LOC) for several fish species (US EPA, 1994; Klaine et al., 1996). These risk assessment
make clear the need for well-informed decisions before disposing used fluids containing biocide
formulations. While these models attempt to determine the concentration of DBNPA and its
reaction products over time, they assume that the reactivity of DBNPA, when pumped
underground, is identical to that measured in deionized water at ambient conditions. A
fundamental understanding of the surface-catalyzed reactions that take place in the subsurface
is essential to further improve exposure models and our understanding of the toxicity of these

compounds.

66



Previous studies (Exner et al., 1973; Blanchard et al., 1987) have elucidated the
degradation of DBNPA’s distinct functional groups in aqueous solutions. The amide group
hydrolyzes due to hydroxide (OH-) attack to form 2,2-dibromoacetonitrile (DBAN) and
dibromoacetamide via an abnormal Hoffman rearrangement (Figure 3-1, pathway 1).
Alternatively, the bromide group can be lost due to nucleophilic attack, forming 2-monobromo-
3-nitrilopropionamide (MBNPA) and cyanoacetamide (Figure 3-1, pathway 2). Hydroxide ions,
OH-, are weak nucleophiles and as a result, debromination can occur in distilled water.
However, this degradation pathway will occur much faster in the presence of a stronger
nucleophile or reducing agent. The general result is that the degradation of DBNPA increases as
pH increases, due to higher concentrations of OH- ions. On the other hand, an increase in
reducing or nucleophilic groups causes debromination. Over time (on the order of several
months) both pathways leads to the formation of organic acids. Mayes et al. (1985) compared
the acute toxicity of DBAN, DBNPA and MBNPA and found the first to be the most hazardous of
the three. They reported the 50% lethal concentration (LCs,) of DBAN to be 0.55 mg/L, much
lower, and therefore more toxic than an LCs, of 1.8 mg/L for DBNPA and 3.4 mg/L for MBNPA.
This well-established understanding of the degradation of DBNPA in aqueous systems presents
a unique opportunity to study the consequences of the interactions of a brominated compound

with pyrite on the persistence and toxicity of DBNPA.
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Figure 3-1. Reaction scheme illustrating two proposed degradation pathways for the biocide DBNPA.
Base-catalyzed hydrolysis (Pathway 1) leads to dibromoacetonitrile (DBAN). Reduciton by
nucleophilic elimination (Pathway 2) leads to monobromonitrilopropiamide (MBNPA). Source: Exner
et al., 1973; Blanchard et al., 1987.

3.4 Methods

3.4.1 Materials

The chemicals used in this study were DBNPA (96%, Aldrich), dibromoacetonitrile (90%,
Supelco), dibromoacetamide (98%, Alfa Chemistry), monobromonitrilopropiamide (95%,
Enamine), cyanoacetamide (99%, Aldrich), methanol (98%, BDH Chemicals), ethanol (200
proof ACS/USP grade, Pharmco-Aaper), acetonitrile (99.8% EMD), sodium sulfate (ACS
anhydrous, Fisher Scientific), sodium thiosulfate (99.5%, Fisher Scientific), sodium chloride
(99%, Sigma Aldrich), iron (ii) chloride (ACS grade, Fisher Scientific), hydrochloric acid (36.5 -
38%, BDH), formic acid (96+%, Alfa Aesar), and acetone (99.5%, EM Science). All chemicals
were used as received. Research grade pyrite (Zacatecas, Mexico) was obtained from Wards

chemical. Methanol stock solutions of DBNPA and its reaction products were prepared and used
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within a day. Water was obtained from a Barnstead 18.1 MQ water system and oxygen was

removed for anoxic experiments by purging with N, (99%, Butler Gas supply).

3.4.2 Pyrite preparation

Large pyrite aggregates greater than 10 mm in diameter were first crushed by using a
ceramic mortar and pestle, then further size-reduced with an 8530 Shatterbox. The fraction
between 38 and 75 um was retained by wet-sieving in 70% ethanol (Wolfe et al., 2007). The
surface was then cleaned to dissolve the iron oxide layer that forms on the surface of pyrite due
to prolonged exposure to air. This was done by rinsing the pyrite in boiling acid, followed by
deionized water and then acetone (Paschka and Dzombak, 2004). The acetone was removed by
placing the pyrite in 105°C oven for 5 mins. The pyrite was cooled and stored under vacuum.
Sedimentary pyrite was not available during the period of this study. Hydrothermal pyrite is a
suitable proxy for probing the fundamental degradation mechanisms as in this study (Liu et al.,
2008a) However, as sedimentary pyrite is often more varied in chemistry than the hydrothermal
variety, additional experiments may be needed to accurately translate these results to shale

formations (Liu et al., 2008b).

3.4.3 Batch experiments

Batch experiments were performed in amber vials (60 mL) sealed with polypropylene
screw caps fitted with polytetrafluoroethylene (PTFE) and silicone septa. In solutions in which
pH is controlled, a 100 mM formate buffer is used. Anoxic experiments were set up and sampled
in a glove box under nitrogen atmosphere with 2% hydrogen. Between 0.275 to 1.1 g of acid-
washed pyrite were added to each vial investigating the effect of pyrite. In experiments testing
the effect of a cation or anion, solutions of between 1 mM and 2 mM of the salt were prepared.
Each experiment was initiated by adding a known amount of DBNPA stock solution to each vial.
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Solutions involving pyrite were then placed on an end-over-end tumbler to ensure adequate
mixing. Samples were taken from each batch reactor, filtered into autosampler vials and
immediately analyzed over the course of 10 to 50 hours, until solution concentrations in one of
the vials dropped below zero. The pH of each of these solutions was taken at the end of each

experiment.

3.4.4 Analytical Methods

The analytical separation of DBNPA and degradation products was performed by high
performance liquid chromatography, HPLC (Agilent 1100) equipped with a ZORBAX Eclipse
C18 column (4.6 x 150 mm, 5 um) at 30°C. Ten microliters of each sample was isocratically
eluted with 30% acetonitrile and 70% water, both acidified with 0.1% formic acid at a flowrate of
1 mL/min for 8 minutes. Detection was done with UV-visible detection at 214 nm. A triple
quadrupole mass spectrometer, QQQ (Agilent 6430) in selected ion monitoring (SIM) mode was
used to confirm the identity of the products. The mass spectrometer source parameters were the
following: 300°C gas temperature; 10 L/min N, gas flow at 60 psi; capillary voltage at 400 V.

The detection limits were about 0.3 mM for the compounds investigated.

3.5 Results

3.5.1 Effect of pyrite loading on the rate of degradation

Pyrite concentrations of 5, 10 and 15 g/L pyrite result in accelerated degradation of
DBNPA under anoxic aqueous conditions (Figure 3-2). In the control (pH 3.1, formate buffer),
DBNPA undergoes negligible hydrolysis over 10 hours. In comparison, the addition of pyrite
leads to rapid degradation of DBNPA over the course of the experiment. Although the final pH

of solutions containing pyrite measure between 2.5 and 2.9, Exner et al. (1973) show that
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hydrolysis rates are expected to be similar over the pH range from 2.5 to 3.1 so the observed
increase in degradation of DBNPA is attributed to the pyrite. DBNPA concentrations in
solutions with pyrite gradually decrease monotonically with time until concentrations fall below
the limit of detection. The rate of degradation increases with increasing pyrite mass (and

therefore surface area).
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Figure 3-2. Fraction of DBNPA remaining as a function of time (h), in aqueous suspensions of 0 g/L,
5g/L,10 g/L and 15 g/L of pyrite (FeS:). The experiment was performed in nitrogen-sparged water,
with an initial DBNPA concentration of 0.62 mM. The final pH was measured between 2.5 and 2.9 for

pyrite solutions and 3.1 for the solution without pyrite.

The degradation kinetics of DBNPA suggests that the reaction is surface-controlled.
Because of the limited data points for each experiment, the difference between the goodness of
fit of zero- and first-order degradation models (with respect to DBNPA) is statistically
insignificant: the values of R2 are all very similar. However, the exercise does offer some insight
into the reactivity of pyrite sites. Over the first 6 hours, in low concentrations of pyrite (5 g/L),
the degradation of DBNPA very closely approximates zero-order reaction kinetics (R2 = 0.997),
likely due to saturation of the pyrite reactive sites. In the sample with the least pyrite, the
reaction is independent of the concentration of DBNPA, but depends instead on the limited
number of reactive DBNPA sites. However, DBNPA solutions with higher concentrations of

pyrite (15 g/L) instead display first-order kinetics (R2 = 0.995). In this case, the pyrite sites are
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no longer the rate limiting factor and the degradation rate depends on the concentration of
DBNPA. Table 3-1 summarizes the zero- and first-order degradation rates for each solution with
pyrite. First- and zero-order degradation rates were also reported for the degradation of carbon
tetrachloride (Kriegman-King and Reinhard, 1994) and trichloroethylene (Weerasooriya and
Dharmasena, 2001). A few studies have instead demonstrated continuously declining reaction
rates with pyrite over time (Lee and Batchelor, 2002; Oh et al., 2008). However, this is likely

due to the deactivation of pyrite active sites over long time periods, and is not apparent in this

study.
Table 3-1. Zero- and first-order degradation rates for experiments containing 5, 10 and 15 g/L of
pyrite.
. . Zero Order First Order
Concentration of pyrite - -
(g/L) Degradation rate Re Degradation Rate Rz
(mM/h) (hr?)
5 0.062 0.997 0.157 0.995
10 0.110 0.996 0.287 0.973
15 0.222 0.941 0.621 0.996

The pseudo-first order degradation rates of DBNPA increase linearly with pyrite amount,
at constant initial DBNPA concentrations (Figure 3-3). The slope allows the calculation of a
mass-normalized first order rate constant, estimated at 0.046 Lghr for pyrite concentrations
up to 15 g/L. Assuming a surface area of 0.22 m2/g (Wolfe et al., 2007), this translates to a
surface area-normalized rate constant of 5.1 Lm-2day. The results indicate a strong dependence
of reaction rates on pyrite surface area. It must be noted that this rate is specific to the pyrite
density of sites, size fraction and pre-treatment. This rate is several orders of magnitude greater

than that calculated for recalcitrant chlorinated ethenes (Lee and Batchelor, 2002).
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Figure 3-3. The effect of pyrite concentration on the pseudo-first order degradation rate of DBNPA.
The experiment was performed in nitrogen-sparged water, with an initial DBNPA concentration of

0.6 mM. The final pH measured between 2.5 and 2.9 for pyrite solutions.

3.5.2 Change in DBNPA reaction products due to pyrite

The addition of pyrite leads to the debromination of DBNPA, as illustrated by measured
concentrations of MBNPA. Here, we look at the yield of MBNPA, which refers to the amount of a

specific product formed per mole of reactant consumed, Equation 3-1.

Yield _ Moles MBNPA formed 3-1
MBNPA ™ yoles of DBNPA converted

Figure 3-4 shows that initially, for each molecule of DBNPA that is lost, one molecule of MBNPA
is measured in solution. Despite differing concentrations of pyrite, the initial degradation rates
of DBNPA are equal to initial production rates of MBNPA. This suggests that only the
debromination pathway (Figure 3-1, pathway 2) is significant in removing DBNPA from
solution. At later times, in solutions with 10 and 15 g/L of pyrite, measured concentrations of
MBNPA diverge from the line indicating an MBNPA yield of less than 100%. It is possible that in
the solutions with higher concentrations of pyrite, MBNPA is further debrominated to form

cyanoacetamide, resulting in the decreased yield of MBNPA. However, because cyanoacetamide
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could not be measured using LC-MS, this could not be verified. The hydrolysis product DBAN
was not detected in any of the samples, indicating that the hydrolysis pathway is not significant

in the presence of pyrite.
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Figure 3-4. Measured monobromonitrilopropiamide (MBNPA) concentrations as a function of DBNPA
converted in 0 g/L, 5 g/L, 10 g/L and 15 g/L of pyrite. The dotted line represents a yield of 100% for
MBNPA production.

3.5.3 Effect of Fe!

Experiments were performed to determine the rate of DBNPA degradation with free Fell.
As pyrite dissolves, Fe!! is produced, which is itself a reducing agent (standard redox potential
for the Fel''-Fe!l couple, E°H = 0.77 V). Under anoxic conditions, Fe!! has been shown to reduce
carbamate pesticides (Strathmann and Stone, 2001). Approximately 1 mM of FeCl, solution was
added to an equal concentration of DBNPA and the latter monitored over time. The pH was

buffered at 3.1 to simulate the conditions with pyrite.
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Figure 3-5. The concentration of DBNPA as a function of time (h) in the presence and absence of
equal moles of FeCl:. The initial concentration of DBNPA was 1.06 mM. The experiment was
performed in nitrogen-sparged water. Both experiments were performed in a formate buffer at pH

3.1.

