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ABSTRACT

The U.S. Energy Information Administration (EIA) predicts that electricity generation from
natural gas will increase by 30 to 40% until 2040 [1]. Natural gas is produced via hydraulic
fracturing, which does not come without environmental health and safety concerns. Many
of the concerns are due to the insufficient knowledge about what hydraulic fracturing fluids
contain pre-and post-fracture and how they impact water quality [2]. Consequently,
knowledge gaps remain concerning how the additives transform and how they interact
with the geological formations downhole. Failure to address this issue has caused the
public to question whether the benefits outweigh the perceived risks as the environmental
and ecosystem concerns surrounding hydraulic fracturing are still present [3].

To address these concerns, this research investigates the interactions and
transformations of chemical additives used in hydraulic fracturing with one another and
with shale rock. Specifically, the adsorption of a surfactant-like chemical, 2-butoxyethanol
(2-BE), found in the chemical additive Revert Flow, and a non-surfactant chemical, 3-
furaldehyde, found in enzyme breaker additives, will be monitored in shale rock and with
granular activated carbon to assess the potential for chemical migration through
geological formations. This dissertation will also investigate the reactions between 2-BE,
shale rock, and chemical additives, including sodium persulfate and hydrochloric acid. In
turn, the changes in shale properties, including particle size and heavy metal leaching,
due to contact with chemical additives will be assessed. The organic byproducts produced
or metals precipitated in each set of reactions will be used to determine how hydraulic
fracturing fluids transform water quality.

Hydraulic fracturing transformations must be understood to evaluate how hydraulic
fracturing fluids impact water quality. A better understanding of how chemicals interact
under hydraulic fracturing conditions will increase awareness and knowledge of what the
waste fluids contain, aid in developing environmental policies that protect the ecosystems
surrounding a well, and facilitate spill preparedness to mitigate hydraulic fracturing
pollution based on the information in this study.
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CHAPTER 1
INTRODUCTION



Introduction

As the U.S. strives for energy independence, hydraulic fracturing has enabled natural gas
to become a reliable energy source [1, 4, 5]. Per unit of energy produced, natural gas
produces a significantly reduced amount of greenhouse gases when compared to coal,
including a decrease in sulfur dioxide, nitrogen oxide, carbon monoxide, and mercury and
approximately half the amount of carbon dioxide [4]. Multistage horizontal hydraulic
fracturing, or “fracing,” has proven to be a viable technology for tapping into
unconventional natural gas reserves located approximately one mile below the Earth’s
surface that would be otherwise uneconomical [6-8].

Horizontal drilling has allowed drilling companies to access unconventional natural
gas and to optimize the amount of natural gas that may be extracted from the shale.
Unconventional natural gas is contained in rock formations with low permeability and
includes shale gas (located in the shale pores or adsorbed to the shale surface), coal-
bed methane (located in coal deposits with extremely low permeability), tight gas (natural
gas that has migrated into non-porous, impermeable rock such as limestone), and gas
hydrates (crystalline gas formed by high pressures) [9]. Previously, drilling companies
performed conventional drilling, which produces dry and wet gas extracted from the earth
using naturally occurring pressure [10] in vertical wells [7]. Dry gas refers to shale that
produces only methane gas; whereas, wet gas also contains liquid hydrocarbons [11].
Over time, production in conventional drilling decreases. Water injections are used to
increase production until the process is no longer profitable. However, developments in
hydraulic fracturing and horizontal drilling for unconventional natural gas have enabled
drilling companies to produce 2.7 times more gas than conventional wells [12].

The process used in horizontal drilling enables natural gas companies to increase
production rates and decrease production costs [13]. In horizontal drilling, wells are first
drilled vertically and once the shale formation is reached, the well turns horizontal on a
500-ft radius and extends approximately 5,000-ft into the shale formation [14, 15]. From
one vertical well, companies can drill horizontally into the shale formation in multiple
directions, providing access to a larger surface area of shale rock. Once the well is drilled,
cement and steel casings are used to line the wellbore in order to protect surrounding
geological formations. The American Petroleum Institute has published industry guidance
and best practice documents on casing length, thickness, tensile strength and
composition [14]. A perforation gun is used to create holes in the casing at predetermined
locations in 500-ft increments [15]. The first stage of perforation occurs at the furthest
point out, or the “toe” of the wellbore. The second occurs five hundred feet closer to the
heel, the third occurs 1,000 feet closer to the heel than the first perforation, and so on.
After perforation is completed, fluids are used to create fractures. Acid, usually
hydrochloric acid, is first used to clean out the borehole by disintegrating rocks and to
alleviate initial fracture pressure. A chemical slurry, or “fracturing fluid,” is then pumped
through the well. The high pressure of the fluid creates fissures in the shale rock at the
perforation locations. Fracturing fluid is primarily composed of 98 to 99% water, about 1
to 1.9% proppant, and several other chemicals [16-18]. Proppant may consist of sand or
ceramic particles that are used to “prop” the fissures open and allow for gas to escape
when the hydraulic fluid pressure is released. The chemicals can include friction reducers,
gelling agents, biocides, scale inhibitors, clay stabilizers, corrosion inhibitors, and
surfactants. The gelling agent carries the proppants and may include a “breaking” agent.
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Breaking agents facilitate cleaning out the wells after fracing by breaking down gelling
agents. Different types of breakers are used, such as persulfate, which is non-selective
towards the gelling agent used, or hemicellulosic enzyme breakers, which are selective.
After the chemical slurry has been injected, the final stage of fluid injection circulates
freshwater in excess throughout the borehole in order to release the proppants from the
fissures. In total, the process requires two to ten million gallons of water per well fractured
[19].