Figure 3-5 illustrates that over 50 hours, Fe!! alone in solution (in the absence of pyrite)

had a limited effect on the persistence of DBNPA when compared to the control. DBNPA shows
negligible degradation over time in the presence of FeCl.. Consistent with these results, previous
research investigating the dehalogenation of organic compounds underscore that reduction by
the Felll-Fell couple only occurs in the presence of a bulk reductant or electron transfer
meditator. For example, previous studies show that polychlorinated and polybrominated
methanes are only reduced by Fe! bound to the surface of iron oxide surfaces (Pecher et al.,
2002; Amonette et al., 2000). In fact in our studies, Fe!! appears to stabilize against DBNPA

degradation, an observation noted with other amides with divalent metals (Huang and Stone,

1999; Sayre et al., 1992).

3.5.4 Effect of other salts

To investigate the effect of various chloride salts (CuCl,, NiCl,, NaCl) were added to
DBNPA to determine the effect of chloride and divalent cations on the stability of DBNPA (pH =

4.8) without pyrite. Because these experiments were run at a higher pH than those in previous
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experiments, a control at the same pH was added to easily compare the contribution of the
added salts. Figure 3-6 shows that the chloride ion, and the nickel and sodium cations had no
perceptible effect on DBNPA degradation over 60 hours. In contrast, Cu results in accelerated
degradation of DBNPA, yielding an order of magnitude increase in the degradation rate. These
results differ from those of Exner et al. (1973) who reported no effect of Cul! under air-saturated
conditions. These results also confirm increased degradation (presumably hydrolysis) rates at

pH=4.8 compared to pH=3.1.
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Figure 3-6. Fraction of DBNPA remaining as a function of time (h), in the presence of 1 mM CuCl.,
1 mM NiClz, 2 mM NaCl and control (containing no chloride salt). The experiments were performed in
nitrogen-sparged water, with an initial DBNPA concentration of 1.7 mM. All chloride experiments

were performed in a formate buffer at pH 4.8.

Analysis of the reaction products illustrates that Cu! catalyzes the base-catalyzed
hydrolysis reaction. Figure 3-7 shows that the addition of Cu'' leads to the instant formation of
DBAN (Figure 3-1, pathway 1), while the debromination reaction that leads to MBNPA (Figure
3-1, pathway 2) is unaffected. Divalent metal ions such as Co and Ni! are known to catalyze the
degradation of some labile organic compounds. Dissolved metals can promote base-catalyzed
hydrolysis due to their ability to complex with either incoming hydroxide ions (OH-), amide
groups or both. Smolen and Stone (1997) compiled the complex formation constants for Cull,
Nil, and Fe!! with (i) OH- the first hydroxo species (K.); and (ii) NH;, which may be considered a
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proxy for complexation with amides (Knus). The values in Table 3-2 illustrate that Cul
complexes are expected to be several order of magnitude stronger than the other metal ions
tested in this experiment. This may explains why only Cul! catalyzed the degradation of DBNPA.
This study and other empirical evidence in Sayre et al. (1992) and Fife and Bembi (1993)
underscore the ability of Cu!! to enhance the hydrolysis of amides. On the other hand, because

the bromide group is not expected to form strong complexes with Cul!, the debromination

pathway is unaffected.
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Figure 3-7. Measured monobromonitrilopropiamide (MBNPA) and dibromoacetonitrile (DBAN)
concentrations in the presence of 1 mM CuClz, 1 mM NiClz, 2 mM NaCl and control (containing no
chloride salt). The experiments were performed in nitrogen-sparged water, with an initial DBNPA

concentration of 1.7 mM. All chloride experiments were performed in a formate buffer at pH 4.8.
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Table 3-2. Constants for complexation with OH- (log *Ki) and NHsz (log Knu3) for divalent metal ions
considered in this study from Smolen and Stone (1997), data originally retrieved from the NIST

database by Smith et al. (1995).

Me?* + H,0 > MeOH" + HY |  Me?* + NH; » MeNH;*"
log *K, log Knus
Cul! -7.5 4.2
Nill -9.9 2.9
Fell -0.4 1.5

3.5.5 Effect of sulfur oxyanions

The oxidation of pyrite, either by molecular oxygen or oxidizing organic compounds
leads to the formation of sulfur oxyanions. When this occurs, the sulfide dimers first form a
thiosulfate intermediate, S,0,, which is then rapidly oxidized to sulfate, SO,> (Descostes et al.,
2004; Luther, 1987; Kriegman-King and Reinhard, 1994). Both of these products are important
environmental nucleophiles, with thiosulfate being recognized as the much stronger of the two
(Schwarzenbach et al., 2003). Thus, the sulfur oxyanions formed due to the oxidation of pyrite
by DBNPA (or by O, under aerobic conditions) may also react with residual DBNPA molecules.

To determine the effect of these oxidation products, 1 mM of Na,S,0; and Na,SO, were
each added to DBNPA solutions and compared to 2 mM NaCl and blank solution controls (pH =
4.8). Again, this experiment was buffered at pH 4.8. Sulfate had no effect on the degradation of
DBNPA. Thiosulfate, a strong reducing agent (standard redox potential, E°y = -0.93 V for the
Na.SO,- Na,S.0; couple) had an immediate and significant impact on the persistence of DBNPA
as previously noted by Exner et al. (1973). The data in Figure 3-8 and analyses of the reaction
products suggest there was immediate reduction of DBNPA to form MBNPA (pathway 2) until
the thiosulfate is depleted. This is followed by a slow hydrolysis that is similar to, but slightly

less than the rate seen in the controls.

78



! ﬁ?* o Blank

EB 0.9 ® Thiosulfate
é 0.8 - ¥ ¢ Sulfate
g 0.7 - + Chloride
) i
& 06
)
=S o5 ®
Zo
B9 04 - L ]
=)
= 037
£ o2
Q
g 01 -
=
0 : : . .
o} 20 40 60 80

Time (Hours)

Figure 3-8. Fraction of DBNPA remaining as a function of time (h), in the presence of 1 mM Na:S:03,
1 mM Na:S04, 2 mM NaCl and control (containing no sodium salt). The experiment was performed in
nitrogen-sparged water, with an initial DBNPA concentration of 1.7 mM. All chloride experiments

were performed in a formate buffer at pH 4.8.

3.6 Discussion

As DBNPA hydrolysis rates and pathways change with OH- concentration, the
persistence of this compound during the shut-in phase of hydraulic fracturing depends upon the
pH of the fluid. At higher pH, DBNPA will degrade faster, producing more DBAN and
dibromoacetamide. Measured pH values of produced water range from 5.1 to 8.4 (Barbot et al.,
2013). Interestingly, Harrison et al. (2017) postulate that the pH of the produced water is a
function of pyrite and calcium carbonate amounts: shale formations with lower abundances of
pyrite and higher amounts of carbonate generate produced water with higher pH. In this way,
the pyrite to calcium carbonate ratio indirectly controls the importance of amide hydrolysis of
DBNPA.

The experimental data point to a heterogeneous reduction of DBNPA due to the presence
of pyrite under anoxic conditions. The reaction is controlled by the pyrite-fluid interface and not
by the concentration of hydrolysis (Fe!) and oxidation products (S.052 and SO,2"). Molecular

orbital theory posits that the disulfide (S.2") group on pyrite can act as an electron source: S,2
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can transfer electrons from the two pi antibonding (:1") highest occupied molecular orbitals
(HOMO) to the lowest unoccupied molecular orbitals (LUMO) of halogenated compounds
(Luther, 1987). It is not unlikely that thiosulfate contributes to DBNPA reduction. However,
concentrations of S.0;2- are expected to be low as this strong reducing agent will be quickly
depleted by any oxidizing agents. As such, the contribution from S.0;2- is expected to be quite
small.

The product distribution observed with on the addition of pyrite can be used to propose a
reduction mechanism. To obtain almost 100% initial selectivity for MBNPA, the intermediate
must be an anion which can then react with H+ ions in solution. According to this mechanism,
the bromide, —Br group is always replaced with a hydrogen, -H to form MBNPA (as illustrated in
Figure 3-9). A one-electron reduction would generate a radical intermediate which further react
to yield a mixture of additional products. Therefore, a two-electron reduction appears to be the

primary mechanism at play.
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Figure 3-9. Proposed two-electron pathway for the reduction of DBNPA to MBNPA, highlighting the

anionic intermediate.

While the results in these studies are not predictive of the actual behavior in shale
formations, they illustrate that pyrite can change the expected lifetime and products of DBNPA
reactions. This may have a pronounced result on the assessment of the risk of this biocide in
hydraulic fracturing. Pyrite, due to lower pH and redox reactions, results in a greater selectivity

towards MBNPA over the alternative daughter product, DBAN. MBNPA is the least toxic of the
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three measured compounds with an LC;, of 3.4 mg/L (compared to 1.8 mg/L for DBNPA and
0.55 mg/L for DBAN) (Mayes et al., 1985).

Overall, this study opens the door to the possibility of reduction of other brominated
biocides with pyrite, even biocides that are more stable to hydrolysis such as
dibromodicyanobutane. From a thermodynamic point of view, halogenated compounds are
often good oxidizing agents: halogens have a strong tendency to accept electrons due to their
high electronegativity and stability as anions (Schwarzenbach et al., 2003). These results have
highlighted that halogens are susceptible to reduction by pyrite, while the other functional
groups (amide, -C(=O)NH. and nitrile, -C=N) are stable to reduction by pyrite (at times less
than 10 hours). This work is the first to report the reduction of organobromides by pyrite, and
suggests that pyrite can have pronounced effects on the persistence of other brominated

biocides used in hydraulic fracturing such as dibromodicyanobutane.
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Chapter 4 Abiotic degradation of dazomet: hydrolysis

and degradation with pyrite

The information presented in this chapter will appear as a publication in a peer-reviewed
journal with the tentative title "Abiotic degradation of dazomet: implications for persistence

under Marcellus Shale conditions” by Nizette Consolazio, Gregory V. Lowry and Athanasios K.

Karamalidis.
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4.1 Abstract

Hydraulic fracturing and horizontal drilling in the Marcellus Shale present a novel use of
chemical additives at unprecedented volumes. This study investigates the effect of pH,
temperature, ionic strength and the presence of pyrite on the kinetics of dazomet degradation, a
commonly-used biocide, under a range of conditions expected during hydraulic fracturing. The
results show that the degradation rate of dazomet is highly dependent on many of the variables
tested. The hydrolysis is base-catalyzed over the pH range of interest which results in half-lives
decreasing from 8.5 hours to 3.4 hours as the pH is increased from 4.1 and 8.2. Dissolved Fe!!
ions catalyze dazomet degradation kinetics with solutions of 0.8 mM Fel! causing degradation
rates to increase by 190% over iron-free water. Increasing temperatures from 34°C to 57°C
quadrupled hydrolysis rates (estimated activation energy of 60 kJ/mol). Reaction with the
oxygen-exposed pyrite surface led to accelerated degradation of dazomet, but unoxidized pyrite
had no effect on measurable effect on the degradation rate of dazomet. The key hydrolysis
products of dazomet degradation are formaldehyde and methyl isothiocyanate which are shown
to be significantly more toxic than the parent compound. The study points to the need to assess
the specific environmental conditions and any toxic by-products in conducting risk assessments

for geological applications.
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4.2 Introduction

The success of hydraulic fracturing has been a pivotal advancement for the natural gas
industry in the US. To extract the natural gas, an average of 1.5 million gallons of fluid are
pumped into the formation to fracture it, allowing the trapped natural gas to flow (U.S. EPA,
2015). With it comes waste or produced water that is collected for disposal (King, 2012; Carter et
al., 2011). In addition to chemical residues, the produced water contains high levels of total
dissolved solids, organics, radionuclides and pH ranging from 5.1 to 8.4 (Barbot et al., 2013;
Orem et al, 2014; Rowan et al., 2011). This fracking fluid or produced water may contaminate
surface waters and soils due to unintended spills or leaks (Zhang et al., 2017; Vengosh et al.,
2014; Elliott et al., 2016; Rogers et al. 2015; Jain et al., 2017).

Various chemicals are mixed into the fracking fluid to improve the efficiency of the
process. One additive of interest is dazomet, frequently used in the Marcellus Shale as a biocide
to limit microbial growth (US EPA, 2008; Carter et al., 2013; Gaspar et al., 2014; Kahrilas et al.,
2015). Chemically, it falls under the group of dithiocarbamates, a sulfur analog to carbamates or
urethanes. It is a cyclic propesticide, which rapidly hydrolyzes in water to form methyl
isothiocyanate (MITC), formaldehyde and other compounds (Figure 4-1). MITC, the primary
product on addition to soils is responsible for its ability to limit the growth of weeds and soil-
borne pathogens in agriculture (US EPA, 2008). The non-specific toxicity of MITC is due to its
ability to cause perturbation of metal-enzymes or thiol-containing proteins, its formation of
reactive oxygen species or metal toxicity due to the chelation of heavy metals (Tilton et al.,
2006). Manufacturers recommend using dazomet at concentrations between 200 and 1000
mg/L in fracking fluids and 150 and 200 mg/L in produced water that will be reused (BASF,
2000). Its degradation product hexahydro-1,3,5-trimethyl-1,3,5-triazine-2-thione has been

measured in produced water at concentrations between 0.01 and 1.6 mg/L (Orem et al., 2014).
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Figure 4-1. Structures of the key hydrolysis and metabolized products of dazomet as reported by

Roberts and Hudson (1999).

Of the many minerals present in shale, we focus on possible reactions with pyrite, FeS.,
which may significantly influence the degradation of dazomet in the Marcellus Shale. The
overall objective of this chapter is to quantify the influence of water chemistry and interactions
with pyrite on the degradation of the sulfur-containing biocide, dazomet. To investigate the
kinetics of dazomet degradation, single-parameter experiments were performed to investigate
the rate of dazomet degradation at differing pH, temperature, ionic composition and pyrite

solids content. The observed reaction products were also measured.
4.3 Methods and Materials

4.3.1 Chemicals

Dazomet (3,5-dimethyltetrahydro-1,3,5-thiadiazine-2-thione), methyl isothiocyanate
(97%), N,N dimethylthiourea (99%), and nitrobenzene (> 99.5%) were purchased from Sigma-
Alrich. Methanol (99.8% minimum), HCl (35.5 — 38%), and acetone (99.0% minimum) were

from BDH Chemicals. Ammonium formate (97%) and formic acid (96+%) were from Alf Aesar.
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HPLC grade acetonitrile (99.9%), dichloromethane (99.9%), 200 proof ethanol, zinc acetate,
iodine, potassium iodine, anhydrous sodium thiosulfate, soluble starch, iron (II) chloride were
obtained from Fisher Scientific. TCI America supplied 2,4 dinitrophenylhydrazine hydrochloride
(DNPH-HCID) (>98%) and formalin solution (37%) and n-hexane (99+%) were from Acros
Organics. High purity pyrite (FeS2) was obtained from Ward’s Science, from Zacatecas, Mexico.
For all experiments, ultrapure water (18.1 MQ) purified with the Barnstead water system was
used.

Dazomet was analyzed using a liquid chromatograph (HPLC, Agilent 1100), equipped
with variable wavelength detector (VWD) coupled to a triple quadrupole mass spectrometer
(QQQ, Agilent 6430). The organics were analyzed with gas chromatography-mass spectrometer
(GC-MS, Agilent 7890B; Agilent 5977A). The reaction products were identified with the NIST 11
MS library. The pH of the solutions was measured using model Accumet XL.60 pH meter with

Accumet 13-620-299 pH electrode.

4.3.2 Batch reactors

Because of dazomet’s rapid hydrolysis in water, stock solutions of 1000 mg/L (~8 mM)
were prepared in methanol. Experiments were conducted in 60 mL amber vials and sealed with
mini PTFE mininert caps. Water was added to the vials and then spiked with the appropriate
mass of dazomet stock. The volume of the methanolic spike was kept below 5 vol% to limit any
effect of co-solvency on the activity of dazomet. The pH was measured approximately 6.3
immediately after dazomet addition to solution for experiments not controlling the pH. In
experiments under controlled pH conditions, a 100 mM formate-formic acid buffer was used. To
investigate the effect of temperature, the vials were placed in a water bath. For anoxic
experiments, the reactors were set in up a glove box (2.5% hydrogen), and nitrogen-sparged 18.1

MQ water was used. Where possible, the samples were placed into a 2 mL amber LC screw top
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vials topped with PTFE/silicone caps. These were then repeatedly sampled using the
programmable auto sampler. One replicate was performed for each condition. Experiments with
iron were performed by adding FeCl.-4H.O to a pH 2.7 formate buffer under anoxic conditions.
Iron concentrations were measured using the ferrozine method outlined by Viollier et al.

(2000).

4.3.3 Pyrite preparation

Pyrite was crushed using a mortar and pestle and wet-sieved with 70% ethanol and water
as outlined in Wolfe et al. (2007). For this study, particles with particle size ranging between 37
— 250 um were used. To remove any oxidation products, about 7 g of pyrite was added to 50 mL
boiling HCI and stirred for 10 minutes as in Paschka and Dzombak (2004). The pyrite was then
rinsed in 25 mL boiling HCI twice, water once, and then boiling acetone thrice. The resulting
pyrite samples were oven-dried at 105°C for 30 mins and then cooled under vacuum. 2-propanol
was used as hydroxyl radical (¢«OH) scavenger to determine whether these species may be
responsible for biocide degradation. Sedimentary pyrite was not available during the period of
this study. Hydrothermal pyrite is a suitable proxy for probing the fundamental degradation
mechanisms as in this study (Liu et al., 2008a) However, as sedimentary pyrite is often more
varied in chemistry than the hydrothermal variety, additional experiments may be needed to

accurately translate these results to shale formations (Liu et al., 2008b).

4.3.4 Dazomet reaction rate analysis

Quantification of dazomet was done using liquid chromatography coupled with tandem
mass spectroscopy (LC-QQQ). Five microliters of the aqueous solutions of dazomet
(concentrations up to 200 ppm) were injected onto a ZORBAX Eclipse C18 column (4.6 x 150
mm, 5 um) at 30°C. The solutions were separated using an isocratic run of 25% acetonitrile and
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75% water, acidified with 0.1% formic acid at a flowrate of 1 mL/min. The mass spectrometer
source parameters were the following: 300°C gas temperature; 11 L/min N2 gas flow at 14 psi;

capillary voltage at 4000 V.

4.3.5 Dazomet reaction products

Gas chromatography (GC) analysis of the dazomet reaction products was analyzed by
first performing liquid-liquid extraction. Five milliliters of the aqueous reaction solution was
spiked with 20 pyL of 2 mg/mL nitrobenzene in dichloromethane, added to 2 mL of
dichloromethane, shaken and left to separate. The organic phase was removed and 1 pL of the
solution was injected splitless mode at 240°C onto an Agilent J&W HP-5MS column (30m x
0.25 mm x 0.25 um). The carrier gas was ultra-high purity helium at a constant velocity of
30 cm/sec. The oven was held at 40°C for 1 minute; ramped up to 50°C at 5°C/min; 100°C at
15°C/min; 210°C at 20°C/min and then held for 5 mins. The MS transfer line, quadrupole and
source temperatures were set to 280°C, 150°C and 230°C, respectively. MS was done in scan
mode (m/z 40 — 350).

The detection of formaldehyde was adapted from Facchini et al. (1989). The aqueous
samples were first filtered with a SPE cartridge to remove other sulfide-containing organic
compounds. One milliliter of acidic DNPH solution (5 x 103 M in 2N HCI), 1 mL of the aqueous
sample, and 2 mL of hexane were added to a glass reaction vial. The mixture was shaken and left
to react for 45 minutes. After this, the organic layer was extracted and 20 uL was injected onto
the ZORBAX Eclipse C18 column (4.6 x 150 mm, 5 um) at 30°C. The mobile phase was 70%
acetonitrile, 30% water mixture with 0.1% formic acid and operated at a flowrate of 1 mL/min.
The absorbance of aldehyde-DNPH was measured at 360 nm, and formaldehyde identified by its
peak retention time. The sample concentration was calculated using a calibration done with

formalin standards.
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Sulfide, S*, was quantified using an iodometric titration based on the U.S. Geological
Survey method I 3840-85 (Fishman and Friedman, 1989). Exactly 10 mL of the aqueous
solution was pipetted into an Erlenmeyer flask and 2 g of zinc acetate per liter of sample added
to fix the sulfide in the sample. One milliliter of 0.01 N I, solution was added to the sample and
mixed well, followed by 1 mL of concentrated HCI. The solution was then titrated using 0.01 N
Na.S,0; with 1-2 drops of starch solution as the indicator. The procedure was repeated using a

blank of 10 mL water. The concentration of sulfide was then calculated using equation 1.

S2~(M) = 500 x (mL Na,5,03,,,,; — ML Nay5,05,,,..1.) Eq. 2
4.4 Results

4.4.1 Effect of pH on the removal of dazomet

Solution pH is often a controlling variable for the abiotic degradation of organic
compounds. Experiments investigating the effect of pH were performed at four values that span
in the range of pH expected in produced waters: 3.4, 4.1, 8.2 and 9.5. Other variables were kept
constant among vials (initial concentration of 60 pM, 20°C, oxygen-saturated water). Figure
4-2a follows the natural logarithm of the fraction of dazomet remaining with time. The
degradation rates were calculated assuming pseudo-first order reactions with respect to
dazomet, and the half-lives plotted against pH in Figure 4-2b. Least-squared regressions
supported this assumption (R2 > 0.99). This was further confirmed as experiments varying
initial dazomet concentrations (12 uM, 49 uM and 490 uM) resulted in similar degradation rates
(Table 4-1).

Base-catalysis dominates in the pH range studied. Between pH 3 and 4, the degradation
rate of dazomet is almost unchanged with pH, with half-lives at around 8.5 hours. This implies

that acid catalysis is insignificant (ks = 0), as an order of magnitude increase in H* ions had little
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effect on dazomet’s susceptibility to hydrolysis. As the pH increases above 4, dazomet hydrolysis
also increases, with half-lives of 3.4 and 1.3 hours at pH 8.2 and 9.5, respectively. In this region,
the apparent half-life of dazomet correlate closely with the logarithm of the concentration of

hydroxide ions (OH-) (R2 = 0.998).
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Figure 4-2. (a) The hydrolytic degradation of dazomet as a function of time (h), at pH 3.4, 4.1, 8.2
and 9.5 according to pseudo-first order kinetics (b) Dazomet half-life as a function of pH, calculated
from the data in (a). The initial concentration of these experiments was 80 pM, performed at 20°C

and run under oxic conditions

4.4.2 Effect of dissolved species on the removal of dazomet

Of the metals most frequently present in produced water, iron species are known to
influence the degradation of organic compounds. While this effect is often negligible in surface
waters, concentrations in produced water are many order of magnitude higher, with median
values about 0.8 mM (Abualfara et al., 2014; Barbot et al., 2013). We investigated the reaction

between dazomet and dissolved Fe!l by monitoring the disappearance of 80 uM of dazomet in
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excess Fell, 0.4 mM and 0.8 mM as measured by the ferrozine method. The experiment was
buffered at pH 3 under anoxic conditions to avoid the precipitation of iron hydroxo complexes.
Figure 4-3 shows that Fell accelerates the degradation of dazomet. Solutions of 0.4 and
0.8mM Fel! caused an increase of 71% and 190% in degradation rates over iron-free water.
Chemical equilibrium modeling using Visual MINTEQ version 3.1 was performed to confirm
that Fe!!l was the most dominant species present. Controls were also performed with nitrogen-
purged water under an oxygen atmosphere. This confirmed that oxidative degradation does not

affect the persistence of dazomet.
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Figure 4-3. The degradation of dazomet as a function of time (h) in the presence of 0 mM, 0.4 mM

and 0.8 mM dissolved Fe!' according to pseudo-first order kinetics. The reactions were conducted at

pH 3, 20°C under anoxic conditions. Initial dazomet concentration was 80 pM.

4.4.3 Effect of dissolved species on the removal of dazomet

Of the metals most frequently present in produced water, iron species are known to
influence the degradation of organic compounds. While this effect is often negligible in surface
waters, concentrations in produced water are many order of magnitude higher, with median
values about 0.8 mM (Abualfara et al., 2014; Barbot et al., 2013). We investigated the reaction

between dazomet and dissolved Fe!! by monitoring the disappearance of 80 uM of dazomet in
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excess Fell, 0.4 mM and 0.8 mM as measured by the ferrozine method. The experiment was
buffered at pH 3 under anoxic conditions to avoid the precipitation of iron hydroxo complexes.

Figure 4-3 shows that Fell accelerates the degradation of dazomet. Solutions of 0.4 and
0.8mM Fel! caused an increase of 71% and 190% in degradation rates over iron-free water.
Chemical equilibrium modeling using Visual MINTEQ version 3.1 was performed to confirm
that Fe!!l was the most dominant species present. Controls were also performed with nitrogen-
purged water under an oxygen atmosphere. This confirmed that oxidative degradation does not
affect the persistence of dazomet.

As the effect of ionic strength on dazomet has not been reported in literature,
experiments with NaCl were performed as a control in order to disentangle the effect of ionic
strength and catalysis by specific metal ions. Sodium is by far the largest metal ion in produced
water, measuring on the order of 5 M (Barbot et al., 2013). In experiments varying ionic
strength up to 100 mM NaCl, no detectable change was found in the rates of degradation of
dazomet (Table 4-1). This result may be extended to even higher concentrations as salinity
typically only has a measureable effect on hydrolysis when multiple charged species are involved

in the formation of the transition state (Atkins and de Paula, 2006).