Once fluid injection is completed, a portion of the original volume returns to the
well surface. This is known as the “flowback” stage. Consequently, “flowback” fluids are
fluids that return to the surface, prior to production over a ten day period, and amount to
5 to 20% of the original fluid volume [20]. “Produced” waters are the fluids that return to
the surface of the well once the well has been put into production and can amount to 10
to 300% of the injected volume. The flowback and produced fluids contain the natural gas
that was extracted from the shale rock as well as the fluids added to the well and any
geological fluids that may have been picked up along the way. Produced brine contains
additional metals, organic compounds, and naturally occurring radionuclides (NORMSs)
[6]. The flowback and produced fluids are grouped as hydraulic fracturing wastewater.

Water usage in oil and gas development has generated environmental concerns
[21-24], including the combined impacts of chemical and non-chemical stressors on water
guality and the long and short-term impacts that the release of the wastewater may have
to water quality and human health. The U.S. Environmental Protection Agency (EPA)
considers transformation processes important to understanding the environmental impact
of hydraulic fracturing for oil and gas on drinking water resources [25]. Currently, however,
insufficient information is available on the transformation of chemical additives used in
hydraulic fracturing and the transformation of shale particles from the geological
formation. The deficit of knowledge on transformation processes in hydraulic fracturing is
due to the focus of oil and gas development research related to water quality on identifying
components of chemical additives and developing frameworks to assess potential toxicity
of hydraulic fracturing fluid [17, 26-30]. The research has only recently shifted to a focus
on transformation of shale and chemical additives in abiotic and biotic conditions [31-34].
In these studies, transformation of chemicals and shale rock does occur under hydraulic
fracturing conditions, potentially causing more harmful or persistent byproducts that pose
severe human health and environmental risks.

Not enough information is known about the transformation of hydraulic fracturing
fluids and the impact of chemical use on the shale formations. To develop policies that
protect surrounding water bodies and to shape water reuse standards, assessing the
potential for fluid migration through the geological formations, evaluating how additives
impact the physical and chemical characteristics of shale, and awareness of what the
fluids might contain post-fracture are increasingly important. As shale constituents and
additives react, more toxic and environmentally threatening contaminants may be
produced; therefore, establishing these interactions is imperative to understanding the
environmental consequences caused by hydraulic fracturing practices [33].



Background

Chemical usage in hydraulic fracturing

OGD companies use two to ten million gallons of water per well fractured [19].
Approximately 200,000 liters of chemical additives, including surfactants, acids, biocides,
friction and viscosity reducers, and breaking agents, are added to this water [35, 36]. After
well injection, a portion of the fluids return to the surface as flowback and produced
waters, which contain materials naturally occurring in the shale formation [20]. These
fluids have a high total dissolved solids (TDS) content ranging from 66,000 to 261,000
mg L or more [7].

Current hydraulic fracturing research focuses on listing chemical components of
hydraulic fracturing fluids to determine environmental toxicity. An overwhelming number
of chemicals have been identified in oil and gas development wastewater and reportedly
added to fresh extraction water [7, 17, 26, 27, 37]. Of the reported chemical additives, at
least 100 are known or suspected endocrine disrupters [37]. Endocrine disrupters are
chemicals that interact with the endocrine system; exposure causes adverse
developmental, reproductive, neurological, and immune consequences in humans and
wildlife [38, 39]. Some of the endocrine disrupters detected by Kassotis et al. in water
samples from a drilling-dense region of Colorado are 2-butoxyethanol (2-BE), 2-ethyl-1-
hexanol, naphthalene, ethylene glycol, diethanolamine, sodium tetraboarate
decahydrate, diethylene glycol methyl ether, N,N,-dimethyl-formamide, cumene,
bronopol, bisphenol A (BPA), and styrene [37]. Endocrine disrupters pose an
environmental threat to the ecosystem surrounding the well, as exposure to hydraulic
fracturing flowback and produced water have shown endocrine disrupting potential in
rainbow trout fish [40].

Hydraulic fracturing chemical additives, obtained from Weatherford International,
a chemical supplier for oil and gas development companies in the Marcellus Shale region,
have been analyzed for their small organic molecule content. The additives include an
enzyme breaking agent and a viscosity reducer called “Revert Flow.” The contents of the
enzyme breaking agent were found to contain 3-furaldhyde, or “furfural,” 5-
hydroxymethylfurfural, 5-acetoxymethyl-2-furaldehyde, 1-methyl-1H-pyrazole-4-
carboxaldehyde, 1-bromo-chloroethane, (E)-1,2-dichloroethylene, 2-fluoro-5-
methoxypyrimidine (a cancer drug), chlorozotocin (used in cancer therapy), zearalenone
(an estrogenic metabolite), and hemicellulosic compounds glucopyranose,
galactapyranose, arbutin, and inositol [34]. Revert Flow was also characterized using
GC/MS. Results, which are shown in Figure 1-1, revealed several known or potential
endocrine disrupters in the additive Revert Flow, including 2-BE, 1-butoxy-2-propanol,
and di-sec-butyl ether [41].

In a 2012 progress report published by the EPA describing the potential impacts
of hydraulic fracturing fluids, 2-BE was listed as the fourth most often appearing chemical
in products used by the oil and gas development industry [42]. As a common chemical
ingredient in hydraulic fracturing fluids [4, 6, 17, 26, 43], 2-BE is completely miscible in
water and most organic solvents [44]. 2-BE exhibits surfactant properties, forming
micelles at concentrations greater than 120 g L™ [45]. Considered a potential indicator for
hydraulic fracturing fluid spills, predictive studies have found 2-BE to be potentially mobile
allowing for a higher probability of exposure via groundwater contamination [46].
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Furfural, or 3-furaldehyde, is another chemical additive used in hydraulic fracturing
fluids and a variety of industries because of the chemical’s resistance to heat, acid, and
water [23, 26, 34, 47-49]. Furfural has been found in the resin material of proppants and
as a component of an additive called LEB-10X, an enzyme breaking agent [34, 50, 51].
Furfural has very different chemical properties compared to 2-BE, but both are of concern
due to evidence that hydraulic fracturing fluids have penetrated drinking water via leaks
in the steel and cement casings of wells and their potential health risks [52-56].

Problems surrounding water and chemical usage

Two major issues surrounding oil and gas development are water re-use and the potential
for fluid migration into surrounding water bodies. Effectively re-using and recycling the
water depends on the interactions that the TDS content and chemical additives have with
chosen the treatment methods. Previously, hydraulic fracturing companies have used
GAC as a treatment method for removing organic and toxic metal compounds [57]. While
the chemical additives and naturally occurring chemicals interact with the chosen water
treatment method, the chemicals also interact with interact with the shale formation or
migrate through the shale into drinking water aquifers [58]. To provide insight into the
potential for groundwater contamination by these additives and effective treatment
methods, a better understanding of the potential for migration of the fluids through shale
formations and evaluation of current treatment methods is necessary. While furfural, a
non-surfactant, has been shown to adsorb to several materials, including activated carbon
[59-64], the adsorption onto shale rock has not been previously studied. Review of
literature shows that no adsorption data currently exists for the surfactant 2-BE.

Another major issue surrounding natural gas production is insufficient attempts
made towards understanding how any of the identified chemicals transform in the
hydraulic fracturing environment. A key component missing in the attempt is the use of
oxidizing breaking agents and how they transform the endocrine disrupters, such as 2-
BE, used in hydraulic fracturing. Breakers, such as sodium persulfate, likely play a strong
role in downhole transformation, with chemical and non-chemical stressors only
influencing the extent to which persulfate can interact with individual components [34].
Persulfate breakers work by producing strong sulfate or hydroxyl radicals upon activation,
as shown Reaction 1-1 and Reaction 1-2 [65, 66], to break down gelling agents, decrease
fluid viscosity [67], and clean the wellbore in concentrations ranging from 0.125 mmol L™
to 47 mmol L [68-71]. Through investigating the interactions of persulfate, 2-BE, and
shale rock, the environmental impacts of hydraulic fracturing can be better understood by
gaining the ability to predict the contents of the fluids. Investigating the use of persulfate
in this environment is essential to assessing the impacts of oil and gas development on
water quality and the threat hydraulic fracturing spills pose to human and wildlife health.