4.4.4 Effect of temperature on the removal of dazomet

Activation parameters were estimated by determining rate constants at various
temperatures. This allows the interpolation of dazomet hydrolysis at elevated temperatures
(keeping all other factors constant). The natural logarithm of the fraction of dazomet remaining
over time at 34°C, 49°C and 57°C are shown in Figure 4-4. Here, pH was not controlled but
remained constant at 6.3 throughout the experiments. These experiments were conducted above

room temperature to avoid fluctuations in ambient air temperature. The observed hydrolysis
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rate constant, ko, again fit pseudo-first order kinetics with respect to dazomet at all

temperatures tested (R2 = 0.99).
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Figure 4-4. Temperature dependence of the degradation of dazomet as a function of time (h),
conducted at four temperatures (34°C, 49°C and 57°C). The pH (when cooled to 21°C) was measured

at 6.3. The reaction was performed under oxic conditions with a starting concentration of 175 pM.
Dazomet hydrolysis proves to be sensitive to changes in temperature, with an increase of
23°C quadrupling the hydrolysis rate. By using the Arrhenius equation (equation 2) where R is
the molar gas constant, T is the absolute temperature and A is the pre-exponential factor, the

activation energy or E, can be calculated.

Ea
kops = A" exp (_ E) Eq. 3
By plotting the linearized form of this equation in Figure 4-5 the E. was estimated at 61
kJ/mol. An R2 of 1 indicates that the E. is consistent over the temperature range of this

experiment. This falls within the range of 50 to 100 kJ/mol given for the oxygen analogues,

carbamates (Schwarzenbach et al., 2003).
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Figure 4-5. Plot of In k as a function of 1000/T to estimate the activation energy of dazomet

hydrolysis. The slope led to an estimated activation energy, E, of 61 kJ/mol.

To summarize thus far, the results for these experiments are presented in Table 4-1.

Table 4-1. Pseudo first-order rate constant for the hydrolysis of dazomet under varying, pH,
temperature dissolved iron (II), dazomet concentration, dissolved sodium and oxygen removal,
along with the corresponding calculated lifetimes. Initial concentration for all experiments was 80

UM, unless otherwise indicated.

Variable tested | Conditions | k(h") | Half-life (h)
Effect of pH

pH=34 20°C, oxic conditions 0.082 8.5

pH =4.1 20°C, oxic conditions 0.085 8.2

pH=8.2 20°C, oxic conditions 0.19 3.6

pH=9.5 20°C, oxic conditions 0.38 1.8
Effect of temperature

T = 34°C Oxic conditions, measured pH = 6.3 0.53 1.3

T = 49°C Oxic conditions, measured pH = 6.3 1.6 0.43

T = 57°C Oxic conditions, measured pH = 6.3 2.7 0.26
Effect of dissolved Fe!!

[Felll] = 0 mM 20°C, anoxic conditions, pH = 3 0.12 5.8
[Fell = 0.4 mM 20°C, anoxic conditions, pH = 3 0.20 3.4
[Felll] = 0.8 mM 20°C, anoxic conditions, pH = 3 0.35 2.0

Effect of Dazomet concentration
[Dazomet] = 12 uM Oxic conditions, measured pH = 6.3 0.22 3.2
[Dazomet] = 49 uM Oxic conditions, measured pH = 6.3 0.23 3.0
[Dazomet] = 490 Oxic conditions, measured pH = 6.3 0.21 3.4
uM
Effect of dissolved NaCl
[Na*] = o mM Oxic conditions, measured pH = 6.3 0.14 4.9
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Variable tested Conditions k (h) | Half-life (h)
[Nat] = 10 mM Oxic conditions, measured pH = 6.3 0.14 5.1
[Nat] = 100 mM Oxic conditions, measured pH = 6.3 0.14 4.9

4.4.5 Catalysis due to oxidized and unoxidized pyrite

For this experiment two distinct pyrite surfaces were tested to identify the effect of pyrite
treatments. The first was oxygen exposed pyrite in oxygen-saturated water. The second was
freshly cleaned (acid-washed) pyrite, in anoxic water. Both were performed at 20 g/L. The
resulting degradation rates of dazomet relative to a control containing no pyrite are shown in
Figure 4-6. All reactions were at 23°C. Interestingly, the clean pyrite surface has no perceptible
effect on the degradation of dazomet relative to the control. However, the oxidized surface led to
accelerated removal of the biocide, which degraded 5 times faster than the control. When
measured using the ferrozine method, the concentrations of dissolved Fel! and Fe!l in the
oxidized sample were below the limit of detection, suggesting a surface reaction. To identify
whether the reaction was due to the production of hydroxyl radicals («OH), 2-propanol, a
hydroxyl radical scavenger was added to a separate vial containing pyrite. No significant change

in the reaction rates was noted due to the addition.
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Figure 4-6. Fraction of dazomet remaining as a function of time (h), in aqueous suspensions of 0 g/L
pyrite, 20 g/L unoxidized (acid washed) pyrite and 20 g/L of pyrite (FeS:). Reaction conditions:
23°C, using nitrogen-sparged water for the anoxic experiments and oxygen saturated water for the

oxic experiments. The initial dazomet concentration was 1mM.

4.4.6 Analysis of hydrolysis products

A thorough assessment of the risks of dazomet should also consider the concentrations
and behavior of the hydrolysis products. The major reaction products detected at pH 6.3, 18°C
under oxic conditions are shown in Figure 4-7. While methyl isothiocyanate (MITC)
concentrations remained constant over the initial production, formaldehyde (HCHO)
concentrations increase steadily over time. Small amounts of n,n-dimethylthiourea were also
detected. These compounds account for 75% of the carbon lost from dazomet. With GC analysis,
hexahydro-1,3,5-trimethyl-1,3,5-triazine-2-thione (see Figure 4-1) was detected, which is the
compound observed by (Orem et al., 2014). Trace amounts of 5,6-dihydro-5-methyl-4H-1,3,5-
dithiazine, trimethylthiourea and cyclic octaatomic sulfur were also detected with GC analysis.
CO. and S2- levels were both below the instrument limit of detection (0.1 mg/L and 5 mg/L,
respectively). With pyrite, formaldehyde, MITC and n,n-dimethylthiourea again emerged as the
predominant products. An additional peak was found in solutions with pyrite which was
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tentatively assigned as 4-methyl-5-methylimino-1,2,4-dithiazolidine-3-thione found in aged

solutions (30-day hydrolysis) of dazomet (Subramanian et al., 1996).
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Figure 4-7. Dazomet degradation and production of major hydrolysis products formaldehyde
(HCHO), hydrogen sulfide, and methyl isothiocyanate as a function of time (h). Reaction was

performed at pH 6.3, 18°C under oxic conditions. Initial dazomet concentration 80 pM.

Table 2 reports the key physicochemical properties of these products, comparing them to
those of dazomet. Toxicity values illustrate that formaldehyde and methyl isothiocyanate are
significantly more toxic than the parent compound: dazomet is designed to act as a carrier for
these compounds. The high vapor pressures indicate that exposure to these compounds can
occur via inhalation, with both compounds causing irritation to the respiratory tract.
Formaldehyde has been shown to be carcinogenic in humans resulting in cancer of the
nasopharynx, nasal cavity and leukemia. It is also particularly toxic to aquatic life. Methyl
isothiocyanate is a sensitizer that irritates the skin, eye and respiratory system (NIH TOXNET,
2015; NIH TOXNET, 2014). Unlike dazomet, abiotic degradation of these products is limited or
very slow. Reports cite that MITC hydrolysis occurs on the order of months, formadehyde

hydrolysis is unlikely as the aldehyde group is not susceptible to OH- attack. Instead, a major
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elimination mechanism for formaldehyde would be its polymerization to form

paraformaldehyde.

Table 4-2. The key physicochemical properties and biodegradability of biocides used in hydraulic
fracturing operations. Sources: US EPA, 2008; SciFinder 2016; NIH TOXNET, 2015; NIH TOXNET, 2014.

s Vapor Hydrolsis
Compound Sozu})il)lty g)ozgl(’: pressure (EC;E) (LC/‘SE) (nI;D/ig ) half-lives
g 5 (atm) ug ug 8/ Kg at pH 7
Dazomet 4.9 0.639 0.102 11,900 550 320 3-5 hours
Formaldehyde 198 0.350 3460 14,600 NR 100 (unlikely)
Methyl
isothiocyanate 4.8 1.13 31.2 55 280 72 65 days
n,n-dimethyl
thiourea 133 -0.285 14.5 NR 16,500 NR NR

4.5 Discussion

These results confirm that under the conditions of the Marcellus Shale, the persistence of
dazomet will change when compared to its reactivity in surface water. Its half-life is strongly
affected by the specific water chemistry as shown by experiments varying temperature, pH and
dissolved cations content. Although direct comparisons are difficult to make due to differing
reaction conditions, Figure 4-8 illustrates estimations of the relative change for temperature, pH
and Fe!l. The baseline for each case was taken to be the average value recorded for the shale or
for produced water in Dilmore et al., 2015, Hayes, 2009 and Abualfara et al., 2014. The half-
lives are approximations based on available data points from this study. Based on our data,
temperature and dissolved Fell are expected to have the greatest effect on the variability of
dazomet degradation. This is due to the high sensitivity of dazomet to these variables and the
wide ranges experienced in the Marcellus shale. This supports recommendations to use dazomet
at low temperatures and shallower formations. It also suggests that the iron content of flowback

water must be controlled when reusing produced water. It should be noted that concentrations
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of Fell as high as 10 mM have been recorded and that influence must be examined by further

experimentation.

Dissolved Fe (0.88 mM) 1 mM The effgct of 10 mM Fel! must be .
determined through experimentation

rempersture 60027 | o3C

-150% -100% -50% 0% 50% 100% 150%

Figure 4-8. Projected percentage decrease and increase of dazomet half-lives due to varying
compositions of dissolved Fe!l, temperature and pH. The median value used as the baseline is shown
in parentheses, and the minimum and maximum values for each variable shown next to calculated

percentages.

The lack of acid-catalyzed hydrolysis indicates that hydrolysis occurs due to hydroxide

(OH") attack of the aminal group in dazomet, that is, the carbon atom between the two nitrogen
groups. The exact half-lives of dazomet in reports vary widely, possibly due to the strong
temperature dependence of dazomet or to interactions with the selected buffer. However, in
general, the persistence of dazomet decreases as pH increases, Figure 4-9 (US EPA, 2008;
Australian NRA, 1997; Subramanian et al., 1996). Organic compounds which degrade faster
when protonated do so due to a shift in the electron density away from the central carbon atom
on bonding with the proton. Although protonation of dazomet is estimated to occur between pH
4 and 6 (SciFinder, 2016; Pubchem), there is no corresponding increase in degradation. This
implies that nucleophilic attack is far-removed from the likely site of protonation (at the C=S
moiety) and occurs at a point surrounded by electron-withdrawing atoms. This conclusion

agrees with the mechanism suggested by van der Kerk (Goksgyr et al., 1964).
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Figure 4-9. Comparison of hydrolysis half-lives determined in this study to those in previously

published results as a function of pH.

On the other hand, complexation with the oxygen exposed pyrite surface does accelerate
the degradation of dazomet. The evidence suggests that this is due to accelerated hydrolysis at
the pyrite surface due to strong interactions with the surface. Dazomet possess structural groups
that are similar to xanthate esters which are used as collectors for the flotation of pyrite, Figure
4-10 (Montalti et al., 1991). Chemisorption of xanthates occurs via the interaction of the
negatively charged sulfur group with any oxidized iron-centered (sulfur-deficient) surface sites
(Wang, 1995; Ahmed, 1978). This suggests that highly favorable interactions within the stern
layer can occur between pyrite and the oxidized pyrite surface as well. This strong sorption is
sufficient to cause a shift in the electronic distribution of the central aminal carbon atom,
leaving the nucleus more prone to nucleophilic attack (Stone and Torrents, 1995, Smolen and
Stone, 1997). Various studies have highlighted that pyrite can induce a Fenton-like mechanism
leading to the production of «OH radicals under oxic conditions (Pham et al., 2009). However,
the degradation rate of dazomet due to pyrite was unaffected with the addition of 2-propanol (a

+OH scavenger), suggesting that this mechanism was not significant.
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Figure 4-10. The structure of dazomet, the Marcellus Shale biocide of interest and a generic
xanthate, a common collector used for the flotation of pyrite. Both compounds display -C(=S)S

groups which may lead to specific sorption between these organic compounds and the pyrite surface.