S208% M SO4" “orHO® - Reaction 1-1
S,082 + Me"™ = S04 ~ + Me(™D + SQ4% Reaction 1-2



The chemical additives, including persulfate, hydrochloric acid, and organics, used
in hydraulic fracturing may also transform the shale rock. In regards to transformation
studies focusing on shale rock, previous studies investigating the impact of synthetic
hydraulic fracturing fluid, which contained a number of inorganic species and slightly
acidic pH, on shale found that carbonate and gypsum precipitate from the shale [33].
However, no observations were made for persulfate and organic additives, which may
cause further precipitation and demineralization of chemical species, including heavy
metals. Heavy metals can be toxic to aquatic life in excess concentrations, so they are
regulated by the EPA in natural water [72]. As shale constituents and organic additives
react with persulfate, more toxic and environmentally threatening pollutants may be
leached into the water; therefore, establishing these interactions is imperative to
understanding the environmental consequences caused by oil and gas development
practices [33].

In addition, exposure to hydraulic fracturing fluid may alter the physical
characteristics of the shale formation. Once a wellbore is drilled and prepared, the first
step in fracturing is perforation. During perforation, a blasting gun is used to create
fissures in the shale rock, producing many small shale particles as a result of the
explosions. As these small particles are exposed to hydraulic fracturing fluid and high
mixing speeds when the fluids are returned to the well surface, the size of the particles
may decrease due to the exposure to harsh chemicals. As the particles deteriorate,
solution turbidity, colloidal particles, and suspended solids may increase. Compared to
large particles, colloidal and suspended solids provide increased surface area for
microbial growth to occur in aerobic and anoxic conditions [73-75]. While oil and gas
development companies use biocides to reduce microbial activity, the elevated
concentrations of organics and metals decreases biocide efficacy [76, 77]. Increasing
small particles downhole as a result of exposure to hydraulic fracturing fluids could
provide increased locations for microbial growth, which may result in increased sulfide
production and souring of the natural gas [77].

The overall objective of the research presented in this dissertation is to address
water quality issues caused by additive usage in hydraulic fracturing, namely chemical
migration and transformations in hydraulic fracturing. Adsorption, kinetic, and
geochemical interaction studies that improve understanding of migration and
transformation are presented. Migration and transformation studies are required to
understand how the fluids may behave in the environment post-fracture. This research is
the beginning to having the ability to predict the contents of hydraulic fracturing fluids
post-fracture, protecting water resources and ecosystems surrounding a well, and
reducing exposure risks.

The rest of this dissertation is organized as follows. In Chapter 2, adsorption
studies will be used to evaluate adsorption of surfactant (2-BE) and non-surfactant (3-
furfuraldehyde) additives to shale rock and granular activated carbon (GAC). The goal is
to assess the potential for hydraulic fracturing organic additives to migrate through the
shale formation and to determine the interactions between GAC and surfactant and non-
surfactant additives for removing these contaminants from solution for re-use. In Chapter
3, the transformation of 2-BE, a compound used to trace hydraulic fracturing spills and
found in the chemical additive “Revert Flow,” will be investigated in the presence of
oxidizing agents that are potentially activated by shale rock. In Chapter 4, the impact of



persulfate, acid, and organic additive use on the physical and chemical characteristics of
shale will be determined. Leaching of materials from the shale rock into water as result of
these additives will also be determined. Finally, conclusions are given in Chapter 5.



CHAPTER 2
ADSORPTION OF HYDRAULIC FRACTURING FLUID COMPONENTS 2-
BUTOXYETHANOL AND FURFURAL ONTO GRANULAR ACTIVATED
CARBON AND SHALE ROCK



A version of this chapter was originally published by Katherine E. Manz, Gregory
Haerr, Jessica Lucchesi, and Kimberly E. Carter:

Katherine E. Manz, Gregory Haerr, Jessica Lucchesi, Kimberly E. Carter.
“Adsorption of hydraulic fracturing fluid components 2-butoxyethanol and furfural onto
granular activated carbon and shale rock.” Chemosphere 164 (2016): 585-592.

Abstract

The objective of this study was to understand the adsorption ability of a surfactant and a
non-surfactant chemical additive used in hydraulic fracturing onto shale and GAC.
Experiments were performed at varying temperatures and sodium chloride
concentrations to establish these impacts on the adsorption of the furfural (a non-
surfactant) and 2-Butoxyethanol (2-BE) (a surfactant). Experiments were carried out in
continuously mixed batch experiments with Langmuir and Freundlich isotherm modeling.
The results of the experiments showed that adsorption of these compounds onto shale
does not occur, which may allow these compounds to return to the surface in flowback
and produced waters. The adsorption potential for these chemicals onto GAC follows the
assumptions of the Langmuir model more strongly than those of the Freundlich model.
The results show uptake of furfural and 2-BE occurs within 23 h in the presence of DI
water, 0.1 mol L sodium chloride, and in lab synthesized hydraulic fracturing brine.
Based on the data, 83% of the furfural and 62% of the 2-BE was adsorbed using GAC.