The effect of Fell is not as straight forward. Several hypotheses are put forward to explain
the observed degradation of dazomet over time. The first is that the dissolved Fe! ions can
complex with dazomet, thereby increasing its susceptibility to hydrolytic attack, much like the
catalysis observed with pyrite above. Copper salts have been used as accelerants for dazomet
degradation (Pope et al., 2016) and the interactions between Cul! and Fe!l. However, this is
debatable as the unoxidized Fe! groups of pyrite had no effect on the degradation of dazomet.
The second is that Fe!! can reduce dazomet, itself oxidized to Fe!ll, This reaction is not unlike the
reduction of oxygen analogues, carbamates by Fe!l, Cu!, and Cu!! (Strathmann and Stone, 2001).
The third is that over long periods (greater than five hours) the speciation of Fe!' changes,
resulting in a new, reactive iron specie. As this is the first study to present accelerated
degradation of dazomet with Fell, additional research is necessary to verify these proposed
mechanisms. Additional experiments could look at the effect of the transition metals Ni!l, Pbl,
Zn" and Co! which possess very high complex formation constants, but no redox activity.
Because produced waters rarely exhibit significant concentrations of these metal ions, they were
not investigated in this study.

This work also points out that a true risk assessment of the chemicals used in hydraulic
fracturing must consider any long-lived daughter compounds, as well as the parent products.

While dazomet is notably toxic, it serves primarily as a vehicle for the delivery of the more
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persistent fumigants: MITC and formaldehyde. As a result, the toxicity of dazomet actually
increases as degradation proceeds. Despite its relatively short lifetime in aqueous solutions,
dazomet can serve as a long-lasting preservative for shale formations due to the long half-lives
of the daughter products. However, these compounds are also likely to be in flowback water that
returns to surface, generating toxic fumes in the vicinity of produced water impoundments,
particularly in warmer temperatures where vapor pressures will increase and solubility is likely
to decrease. The observed reaction products agree with previous publications (Subramanian et

al., 1996; Matolcsy et al., 1988; US EPA, 2008).
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Chapter 5 Pyrite-induced reduction of four hydraulic
fracturing biocides: the effect of selected functional

groups on reactivity
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5.1  Abstract

Although pyrite has been shown to reduce organic compounds, there is a need to
investigate how this mineral may affect the fate of the different classes of biocides used in
hydraulic fracturing. This work investigates the hydrolysis of a subset of the biocides and their
reduction by pyrite: 1,2-dibromo-2,4-dicyanobutane (DBDCB), methylene bis(thiocyanate)
(MBT), methylisothiazolinone (MIT) and benzisothiazolinone (BIT). The goal is to explore the
mechanism of degradation of specific functional groups found in biocide compounds. Although
considered stable against hydrolysis at low pH, DBDCB and MBT degraded over the course of
the experiment at pH = 2.7, with half-lives estimated at 39 day and 24 days, respectively. This
was due to the presence of hydrolysable bromo (—Br) and thiocyanate (-SCN) functional groups.
The isothiazolinones MIT and BIT showed no significant degradation under the same
conditions. This was attributed to the stabilizing effect of the carbonyl (-C=0) group. Significant
reduction due to the addition of pyrite was only observed with DBDCB: The approximate surface
area-normalized rate constant was calculated to be 7 x 103 Lm=day. The resulting product was
the debrominated compound 2-methyleneglutaronitrile. This is due to the ease of reducing
bromo groups (standard redox potential for the Br, ;—2Br- couple, E° = 1.1 V). The results show
that by investigating the reactivity of specific functional groups, we can gain insight into the

reactivity of the different classes of biocides used by the industry.
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5.2 Introduction

Several studies have demonstrated that pyrite can reduce organic compounds, and this
may affect the fate of biocides used in hydraulic fracturing. Theoretical examinations
demonstrate that pyrite can donate electrons to organic compounds (Luther, 1987). Laboratory
results confirm this hypothesis, showing that chlorinated compounds (Lee and Batchelor, 2002;
Kriegman-King and Reinhard, 1994) and nitro-containing compounds (Oh et al., 2008) can be
reduced by natural pyrite. Much of this work was motivated by the need to identify abiotic
methods to transform these contaminants into less toxic compounds in the subsurface
environment. These results suggest that pyrite may also undergo redox reactions with some
organic biocides used in hydraulic fracturing and likely decrease the persistence of these
biocides.

However, unlike the organic compounds represented in literature, the biocides used in
hydraulic fracturing span a wider range of functional groups. In fact, few of the biocides possess
chlorinated or nitro groups. Because of the dearth of information, there is a need to
experimentally determine how the reactivity of organic compounds will change on addition of
pyrite. The outcome will inform our knowledge of the behavior of biocides in hydraulic
fracturing, and contribute fundamental knowledge to our understanding of the reactivity of
pyrite with other classes of organic compounds, as well.

To understand the reactivity of these biocides with pyrite, four biocides were selected
from the 22 organic biocides used in hydraulic fracturing fluids: 1,2-dibromo-2,4-dicyanobutane
(DBDCB), methylene bis(thiocyanate) (MBT), methylisothiazolinone (MIT) and
benzisothiazolinone (BIT). The structures and key physicochemical properties are in Table 5-1

below. A primary feature of this group of biocides is that they are expected to be stable against
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hydrolysis at low pH. As pyrite dissolves to produce H+ ions, little to no reactivity under acidic

conditions will make it simpler to identify the effect of pyrite on the reactivity of each biocide.

Table 5-1. The abbreviation, structural and physical properties of biocides selected for this chapter.
Note: log P is the logarithm of the partitioning between octanol and water as modeled by SciFinder
(2016) and LDso is the median lethal dose as cited in EPA reregistration eligibility decision for the

respective biocide (US EPA, 1995; US EPA, 1996; US EPA, 1997; US EPA, 1998).

Biocide DBDCB MBT MIT BIT
Structure ” — s s s
w=j'_/7f N%/ ~ \§N \:S\N/CH3 @NH
r o v
MW (g/mol) 256.93 130.19 115.15 151.19
Solubility
0.82 2 2 0.56
(/L) 3 4 >
Log P 1.515 0.630 0.119 1.953
pKa (basic) none none -2.03 -1.97
LD;o (mg/kg)
rat, oral 643 77 105 727

This small sample of biocides captures many of the important physicochemical
properties and functional groups found in the wider class. Their solubilities range from
moderate to highly soluble (0.56 g/L to 24 g/L). All of these biocides are considered neutral
biocides under the conditions of hydraulic fracturing, although some small percentage (=0.01%)
of MIT and BIT is expected to be protonated at pH 2, which allows for detection with liquid
chromatography-mass spectrometry. Some of the most common functional groups and
structures are represented, among them the heterocyclic ring, bromo groups (-Br), and carbonyl
groups (-C=0).

All of these biocides are all preservatives that protect vital organic compounds in
fracking fluid from undergoing microbial degradation. They fall into category II and III for oral
acute toxicity, as they cause harm and possibly death if swallowed. In humans, DBDCB, MIT
and BIT can cause sensitization to individuals who are repeatedly exposed to these compounds
(Wilkinson et al., 2002; Jensen et al., 2004). Data also suggest that MIT may be a neurotoxin

and cytotoxin, even at low concentrations (He et al., 2006). However, the primary health
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concern for these biocides is to fish and invertebrates in receiving waters as they range from
highly toxic to moderately toxic to these organisms (US EPA, 1995; US EPA, 1996; US EPA,
1997; US EPA, 1998).

Although EPA risk assessments suggest that these biocides are stable to hydrolysis for
many days under low to neutral pH, multiple elimination mechanisms exist in the environment.
For example, although MBT is expected to remain unaltered in aqueous solutions for over 30
days at pH 5, under alkaline conditions (pH 9) it hydrolyzes with a half-life of 2.2 hours
producing thiocyanate ions, -[SCN]- (US EPA, 1997). DBDCB is rapidly debrominated in soils
and on fruit, with half-lives ranging from 4 to 8 days. The major product identified was 2-
methyleneglutaronitrile, but the mechanism of degradation is not clear (Liu et al., 2014). The
biocides MIT and BIT are often used as preservatives in paint and consequently, they can leach
from buildings and enter the surrounding soils. Measurements of the biocides from building
facades show that MIT and BIT are degraded in soils with half-lives of less than 1 day. The
degradation products were not identified (Bollmann et al., 2017). Although these studies offer
some insight into the persistence of these biocides under surface conditions, none of them have
explicitly explored whether abiotic reduction of these compounds by natural minerals can play a
role in their elimination.

The objective of this chapter is to identify the reactivity of various biocide functional
groups due to the addition of pyrite. To do this, the four selected biocides will be added to
identical solutions of pyrite. The task is then to determine the mechanism of degradation for
these specific biocides at the pyrite-fluid interface, in particular distinguishing between two
elimination mechanisms: hydrolysis and reduction. From this work, the reactivity of specific
functional groups can be explored which can be extended to other biocides used in hydraulic

fracturing as well.
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5.3 Methods and Materials

5.3.1 Materials

The chemicals used in this study were dibromodicyanobutane (analytical standard grade,
Aldrich), methylene bis(thiocyanate) (98%, AK Scientific), benzisothiazolinone (97%, Alfa
Chemistry), methyl isothiazolinone (95%, AK Scientific), methanol (98%, BDH Chemicals),
ethanol (200 proof ACS/USP grade, Pharmoco-Aaper), acetonitrile (99.8% EMD), hydrochloric
acid (36.5 - 38%, BDH), formic acid (96+%, Alfa Aesar), acetone (99.5%, EM Science). All
chemicals were used as received. Research grade pyrite (Zacatecas, Mexico) was obtained from
Wards chemical. Methanol stock solutions of organics were prepared and the reaction initiated
within a day. Water was obtained from a Barnstead 18.1 MQ water system and oxygen was

removed for anoxic experiments by purging with N..

5.3.2 Preparation of pyrite

Large pyrite aggregates greater than 10 mm in diameter were first crushed by using a
ceramic mortar and pestle, then further size-reduced with an 8530 Shatterbox. The fraction
between 20 and 38 um was retained by wet-sieving in 70% ethanol (Wolfe et al. 2007). The
surface was then cleaned to dissolve iron oxide layer that forms on the pyrite surface due to
prolonged exposure to air. This was done by the rinsing in boiling acid, followed by deionized
water and then acetone (Paschka and Dzombak, 2004). The acetone was removed by placing the
pyrite in 105°C oven for 5 mins. This method resulted in minimal oxidation of the surface. The
pyrite was cooled and stored under vacuum. Sedimentary pyrite was not available during the
period of this study. Hydrothermal pyrite is a suitable proxy for probing the fundamental

degradation mechanisms as in this study (Liu et al., 2008a) However, as sedimentary pyrite is
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often more varied in chemistry than the hydrothermal variety, additional experiments may be

needed to accurately translate these results to shale formations (Liu et al., 2008b).

5.3.3 Batch experiments

Batch experiments were performed in amber vials (50 mL) sealed with polypropylene
screw caps fitted with polytetrafluoroethylene (PTFE) and silicone septa. All the experiments
were anoxic, set up and sampled in a glove box under nitrogen atmosphere with 2% hydrogen.
Exactly 4.5 g of pyrite was added to each vial resulting in a 100 g/L solution of pyrite to
investigate the reductive effect of the mineral. Each experiment was initiated by adding a known
amount of biocide stock solution to each vial, yielding a final concentration of about 1 mM.
Solutions involving pyrite were then placed on an end-over-end tumbler to ensure adequate
mixing. Samples investigating the effect of acidic conditions were performed by adding 0.1%
formic acid to pyrite-free solutions, resulting in pH 2.7 for each sample. Aliquots were taken
from each batch reactor, placing 0.5 mL of the filtered solutions of MBT, MIT and BIT into
autosampler filter vials and immediately analyzed over the course of 10 to 15 days. For DBDCB,
2 mL of each solution was removed and prepared for liquid-liquid extraction. The pH of each of

these solutions was taken at the end of each experiment.

5.3.4 Analysis of dibromodicyanobutane.

The analytical procedure was adapted from Pellegrini, et al. (2011).
Dibromocyanobutane was extracted from aqueous samples into equal volumes of ethyl acetate.
Analysis of the organic portion was then performed with an Agilent GCMS system
(7890B/5977A G), equipped with an HP5-MS column (30 m x 0.25 mm x 0.25 um). Exactly 1 uL.
was injected in splitless mode at 250°C. The carrier gas was ultra-high purity helium at
1 mL/min, constant flow. The oven was held at 80°C for 1 minute and then ramped up to 290°C
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at 10°C/min. The MS transfer line, quadrupole and source temperatures were set to 280°C,
150°C and 230°C, respectively. Mass spectroscopy was done in scan mode (m/z 40 — 350). It
was discovered that for solutions of over 1 mM, three peaks were identified for
dibromocyanobutane. This is likely due to dimerization of triple bonds to 5,6,6-tribromo-5-
(bromomethyl)-3,4,5,6-tetrahydro- 2-pyridinamine, under the high temperatures of the GC, as
suggested by Fritz et al. (1976). Thus, the sum of these three peaks were used for calibration
instead of the peak suggested by Pellegrini, et al. (2011) This greatly improved the calibration fit

from, R2 = 0.967 to R2 = 0.993.

5.3.5 Analysis of methylene bis(thiocyanate)

The analysis of methylene bis(thiocyanate) was performed by direct injection of the
filtered sample into an Agilent 1100 HPLC, equipped with Zorbax Eclipse C18 column (4.6 x 150
mm, 5 um) and a variable wavelength detector. Isocratic separation was performed with 15%
acetonitrile and water, both acidified with 0.1 vol% formic acid at a flowrate of 1 mL/min. The

column temperature was 30°C. Detection was done at 252 nm (Borisova-Jan et al., 2011).

5.3.6  Analysis of benzisothiazolinone and methyl isothiazolinone

This analytical procedure was adapted from Wittenberg et al., 2015 and Alvarez-Rivera
et al., 2012. The isothiazolinones were analyzed with an Agilent 1100 liquid chromatograph and
Agilent 6430 tandem mass spectrometer (LC-MS/MS). The separation was done on the Zorbax
Eclipse C18 column (4.6 x 150 mm, 5 um) at a flowrate of 0.5 mL/min. A gradient of water
acidified with 0.1 vol% formic acid (A) and methanol (B) was used, starting at 30% B for 4
minutes, ramped up to 90% B for 2 minutes. The injection volume was 5 uL and the column
temperature was 30°C. Detection was also done with the UV-visible detector, set to 274 nm. The
mass spectrometer was operated in multiple reaction monitoring (MRM) mode, using the
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product ions and collision energies as mentioned in Alvarez-Rivera et al. (2012). The mass
spectrometer source parameters were the following: gas temperature of 250°C; 10 L/min N, gas
flow at 60 psi; capillary voltage at 3000 V. Of the two detection methods, UV-visible

spectrometry was determined to be more precise.

5.4 Results

5.4.1 Degradation of DBDCB

The degradation rate of DBDCB under anoxic conditions was shown to be affected by
pH. Previous studies found that DBDCB hydrolyzes rapidly under alkaline conditions (US EPA,
1996). The reported half-life decreased from 190 days at pH 5 to 13 days at pH 9. In Figure 5-1,
DBDCB degradation was imperceptible at pH 5.1, confirming that the biocide is relatively stable
in water at this pH. This work also shows that DBDCB degradation rates increase as the pH was
lowered to 2.7 (without pyrite). Because less than 30% of the DBDCB reacted over the course of
the experiment, only a rough approximate of the half-life could be obtained. Assuming pseudo-
first order degradation rate with respect to DBDCB (R2 = 0.93), the half-life time was estimated
at 39 days.

The addition of pyrite resulted in an increase in the degradation of DBDCB as indicated
in Figure 5-1. In a solution of 100 g/L pyrite, with a final pH of 2.1, the half-life time of DBDCB
is approximately an order of magnitude faster. The half-life was estimated at 4 to 5 days
(assuming pseudo-first order degradation rates with respect to DBDCB, R2 = 0.97). Assuming a
pyrite surface area of 0.2 m2/g (Pham et al., 2008), the approximate surface area-normalized
rate constant was calculated to be 7 x 103 Lm=day. This is two orders of magnitude slower
than measured in this work for 2,2-dibromo-3-nitrilopropionamide (DBNPA) but two orders of

magnitude faster than measured for chlorinated ethenes by Lee and Batchelor (2002).
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Figure 5-1. Fraction of DBDCB remaining as a function of time (h), in aqueous suspensions of 0 g/L,
5g/L,10 g/L and 15 g/L of pyrite (FeS:). The experiment was performed in nitrogen-sparged water,
with an initial DBDCB concentration of 0.4 mM. The hydrolysis (no pyrite) experiments were

performed at pH 5.1 and 2.7. The final pH was measured at 2.1 for the solution with pyrite

The debrominated product, 2-methyleneglutaronitrile (or 2-methylenepentanedinitrile)

was identified by GCMS analysis and HPLC-MS analysis. As no standard was available, the MS
electron ionization (EI) spectra (Figure 5-2) was matched to spectra from the NIST Mass
Spectrometry Data Center (2017). The molecular ion (M*) peak of m/z 106 corresponds to the
monoisotopic mass of 2-methyleneglutaronitrile (106.053 g/mol). The base peak, m/z of 66 is
due to loss of CN, (Pellegrini et al., 2011). The aqueous extract was also injected into the HPLC
with mass spectroscopy in scan mode. This is considered a “soft” ionization technique so there is
little fragmentation of the molecular ion. Three separate compounds were identified, and one
possesses a molecular weight of 106 g/mol, also corresponding to 2-methyleneglutaronitrile.
The other two yet unidentified products had molecular weights of 99.9 g/mol and 148.0 g/mol.
Simple analytical techniques also confirm that Br- was released from the solution containing
pyrite. The addition of AgNO; led to the precipitation of a white precipitate, which was soluble
in a strong base. This was likely AgBr(, , formed from free Br- ions released due to reduction of

DBDCB on exposure to pyrite.
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Figure 5-2. EI-MS spectrum of the main product of DBDCB, 2-methyleneglutaronitrile (or 2-

methylenepentanedinitrile). The structural formula of 2-methyleneglutaronitrile is also illustrated.

The results suggest that the debromination of DBDCB is accelerated by pyrite. The nitrile
group (-C=N), however, seems to be unaffected by the presence of pyrite. Nitriles are not easily
reduced (Rao and Hoz, 2012). Therefore, on transferring electrons to the DBDCB, the bromo

functionality is the most likely group to be lost.

5.4.2 Degradation of MBT

The degradation of MBT under anoxic conditions is unaffected by the addition of pyrite,
but hydrolysis is expected to be a significant elimination mechanism for this biocide at low pH.
Although cited as being stable at low pH, the results show that hydrolysis is significant under
acidic conditions, with a half-life of about 24 days. The hydrolysis product that evolved under
these conditions is expected to be the same as that reported at higher pH: thiocyanate ions,
[SCNT-. Negligible degradation was observed due to the addition of pyrite, as reduction of the
thiocyanate group is particularly difficult, requiring strong reducing agents such as nitrogenase

(Rasche and Seefeldt, 1997). Thus, MBT is unlikely to be reduced by pyrite.
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Figure 5-3. Fraction of MBT remaining as a function of time (h), in aqueous suspensions of 0 g/L and
100 g/L of pyrite (FeS:). The experiment was performed in nitrogen-sparged water, with an initial
MTC concentration of 0.9 mM. The hydrolysis (no pyrite) experiments were performed at pH 2.7. The

final pH was measured between 2.5 and 2.9 for pyrite solutions and 2.4 for the solution with pyrite.

5.4.3 Degradation of the isothiazoliones: BIT and MIT

Pyrite has very little effect on the degradation of the isothiazolinones under anoxic
conditions, Figure 5-4. Of the four biocides studied, MIT and BIT were the most stable at low
pH, with negligible hydrolysis at any pH (Krzeminski et al., 1975; Park and Kwon, 2016). This

agrees with data showing that BIT is stable under reducing conditions (Gillatt, 1997).
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Figure 5-4. Fraction of MIT and BIT remaining as a function of time (h), in aqueous suspensions of
0 g/L and 100 g/L of pyrite (FeS:z). The experiment was performed in nitrogen-sparged water, with
initial MIT and BIT concentrations of 0.9 mM. The hydrolysis (no pyrite) experiments were
performed at pH 2.7. The final pH was measured between 2.5 and 2.9 for pyrite solutions and 2.4 for

the solution with pyrite.

5.5 Discussion

The biocides used in hydraulic fracturing undergo various elimination mechanisms in
aqueous solutions. While the environmental fate of these biocides has been studied under
ambient surface conditions, their behavior under the specific conditions of the Marcellus Shale
is largely unknown. Although it is possible to run experiments on each biocide, a fundamental
understanding of the reactivity of the relevant functional groups will be more useful, as this will
allow for quantitative prediction of reactivity, and save on costly laboratory experiments. In this
chapter we investigated the hydrolysis of selected biocides and their reduction by pyrite, with a
focus on the effect of each elimination process on specific functional groups.

Even at low pH, the hydrolysis of many biocides may be significant. As pH increases, the
hydrolysis rate of many organic compounds also increases. This is due to more hydroxyl groups
available for nucleophilic attack. In this work, the rate of hydrolysis at a given pH depends on
whether the biocide possesses a good leaving group, that is, an anion that is stable in aqueous

solutions. A good quantitative proxy for this is the acid dissociation constant or pK,. As shown in
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Table 5-2, HBr and HSCN possess fairly low pK,, making the conjugate bases —Br and —SCN
good leaving groups. As a result, biocides with these functional groups are likely to hydrolyze in
water. However HCN has a very high pK, making —CN a poor leaving group. This functional
group is therefore less likely to hydrolyze in water. The implication is that biocides with
functional groups that are good leaving groups will experience hydrolysis, particularly at high
pH. Likewise, the stability of the isothiazolinones stems from a very specific functional group.
Donor-acceptor interactions between the carbonyl group (-C=0) and metal cations included in

the formula are responsible for the stability of these ringed structures (Krzeminski, et al., 1975).

Table 5-2. The functional groups of DBDCB and MBT, and the acid dissociation constant (pKa.) of the

conjugate acids.

Biocide Functional groups pK. of conjugate acid
-Br -0.0
DBDCB oy o
MBT -SCN 4.0

Of the biocides investigated, significant reduction was only noted for DBDCB with pyrite
under anoxic conditions. The other biocides showed little to no reduction in the presence of
pyrite. The ease of reduction of any functional group can be quantified by its redox potential.
Here, the redox potential of the dimeric species is a good proxy for the redox potential of the
relevant functional group. Table 5-3 illustrates that the reduction of the -Br groups in DBDCB is
the more thermodynamically favorable under standard condition than the -CN in the same
compound and of -SCN in MBT. Likewise other biocides containing -Br or -Cl groups are likely

to be reduced as well (standard redox potential for the Cl. ;—2Cl- couple, E° = 1.36 V).

Table 5-3. The functional groups of DBDCB and MBT, and the standard redox potential for the

corresponding dimer.

Biocide | Half-life in | Half-life in pyrite | Functional | Standard Reduction E° (V)
water (days) | solutions (days) groups Half Equation
DBDCB 39 4.5 -Br Br, + 2e- = 2 Br- +1.1
-CN (CN). + 2e- =2 CN- +0.373
MBT 24 24 -SCN (SCN). + 2e- =2 (SCN)- | +0.77
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This work investigated the hydrolysis and reduction by pyrite of several functional
groups: -Br, -CN, -SCN, and the isothiazolinone heterocyclic ring. The results show that by
investigating the reactivity of specific functional groups, we can gain insight into rate limiting
factors affecting the reactivity of these and other biocide compounds. Based on these results,
future research can focus on testing the reduction of a homologous series of organic compounds
with pyrite. By isolating the effect of the rate limiting step (that is, keeping the leaving group the
same), experiments can further increase the understanding of fundamental mineral interactions

with biocides and their degradation mechanisms.
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6.1 Overall conclusions

The overall goal of this study was to understand the effect of pyrite on biocide reactivity
in hydraulic fracturing. This work explored the hydrolysis and transformation of several
biocides, focusing on their interaction with pyrite. Pyrite oxidizes readily in air and in aqueous
solutions. As a result, this work looked at the effect of these different reactive sites on a range of
biocides. These results also offer fundamental insight into the reactivity of natural pyrite by
exploring the role it plays in the degradation of reactive and recalcitrant compounds. This work
can also help to inform stakeholders of the organic compounds returning in flowback fluids, so
that the appropriate wastewater treatment methods can be adopted prior to reuse or disposal.

The conclusions for each of the specific objectives are outlined below.

Objective 1. To demonstrate the effect of pyrite and pyrite reaction products on the
degradation of the bromine-containing biocide, DBNPA.

For this objective, experimental work was done to quantify the degradation rates of 2,2-
dibromo-3-nitrilopropionamide (or DBNPA) with pyrite and to identify the reaction products.
In addition, the products were analyzed to determine the mechanism of degradation. On the
addition of pyrite to DBNPA, degradation rates of the doubly brominated compound were found
to increase significantly, specifically catalyzing the debromination (or reduction) of DBNPA. The
intermediate product was the monobrominated analogue, 2-monobromo-3-nitrilopropionamide
(or MBNPA). The amide group and nitrile groups were unaffected by pyrite. The reduction was
proposed to occur via a two-electron transfer. The surface area-normalized first-order
degradation rate constant was estimated at 5.1 L.m-2day.