Introduction

Water reuse and recycling is a major issue surrounding the extraction of natural gas from
shale rock formations via hydraulic fracturing. For each well fractured, hydraulic fracturing
companies use two to ten million gallons of water [19]. According to Howarth et al.,
approximately 200,000 liters of chemical additives are added to this water, making a
chemical slurry [36]. Hydraulic fracturing fluids contain surfactants, acids, biocides, scale
inhibitors, friction reducers, corrosion inhibitors, clay stabilizers, breaking agents, and iron
controllers [35]. Once a well is completed, a portion of the original injected volume returns
to the surface as flowback and produced waters [20]. Flowback and produced waters
contain fluids naturally occurring in the shale formation, resulting in high TDS content
ranging from 66,000 to 261,000 mg L or more [7].

Treating these waters is largely dependent on the chemical additives used in the
fluids and their interactions with chosen treatment methods. Previously, hydraulic
fracturing companies have used GAC as a treatment method for removing organic and
toxic metal compounds [57]. Not only are all of the chemical additives and naturally
occurring constituents able to interact with the chosen treatment method, it is also
plausible that these additives may interact with the shale formation surrounding the well
or migrate through the shale into drinking water aquifers [58].

Furfural, a non-surfactant, and 2-BE, a surfactant, are chemical additives used in
hydraulic fracturing fluids and a variety of industries [26]. Furfural is produced through the
decomposition of plant biomass and is used as a preservative, fungicide, herbicide,
disinfectant, a precursor to other compounds and synthetic resins, and as a demulsifying
agent in petroleum refining [47-49]. Furfural is a strong inhibitor of dark fermentation

10



process, which is one of the first steps of anaerobic digestion [78] and is found in the resin
material of proppants because of its high resistance to heat, acid, and water [50, 51].

2-BE has been used in herbicides, pesticides, food additives, corrosion resistant
coatings, cosmetics, and as a dispersant in solutions used by the EPA to clean up oil and
gas spills [79-82]. 2-BE is a well-known surfactant and has the ability to lower surface
tension between two liquids. For this reason, 2-BE is used as a product stabilizer in
hydraulic fracturing fluids [35]. Both furfural and 2-BE have become a concern due to
evidence that hydraulic fracturing fluids have penetrated drinking water via leaks in the
steel and cement casings of wells and their potential health risks [52-56].

Understanding the potential for chemical constituents from hydraulic fracturing to
migrate through shale formations offers insight into their potential to cause groundwater,
while evaluating the ability to remove these contaminants is necessary to provide effective
treatment strategies should contamination occur. Previously conducted adsorption
studies have found activated carbon, zeolites, nanoporous silica based MCM-48 material,
and polymeric resins are capable of adsorbing furfural [59-64], however; review of
literature shows that no adsorption data currently exists for 2-BE. Therefore, the
objectives of this study were 1) to determine if adsorption onto granular activated carbon
(GAC) may be used to remove the chemical additives, 2-BE and furfural, from solution;
2) to understand how these two compounds may compete for adsorption sites; and 3) to
better understand the interaction between these chemical additives with shale.

Materials and Methods

Chemicals and Materials

Optima grade dichloromethane, sodium chloride, and =95% practical grade 2-
butoxyethanol (2-BE) were purchased from Fisher Scientific (Pittsburgh, PA 15275, USA).
99% furfural and 285 wt. % phosphoric acid in water were purchased from Sigma-Aldrich
(St. Louis, MO 63178, USA). Deionized water was produced using a Milli-Q Plus water
purification system (Darmstadt, Germany).The activated carbon, NORIT® GAC 1240,
with a 12-40 mesh size was obtained from ACROS Organics (New Jersey, USA) and was
used as received. This material was chosen because it is commercially available and has
previously been shown to remove furfural from aqueous solutions [59].

Shale Rock and Solids TOC

WV7 shale rock from a depth of 6,582.5 m was obtained from the West Virginia
Geological Survey (Morgantown, WV 26508) and was crushed and sieved using a No. 10
and 18 mesh with a mean diameter of 1.00 to 2.00 mm. The total organic carbon (TOC)
of the shale and GAC used was measured with a Shimadzu TOC analyzer equipped with
an ASI| autosampler and a SSM-5000A solid sample module (Kyoto, Japan). TOC was
calculated by subtracting inorganic carbon (IC) from the total carbon (TC). For TC
analysis, solid samples were heated in a 900°C oven that was connected to the detector.
For IC analysis, samples were acidified in the sample boat using 1 part 285 wt. %
phosphoric acid mixed with 2 parts water and immediately introduced into a 150°C oven
attached to the detector. Samples of GAC and shale were measured in triplicate and
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standard error for these samples were less than 2%. The TOC content of the shale used
in this study was 4.4%, whereas the TOC of the GAC was 70%.