The dissolution and oxidation products of pyrite (Fe!l, S.04> and SO,2) are known
reducing agents, but their reaction rates with DBNPA suggest that these species do little to

contribute to the reduction of the biocide. Fe!! is produced on the dissolution of pyrite but had
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negligible effects on the degradation of DBNPA, possibly due to a stabilizing coordination to the
amide group (as in Huang and Stone, 1999). Thiosulfate (S,032") results in the rapid reduction of
DBNPA. However, concentrations of S.0;2 are expected to be low and this strong reducing
agent is too quickly depleted by DBNPA and any other oxidants to contribute to the rates
observed with pyrite. Sulfate (SO,>) had no discernible effect on DBNPA. Taken together, the
results illustrate that a surface reaction with pyrite has the ability to reduce the persistence of
DBNPA, and as a consequence change the distribution of reaction products.

Objective 2. To quantify the influence of water chemistry and interactions with pyrite
on the degradation of the sulfur-containing biocide, dazomet.

For this objective, experimental work was done to quantify the degradation rates of
dazomet under a variety of conditions found in the Marcellus Shale. Dazomet readily hydrolyses
in aqueous solutions and this occurs at faster rates with high temperature and dissolved Fel!
concentrations. The activation energy of dazomet was estimated at 60 kJ/mol. Experiments
increasing Fe!l concentrations to 0.8 mM (roughly the average recorded Fe concentration in
produced water) resulted in an increase of 190% over iron-free solutions. As concentrations as
high as 10 mM have been reported, this factor has significant ability to increase the degradation
of dazomet. Dazomet was found to be base-catalyzed, with half-lives ranging from 8.5 hours at
pH 4.1to 3.4 hours at pH 8.2.

In experiments with pyrite, dazomet was not degraded by the pristine pyrite surface, but
rather by the oxidized pyrite surface. In solutions with the oxidized pyrite, dazomet was
removed from the solution 5 times faster than the (pyrite-free) control. When measured, the
concentrations of dissolved Fell and Fel from the oxidized surface were below the limit of
detection, suggesting a surface reaction. The products measured were identical to those

identified on hydrolysis (methyl isothiocyanate and formaldehyde). This suggests the

129



dithiocarbamate group in dazomet was able to chemisorb onto the oxidized pyrite surface,
resulting in accelerated hydrolysis of the biocide.

Objective 3. To identify the reactivity of various biocide functional groups due to the
addition of pyrite.

For this objective, experimental work was done to compare the degradation of
dibromodicyanobutane (DBDCB), methylene bis(thiocyanate), benzisothiazolinone and methyl
isothiazolinone in the presence of pyrite, under identical experimental conditions. Where
possible, the degradation products of the biocides was identified or inferred. This resulted in a
comparison of the hydrolysis and pyrite-induced reduction of several distinct functional groups:
the bromo group, -Br; the thiocyanate groups, -SCN, the nitrile group —CN and the
isothizolinone group (heterocyclic compounds containing, nitrogen, sulfur and a carbonyl, -C=0
group).

Several elimination mechanisms were identified, and tied to the reactivity of the specific
functional group involved. For dibromodicyanobutane and methylene bis(thiocyanate),
hydrolysis was found to be a significant elimination mechanism. Although considered stable at
neutral pH, the half-lives of both biocides were roughly 30 days at pH 2. This was attributed to
the fact that —Br and —SCN are good leaving groups, and dissociate from the parent compounds
in aqueous solutions over time. Conversely, hydrolysis of benzisothiazolinone and methyl
isothiazolinone was negligible due to the stabilizing effect of donor-acceptor interactions
between the—C=0 group of the isothiazolinones and cations in the solution. Pyrite was shown to
reduce one of the biocides, dibromodicyanobutane with the consequent production of its
debrominated daughter molecule, 2-methyleneglutaronitrile. The lability of this compound with
pyrite is attributed to the ease at which the —Br group is reduced (standard redox potential for

the Brz (y—2Br- couple, E° = 1.1 V).
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6.2 Summary of novel contributions

Consistent with the overall goal of this work, these results contribute to our knowledge of

pyrite-biocide interactions. These are summarized below:

1. A pyrite surface-controlled reduction mechanism can transform brominated biocides

used in the Marcellus Shale, reducing their persistence.

The degradation of DBNPA and DBDCB was accelerated in the presence of pyrite. With
DBNPA, it was clear that pyrite caused an increase in reduction rates but had no effect on the
hydrolysis rates of this compound. For both compounds, Br- ions are released into the solution.
This study is the first to illustrate that pyrite can reduce brominated compounds, due to the

oxidizing potential of the organic compounds.

2. Reaction with pyrite can alter the product distribution of biocides, and as a result

change the efficacy and risks of these products.

Pyrite may also influence the distribution of reaction products. This will be especially
true for biocides that possess multiple competing elimination mechanisms or are stable in
aqueous solutions. For example, DBNPA’s reduced product was identified as less toxic than the
parent biocide or the alternative hydrolysis product. These new or different products complicate
the assessment of the efficacy of, and risk due to the use these biocides for hydraulic fracturing.
However, it is important to note that the experiments with pyrite were performed at low pH
where hydrolysis is relatively slow. At higher pH, hydrolysis for some compounds may
outcompete reduction by pyrite. As a result, further work will be needed to extend this to higher

pH.
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3. The Fel surface groups of pyrite accelerate the degradation of hydrolysable

compounds.

The rapid oxidation of pyrite results in Fe!l groups on the surface of the mineral. In the
case of dazomet, these groups were shown to catalyze the hydrolysis of the biocide. This may be
a factor for other biocides possessing functional groups that coordinate to Fel; causing a
redistribution of the electrons in the molecule that leaves it open to nucleophilic attack.
However, as shown, many of these organic compounds hydrolyze faster at higher pH. Therefore,

the contribution of this mechanism is likely to diminish as pH increases.

4. The reactivity of the biocides in the Marcellus Shale can be anticipated by investigating

the specific functional groups of each biocide.

The utility of predicting reactivity based on the functionality of a compound has been
exploited in the fields of chemical synthesis and pharmacology. However, exposure assessments
for risk assessment rely heavily on costly and often time-consuming experiments. The
experimental work in this dissertation has supplied evidence that well-established chemical
properties such as the acid dissociation constant (pK,) of the conjugate acid and the standard
reduction potential (E°) of the corresponding dimer can describe the reactions of these

functional groups under new environmental conditions.

6.3 Suggestions for future work

While this dissertation has generated some fundamental findings on biocide-pyrite
interactions, the following are suggestions to further our understanding of the mechanisms

occurring in this complex system.
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1. Investigation of the effect of pH on the removal of biocides from solution in the presence

of pyrite.

The effect of pH is two-fold: it may affect the hydrolysis rate of organic compounds, and
may also affect the pyrite-induced reduction rates. As pyrite dissolves, the pH of the solution
drops, due to dissolution of the mineral. In this work, no buffer was used as this may have
affected the degradation rates observed with pyrite. As a result, all studies with pyrite were
performed at low pH where hydrolysis is limited. Fracking fluid in carbonate-rich formations
very quickly becomes alkaline, with pH up to 8.4 being recorded (Barbot et al., 2013). Thus, it is
important to consider the importance of alkaline conditions to the pyrite-biocide interactions. At
higher pH, the hydrolysis rates of organic compounds will increase significantly. But research
suggests that reduction rates will increase as well (Weerasooriya and Dharmasena, 2001; Oh et
al., 2008). Future work is needed to investigate the effect of pH on the contribution of pyrite as

an elimination mechanism.
2. Characterization of the mineral phases leading to catalysis of dazomet hydrolysis.

In this work, the oxidized pyrite surface was shown to catalyze the hydrolysis of dazomet.
Studies suggest that pyrite is oxidized to form ferric (hydroxy)sulfate and ferric oxyhydroxide
(Todd et al., 2002; Dos Santos et al., 2016). In this study, characterization of the surface using
techniques such as X-ray absorption spectroscopy (XAS) was not possible. However, surface
characterization will give insight into the iron-bearing phases that are responsible for the
observed increase in the rate of hydrolysis. This in turn can be used to discern the conditions

that favor this reaction.
3. Investigation of the effect of salinity on the reduction of biocides.

The produced water generated from the Marcellus Shale is hypersaline, with a median

salinity of 250,000 mg/L from the Marcellus Shale (Rowan et al., 2011). Salinity affects both the
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mineral surface and the activity of the organic biocides. Increasing the ionic strength of the
surrounding fluid generally compresses the double layer. This could greatly decrease the
accessibility of reactive pyrite sites to the organic compounds (Su and Puls, 2004). On the other
hand, dissolved metal cations may enhance the interaction of the organic species with the pyrite
surface (Bebié and Schoonen, 2000). Furthermore, high ionic strengths decrease the aqueous
solubility of organic compounds (Burant et al., 2017),.which further complicates our ability to

predict biocide-mineral interactions at high ionic strengths
4. Examination of the effect of reducing organic compounds on the pyrite surface.

This work has focused on the influence of pyrite on the persistence of biocides and has
shown that pyrite can accelerate the degradation of certain biocides. However, additional work
is needed to characterize the reciprocal effect on the pyrite surface. Molecular orbital theory
posits that when pyrite reduces a dissolved ion or organic compound, it is itself oxidized to form
thiosulfate, S,042 (Luther, 1987). Kriegman-King and Reinhard (1994) investigated the pyrite
surface using x-ray photoelectron spectroscopy (XPS) after a small amount of carbon
tetrachloride had been reduced by pyrite. Under anoxic conditions, they found no change to the
sulfur groups, although calculations indicate that the concentration of reacted surface sites may
have been too low to be detected. They did note significant leaching of the iron from the surface,
which increased the S:Fell ratio from 2.1 to 4. Changes to the shale minerals can have a
pronounced effect on the permeability of the shale (Harrison, 2017). Therefore a more thorough
investigation of effect of organic compounds on the pyrite surface can aid in predicting how the

formation will change over time.
5. Evaluation of the competition and inhibition by O. and other oxidizing compounds
These experiments have been performed largely under anoxic conditions. However, in

real systems, biocides are expected to face significant competition for pyrite reactive surfaces
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due to the presence of other organics additives. Some organics such as petroleum distillates may
simply sorb to the shale, protecting the pyrite surface. Others such as persulfates are strong
oxidizing agents and consequently, they may oxidize reactive pyrite sites (Tasker, 2016). In
addition, if the fracking fluid contains dissolved oxygen during the shut-in period, molecular

oxygen will compete for these reactive groups as well.
6. Experimentation with sedimentary and amorphous pyrite.

Because of its commercial availability, these studies used framboidal hydrothermal
pyrite to as an initial step in determining possible interactions with organic biocides and pyrite.
A logical next step would be to perform similar experiments on sedimentary pyrite, specifically
samples from the Marcellus Shale or another producing shale gas formation. In particular, the
ratios of trace elements (for example, Cu, Ni, Zn) may differ between samples and this may have
small, but noticeable effects on pyrite induced degradation rates (Huang et al., 2015; Liu et al.,
2008).

In addition to the source of pyrite, pyrite morphology should also be considered. Pyrite
morphology varies as a function of the conditions under which it was produced (Alonso-
Azcarate et al., 2001; Wang and Morse, 1996). Various crystal morphologies and aggregates may
be present within one shale formation (such as in Wignall and Newton, 1998). The non-
framboidal pyrite may have different dissolution and reaction rates (Liu et al., 2008). Thus,
experimental work should be done to investigate the effect alternate pyrite textures on other

biocide reactivity.
7. Understanding the contribution of pyrite in complex and changing shale matrices.

To understand the mechanisms of degradation of organics due to pyrite, this work was
performed under very controlled conditions to isolate the effect of pyrite. However, as

highlighted in Chapter 2, the shale mineral interface is a complex mixture of minerals. The rock
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composition varies significantly between shale formations and even within the same shale play
(Chalmers et al., 2012; Chermak and Schreiber, 2014). In addition to this, on exposure to the
hydraulic fracturing fluid, mineral dissolution and precipitation occurs, changing the
distribution of minerals from that of pristine shale samples (Jew et al., 2017; Marcon et al.,
2017). Experiments with real shale samples can be optimized to investigate the reactivity of
biocides to determine the extent to which pyrite contributes to the transformation of these

organic compounds used in hydraulic fracturing.

8. Development of analytical methods to measure biocides and their degradation

products at relevant concentrations.