Experimental Procedure

Aqueous solutions of 2-BE, furfural, and both 2-BE and furfural were prepared in
2-liter glass volumetric flasks using deionized water. The solutions were prepared in DI
water, a 0.001 mol L* sodium chloride solution, a 0.1 mol L* sodium chloride solution, or
with hydraulic fracturing brine. The hydraulic fracturing brine was composed in the
laboratory and its chemical make-up has been previously described [41]. All solutions
were mixed using a magnetic stir bar at least 24 hours prior to the experiment. The initial
and final pHs were measured using a Fisher Scientific Accumet XL benchtop meter
(Pittsburgh, PA 15275, USA). Initial concentration of 2-BE and furfural ranged from 500
to 700 mg L. Adsorption isotherms by GAC or shale were performed in small batch
experiments using125 mL volume in borosilicate glass serum bottles closed with a rubber
septum and aluminum crimped seal. GAC or shale was added to each vial in weights of
0, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, and 0.5 g. The vessel containing 0 g of GAC was used to
account for volatilization and losses of the compounds not due to adsorption. The vials
were stirred continuously using a water bath shaker at constant temperatures of 20, 35,
45, 55, and 65°C (New Brunswick Scientific Co, Inc, Model G76, Edison, NJ USA) for 24
hours in order to achieve equilibrium between the solid and liquid phases were reached
[59, 60, 83]. Samples were taken after 24 hours to measure the 2-BE and/or furfural
concentration. The absorbed amount was calculated using Equation 2-1, where gais the
adsorbent-phase concentration of 2-BE or furfural at equilibrium, V is the volume, M is
the weight of GAC, Ci is the concentration of 2-BE or furfural, and Ca is the concentration
of furfural or 2-BE in solution.

qQa = %* (C; —Cp) Equation 2-1

2-BE Concentrations

2-BE concentrations were determined using GC/MS. The liquid-liquid extraction
procedure and GC/MS parameters have been previously described [41]. 15 mL samples
from each experiment were collected in borosilicate scintillation vials with silicon-lined
caps. 3 mL of the sample was used for extraction and quantification of 2-BE and the rest
was used for pH measurements. Dichloromethane (DCM) was used as the extraction
solvent. 3 mL of DCM was added to the sample vial and the sample was vortexed using
a 115V Mini Vortex Mixer (Fisher Scientific, Pittsburgh, PA 15275, USA). The solution
was allowed to equilibrate for 10 minutes and separated using a 6 mL polypropylene
syringe (Fisher Scientific, Pittsburgh, PA 15275, USA). The extraction was repeated 3
times and after each extraction the DCM fraction was collected in a separate scintillation
vial and weighed to determine the total volume of DCM used. The 2-BE concentration
was determined using calibration curves made from analysis of 2-BE standards at the
start of each GC/MS run and a detailed description of this method and quantification
procedure for 2-BE was previously described [41].
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An Agilent 7890B Gas Chromatograph (GC) equipped with 5977A Mass Selective
Detector (MSD) system, 7963 auto-sampler, and an Agilent J&W DB-1 capillary column,
with dimensions of 60m x 0.25 mm inner diameter and 0.25-pum film thickness, was used
to determine the 2-BE concentrations (Santa Clara, CA 95051, USA). Ultra-high purity
helium purchased from Airgas Corporation (Knoxville, TN 37921, USA) was used as the
carrier gas with the flow rate maintained at 2.5 mL min-t. The GC was operated in split-
less mode and the pressure maintained in the instrument was 33.974 psi. Each sample
was injected using a 10 pL needle with an injection volume of 3.5 pyL. The initial
temperature of the GC was 40°C and was held for 4 minutes. The temperature ramp was
10°C per min to 230°C, which was held for 3 minutes. The 2-BE peak on the
chromatogram was between 9.5 and 10 minutes.

Furfural Concentrations

Furfural concentrations were determined using a ThermoFisher Scientific
Evolution 600 UV/Vis spectrophotometer (Madison, WI 53711, US). The maximum
wavelength for furfural was determined to be at 258 nm. For samples containing 2-BE
and furfural, 2-BE was determined to have no maximum wavelength and, therefore, did
not interfere with furfural measurements. The furfural concentration was calculated using
calibration curves made by measuring standards of known furfural concentrations.
Standards were created by dissolving a known amount of furfural in distilled water or salt
water, depending on the sample matrix, and successively diluting the stock solution with
the same solvent.

Results and Discussion

Adsorption of 2-BE and furfural onto shale rock

Figure 2-1 (a) and (b) display the uptake of furfural by shale at 20 and 65°C in 0 and 0.1
mol L sodium chloride. As shown in these Figures, the concentration of furfural remains
consistent as the mass of shale rock is increased regardless of the temperature and
chloride concentration. This experiment was also performed at 35, 45, 55°C and with 0,
0.001, and 0.1 mol L* sodium chloride at all temperatures, with similar results observed.
Furthermore, as the mass of shale increased, the concentration of furfural remained
constant. This suggests that furfural does not adsorb to shale rock and is potentially
mobile in the shale formation.