Biocides, in general, are harmful to human and ecological health at very low
concentrations. However, for many of these compounds the limit of detection is very high
(particularly for compounds that rely on HPLC with UV-visible detection) or their detection
requires multiple steps (that is, compounds that need to be derivatized). For these biocides,
there is a need to develop rapid and simple ways to quantify them at concentrations near to the
quoted toxicity values. One interesting approach may to develop and validate assays that can
measure non-specific toxicity. This will be especially useful for the complex produced water

matrices and will enable rapid detection in the field, without expensive analytical instruments.
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Table A-1. Data for Figures 3-2 and 3-4

Time Elapsed Concentration of MBNPA Moles of DBNPA reacted
(hours) (mM) (mM)
15 g/L pyrite
0.0 0.032 0.013
0.6 0.177 0.226
1.6 0.287 0.301
3.2 0.390 0.546
10 g/L pyrite
1.4 0.121 0.130
3.8 0.309 0.410
4.3 0.327 0.569
5g/L pyrite
0.9 0.077 0.062
3.3 0.195 0.223
5.8 0.290 0.361
8.0 0.448 0.449
o g/L pyrite
0.3 n.d. -
2.7 n.d. -
4.5 n.d. -
6.7 n.d. -
9.4 n.d. -
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Table A-2. Data for Figure 3-5.

Time elapsed (Hours) ‘ Concentration DBNPA (mM)

o mM Fe (IT)
0.8 1.062
2.1 1.046
3.4 1.031
5.2 1.046
8.1 1.047
10.9 1.057
21.4 1.024
20.0 0.968
33.8 0.978
38.7 0.993
43.5 0.895
48.3 0.920
1 mM Fe (IT)
0.3 1.063
2.9 1.078
4.7 1.052
75 1.055
10.3 1.091
13.2 1.087
17.0 1.058
20.8 1.054
24.7 1.036
28.5 1.042
33.3 1.038
38.1 1.042
42.9 1.023
47.8 1.024
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Table A-3. Data for control/blank and NaCl samples in Figures 3-6, 3-7, and 3-8

Time Elapsed Concentration of Concentration of Concentration of
(hours) DBNPA (mM) MBNPA (mM) DBAN (mM)
Control (no added salt)
0.0 1.67 n.d. 0.07
1.5 1.61 n.d. 0.06
3.3 1.60 n.d. n.d.
5.1 1.59 n.d. 0.10
8.3 1.48 0.08 0.05
14.4 1.41 0.11 0.09
20.2 1.30 0.14 0.09
35.2 1.02 0.21 0.12
65.0 0.63 0.29 0.12
64.7 0.70 0.29 0.14
49.9 0.83 0.25 0.11
2 mM NacCl
0.0 1.67 n.d. 0.05
1.5 1.67 n.d. 0.04
3.3 1.59 n.d. 0.09
5.1 1.63 n.d. 0.07
8.3 1.53 0.07 0.10
14.4 1.39 0.11 0.10
20.1 1.30 0.13 0.09
35.2 1.05 0.20 0.13
49.9 0.82 0.25 0.11
64.7 0.67 0.30 0.12
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Table A-4. Data for Figures 3-6 and 3-7

Time Elapsed Concentration of Concentration of Concentration of
(hours) DBNPA (mM) MBNPA (mM) DBAN (mM)
1 mM CuCl2
0.0 1.60 n.d. 0.52
0.7 1.52 0.05 0.41
1.8 1.35 0.10 0.45
2.4 1.25 0.11 0.41
3.7 1.05 0.20 0.47
4.2 1.02 0.19 0.42
5.6 0.76 0.25 0.46
6.0 0.70 0.27 0.41
8.8 0.29 0.36 0.47
9.2 0.23 0.37 0.44
15.0 n.d. 0.24 0.60
15.3 n.d. 0.24 0.52
36.1 n.d. 0.00 0.84
1 mM NiCl2
1.6 1.66 n.d. 0.04
3.6 1.65 n.d. 0.06
5.4 1.65 n.d. 0.05
8.6 1.57 n.d. 0.09
14.8 1.43 0.05 0.06
20.7 1.33 0.09 0.09
35.5 1.11 0.13 0.09
50.5 0.91 0.19 0.11
65.3 0.72 0.29 0.11
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Table A-5. Data for Figure 3-8

Time Elapsed Concentration of Concentration of Concentration of
(hours) DBNPA (mM) MBNPA (mM) DBAN (mM)
1 mM NaSOg4
0.0 1.71 0.00 0.00
0.9 1.68 0.00 0.00
1.9 1.67 0.00 0.00
2.5 1.67 0.00 0.00
3.9 1.63 0.00 0.00
5.7 1.65 0.00 0.00
8.9 1.58 0.00 0.00
15.1 1.43 0.08 0.00
21.2 1.37 0.11 0.00
35.9 1.18 0.17 0.00
51.0 1.00 0.22 0.00
65.7 0.83 0.26 0.00
1 mM Na2S2S03
0.0 0.47 0.82 0.06
0.3 0.37 0.92 0.14
0.6 0.39 0.87 0.11
0.9 0.37 0.87 0.09
1.3 0.37 0.88 0.10
1.9 0.37 0.87 0.14
2.5 0.33 0.88 0.03
3.9 0.37 0.91 0.13
4.5 0.36 0.91 0.14
5.7 0.34 0.90 0.13
6.3 0.34 0.93 0.12
9.5 0.33 0.93 0.13
12.3 0.28 0.97 0.15
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Table B-1. Data for Figure 4-2

Concentration of Dazomet (um)
Time elapsed (Hours) pPH 3 pH 4.1 pH 8.2 pH 9.5
0.00 83.68 78.16 71.43 62.93
0.48 87.02 80.88 68.43 55.61
1.23 84.63 78.37 61.74 43.17
1.98 81.54 75.09 54.60 33.00
2.98 74.75 68.19 44.60 22.76
3.97 68.72 63.22 37.03 15.42
4.97 63.45 57.85 30.21 10.29
6.22 56.04 50.91 23.17 6.33
7.47 50.37 46.02 18.35 3.82
8.70 46.00 41.50 14.39 2.43
9.95 41.23 37.36 11.24 1.46
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Table B-2. Data for Figure 4-3

Time Elapsed (hours) ‘ Concentration dazomet (um)

o mM Fe(II) Cl1
0.2 69.84
0.8 65.66
1.3 62.48
2.2 56.96
4.1 46.78
6.0 37.75
8.0 30.01
9.9 24.02
14.8 13.59
19.7 8.86
0.4 mM Fe(II) Cl
0.1 70.83
0.6 61.68
1.2 53.76
2.1 45.00
4.0 37.27
5.9 29.75
7.8 20.58
9.8 19.60
14.7 9.01
19.6 4.37
0.8 mM Fe(II) Cl1

0.0 59.34
0.5 59.96
1.1 62.55
2.0 48.36
3.9 26.75
5.8 11.13
7.7 5.80
9.6 6.25
14.5 3.77
19.5 3.61
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Table B-3. Data for Figure 4-4

Time elapsed (hours) ‘ Concentration of dazomet(um)

Temperature = 34C

0.00

0.07 179.56
0.45 151.58
1.30 98.55
2.13 62.60
3.77 26.95
4.97 13.52
5.77 2.42

Temperature = 49C
0.00 170.42
0.17 158.23
0.38 110.63
0.52 87.29
0.75 61.64
0.92 46.43
1.20 27.61
1.43 17.70
Temperature = 49C

0.00 174.17
0.12 109.56
0.25 73.32
0.38 50.63
0.52 36.77
0.67 26.71

0.85 18.13

1.07 12.40

148




Table B-4. Data for Figure 4-6

Time elapsed (hours) ‘ Concentration of pyrite

Control, o g/L pyrite

0.0 0.870
0.7 0.945
1.9 0.886
9.0 0.710

Oxidized pyrite, 20 g/L

0.0 0.837
0.7 0.713
1.9 0.535
9.0 n.d.

Unoxidized pyrite, 20 g/L

0.0 0.983
0.7 0.871
2.1 0.876
9.2 0.646
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Table C-1. Data for Figure 5-1

Time Elapsed (days) ‘ Concentration (mM)

o g/L pyrite, pH = 2.7

0 0.307
2 0.282
6 0.281
9 0.257
13 0.244

o g/L pryite, pH = 5.1

0 0.376
2 0.355
4 0.356
6 0.346
10 0.379

100 g/L pyrite, pH = 2.1

0 0.376
2 0.355
4 0.356
6 0.346
10 0.379
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Table C-2. Data for Figure 5-3.

Time elapsed (days) ‘ Concentration MBT (mM)

100 g/L Pyrite, pH = 2.1

0.0 0.865
3.7 0.764
6.7 0.689
12.6 0.538
0 g/L Pyrite, pH = 2.1
0.0 0.896
2.2 0.854
6.0 0.816
8.7 0.755
12.6 0.616

Table C-3. Data for Figure 5-4

Time elapsed

BIT Concentration (mM)

MIT Concentration (mM)

100 g/L

(days) 0 g/L pyrite, pyrite, 0 g/L pyrite, | 100 g/L pyrite,
pH=27 pH = 2.9 pH=27 pH=2.9
o} 0.689 0.665 0.895 0.879
1 0.644 0.663 0.881 0.879
3 0.669 0.664 0.802 0.879
8 0.659 0.675 0.956 0.877
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D.1  Background on structure-activity relationships

A useful tool may lie in developing a structure-activity relationship to describe the
reactivity of these biocides with pyrite. These relationships assume a correlation between the
structural and physicochemical properties of a molecule and its environmental reactivity
(Walker et al., 2003; Tropsha et al., 2003; Nirmalakhandan & Spence, 1988). Structure-activity
relationships have been established for other abiotic transformations in the environment. Zhao
et al. (2001) found Eruvmo to be a significant descriptor in developing a structure-activity
relationship between the first order reduction kinetics of 13 halogenated aliphatics in anoxic
sediment slurries, explaining 81% in the variability of the rates. The compound’s molecular
weight and average molecular polarizability also contributed to the variation of the reduction
rates. Conversely, the energy of the highest occupied molecular orbital, Exomo, was the variable
that was most able to predict the oxidation rates of 78 aromatic compounds by hydroxyl radical
reaction (Kusi¢ et al.,, 2009). These studies highlight the insight gained by using structure-
activity relationships in connecting our theoretical understanding of electron transfer between
molecular orbitals to observable redox reactions in the environment.

Such relationships have yet to be published for pyrite reactivity. Our greatest insight
comes from data published by Lee and Batchelor (2002) who investigated the rate of the abiotic
reductive dechlorination of homologous chlorinated ethenes by pyrite. To explore the quantum
chemical parameters which can be used to predict the reactivity of these organic compounds
with pyrite, we modeled each of these compounds to obtain electronic descriptors with the semi-
empirical computational software package MOPAC2016 (Stewart Computational Chemistry,
CO). For this model we included the following keywords: GNORM=0.0, BAR=0.03,
RELSCF=0.01, STATIC, AM1. The results in Figure D-1show that Erumo explains 93% of the

variability in the rates of dechlorination of tetrachloroethylene (perchloroethylene, PCE),
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trichloroethylene (TCE), cis- dichloroethylene (cis-DCE) and chloroethene (vinyl chloride, VC).
Thus, Erumo shows significant potential as a variable that is able to account for variations in the
observed reduction rates of organic compounds.
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Figure D-1. Best fit for the Langmuir-Hinshelwood (LH) reduction rate constant of chlorinated

ethenes with pyrite as a function the Erumo of the chlorinated ethenes (AM1 semi-empirical method).
In the body of this work, the pyrite-induced reduction rates of several biocides were
compared. This research showed that structure-activity relationships are likely only applicable
to compounds in which the transfer of electrons to the compound is the rate-limiting step. For
example, homologous chlorinated compounds such as those shown in (Figure D-1) are more
likely to correlate as the chlorine group is easily reduced (standard redox potential, E°y = 1. V
for the Na,SO,- Na,S,O; couple). In this case, the transfer of electrons to the compound
(quantified by Erumo is the rate-limiting step). Thus, Erumo describes the overall rate. However,
for groups such as the thiocyanate (-SCN) functionality in methylene bis(thiocyanate) (Table
5-3), the rate limiting factor is the reduction of the specific group, so the rate of these reactions
is governed by the standard reduction potential (E°) of the functional group, in this case, -SCN.
To summarize, our literature review has shown that there are no studies investigating the
effect of pyrite on biocides in the Marcellus Shale, and very little information to offer insight into
the possible reactions. Pyrite was identified as a significant factor affecting the fate of organic
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compounds. Two possible mechanisms are suggested for the transformation of organics in the
presence of pyrite. The first is a transfer of electrons between the S, dimer and the organic
compound. This results in reduction or oxidation of the organic. The second mechanism is the in
situ production of hydroxyl radicals due to the transformation of pyrite Fe defects. This would
lead to oxidation of the organic. Most of these published experiments were performed on
recalcitrant chloride-containing compounds. And while structure-activity relationships have
been proposed for other abiotic transformations (for example Col6n et al., 2006; Zhao et al.,
2001; Kusi¢ et al., 2009), none have yet been presented to predict the degradation of organics
due to pyrite nor have shed light on pyrite interactions with hydraulic fracturing biocides.
Additionally, at a more fundamental level, they have yet to ascertain the molecular factors that

drive the degradation of organic compounds with pyrite.
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