Similar experiments were performed with 2-BE and the shale. The results for the
2-BE experiments displayed similar trends at the same temperatures and salt
concentrations and are shown in Figure 2-1 (c) and (d). These results imply that neither
2-BE nor furfural adhere or adsorb to the shale because the shale does not contain
enough organic matter or the sites are not sufficient for adsorption of the chemicals [84-
86], though the TOC content of the shale used was 4.4%. The results also suggest that
these two hydraulic fracturing chemical additives may have the capability to migrate
through shale formations when present in the flowback and produced waters [52].
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Figure 2-1. Furfural and 2-BE adsorption onto shale rock. Conditions: a) furfural, 20°C, b) furfural, 65°C, c¢) 2-BE, 20°C, and d) 2BE, 65°C.
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2-BE and furfural adsorption onto GAC in separate reaction vessels

Time dependence of 2-BE and furfural adsorption

Figure 2-2 displays the decrease in concentration over the course of 21 days for furfural
and 2-BE in reaction vessels containing water, 0.1 mol L sodium chloride, and hydraulic
fracturing brine with 0.5g GAC. Adsorption and desorption equilibrium was achieved
within 23 hours for both furfural and 2-BE. For 2-BE, maximum adsorption in all solution
matrices occurred within 4.75 hours. After 22.3 hours in the presence of GAC, decreasing
2-BE concentrations occur due to the hydrolysis half-life [87]. Adsorption of 2-BE in
hydraulic fracturing brine mimicked adsorption from water and sodium chloride. At 22.3
hours, the overall removal of 2-BE is 64, 60, and 62% in water, hydraulic fracturing brine,
and sodium chloride. For furfural, the overall removal was 85, 83, and 86% in water,
hydraulic fracturing brine, and sodium chloride at 22.3 hours.

Effects of temperature and salt concentration

Figure 2-3 and Figure 2-4 display the percent removal of furfural and 2-BE from solutions
containing different salt concentrations using GAC at 20, 35, 45, 55°C, and 65°C. For
furfural, greater percent removal is obtained at lower temperatures, which agrees with the
findings of Sahu et al. [59] studies on furfural adsorption to commercial grade activated
carbon [59]. In addition to temperature effects, the influence of salt concentrations was
observed. At room temperature, the highest percent of furfural removal was observed
when no sodium chloride was in solution, as seen in Figure 2-3 (a). At each temperature,
the percent of furfural removed is approximately the same, independent of salt
concentration as shown in Figure 2-3 and Figure 2-4. The average difference between
the percent removal at one mass of GAC and for all 3 salt concentrations was 3.7%, while
the highest percent difference was 7.76% for 0.4 g of GAC at 20°C, the lowest percent
difference was 0.09% for 0.3 g of GAC at 35 °C.

Maximum adsorption of 2-BE at each weight of GAC varies with temperature and
sodium chloride concentration. The greatest percent removal of 2-BE was observed in
the solution containing 0.1 mol L of sodium chloride. Increasing the salt concentration
also had little to no effect on the adsorptive properties of 2-BE. At 35, 45, 55, and 65 °C,
furfural adsorption is not affected by salt concentration. Studies have shown that the
sodium chloride concentration has variable effects on adsorption capacity, enhancing
adsorption capacity for anionic organic molecules and having little to no effect on non-
ionized compounds [88].

However, increasing temperature did impact 2-BE adsorption. Control experiments
were performed at each temperature to monitor decrease in 2-BE due to potential
volatilization. 2-BE At 65°C, a greater proportion of 2-BE is absorbed than at room
temperature for all salt concentrations. 2-BE is classified as a small-size surfactant [89]
and 2-BE is zwitterionic, having both cationic and anionic centers within the neutral
molecule [90]. In the presence of ionic solutions, surfactant adsorption is accompanied
by counter-ion adsorption [91] suggesting that, in addition to the adsorption monolayer
being formed at the surface of the GAC, a bilayer may also form at the cationic or anionic
center of 2-BE that is not already attached to the GAC — providing additional adsorption
of 2-BE. The variation of adsorption at different temperatures may be due to variation in
bilayer.
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Figure 2-2. Decreasing a) furfural and b) 2-BE concentrations due to adsorption onto GAC are
shown for water, 0.1 mol L sodium chloride, and synthetic hydraulic fracturing brine. The data
was taken over the course of 511 h (21.3 days). The dashed line in b) represents the 2-BE half-life
and shows that this decrease in concentration was due to 2-BE decay [41]. Furfural and 2-BE
adsorption occurred within 24 h.
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Figure 2-3. Percent removal of Furfural and 2-BE with 0, 0.001, and 0.1 mol L sodium chloride in solution. The reaction conditions are
a) furfural, 20°C, b) furfural, 65°C, c) 2-BE, 20°C, and d) 2-BE, 65°C.
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Langmuir and Freundlich Isotherms

Langmuir and Freundlich isotherms models were applied to the data for both furfural and
2-BE [92, 93]. Figure 2-5 displays the Langmuir isotherms for furfural and 2-BE
experiments. The Langmuir isotherm assumes absorbent is uniform with a fixed number
of adsorption sites, reversible equilibrium with the aqueous phase, and monolayer
adsorption with no interactions between the molecules [92].

The Langmuir parameters for furfural and 2-BE are shown in the Table 2-1. These
parameters were found by fitting the data to the linearized form of the Langmuir isotherm,
shown in Equation 2-2, where Ca is concentration of furfural or 2-BE in solution, gais the
adsorbent-phase concentration of 2-BE or furfural at equilibrium, Qwm is the maximum
absorbent phase concentration of 2-BE or furfural when the absorbent is saturated, and
KL is the Langmuir adsorption constant of 2-BE or furfural [92]. For furfural, values of K.
ranged from 2.05 x 103to 160 x 10 L mg™. For 2-BE, values ranged from 2.17 x 103to
63.6 x 103 L mg L.

Ca 1 Ca

= + Equation 2-2
da  KiQm Qm

Shown by the data plotted in Figure 2-5 using the Langmuir model, sodium chloride
concentration had a more significant impact on the adsorption of 2-BE than furfural. The
slope of the Langmuir plot is the inverse of Qm, which means that the slope is equal to
the mass of absorbent per mass of adsorbate. At 20 and 65°C, the slope of each furfural
line varies only slightly for all salt concentrations. For 2-BE at room temperature, the
isotherm with the greatest slope is the one where no sodium chloride was present in
solution. However, at 65°C, the isotherm with the greatest slope is the one with the 0.1
mol L of sodium chloride.

Figure 2-6 displays Freundlich isotherms for furfural and 2-BE at 20 and 65°C with
0, 0.001, and 0.1 mol L* sodium chloride. Freundlich isotherms are used to model
heterogeneous adsorption and assume, unlike the Langmuir model, that individual sites
have different energies and more than one layer of adsorption can occur [92, 93].
Freundlich isotherms were plotted using Equation 2-3, where 1/n is the unit-less
adsorption intensity parameter [92]. The Freundlich parameter values at all temperatures
and salt concentrations for furfural and 2-BE are displayed in Table 2-1. The slope, 1/n,
of the Freundlich isotherm indicates the adsorption intensity. For both Furfural and 2-BE,
the highest adsorption intensity was observed at 35°C. This indicates that adsorption is
more favorable at this temperature. Overall, Freundlich isotherms exhibited lower R?
values than the Langmuir isotherms for both 2-BE and furfural. This suggests that the
assumptions made in the Langmuir model are better suited for these contaminants.

logq, = logKr + %logCA Equation 2-3
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Table 2-1. Freundlich and Langmuir Isotherm Parameters for furfural and 2-BE at indicated temperatures and sodium chloride
concentrations.

Langmuir Freundlich
. [Sodi.um T ” K
Constituent Chlorldle)] o) Qu K, x 10 =2 1 Py R2
(mOl L -1 -1 o mg L \n
mgg) (Lmg) n (=2) (=)
Furfural 0 20 231 12.6 0.98 0.308 31.6 0.98
35 450 2.05 0.96 0.818 1.53 0.88
45 254 3.97 0.96 0.489 8.43 0.97
55 139 14.0 0.95 0.301 204 0.77
65 205 4.34 0.98 0.514 6.20 0.97
0.001 20 256 3.59 0.86 0.482 8.41 0.89
35 387 2.12 0.92 0.643 3.81 0.97
45 312 2.88 0.91 0.608 4.52 0.93
55 207 4.87 0.99 0.476 8.11 0.97
65 163 8.72 0.99 0.309 20.0 0.99
0.1 20 283 2.71 0.90 0.562 5.10 0.93
35 347 2.51 0.85 0.641 3.85 0.94
45 270 5.07 0.93 0.503 9.26 0.95
55 93.9 160 0.94 0.129 45.3 0.44
65 143 11.1 0.99 0.298 20.1 0.94
2-BE 0 20 138 5.27 0.83 0.278 17.6 0.51
35 422 2.17 0.94 0.904 1.07 0.93
45 194 24.7 0.99 0.078 109 0.60
55 207 4.87 0.99 0.476 8.11 0.97
65 219 8.07 0.94 0.358 20.0 0.78
0.001 20 163 17.7 0.92 0971 78.9 0.91
35 609 2.26 0.91 0.594 8.16 0.96
45 196 24.8 0.99 0.114 89.4 0.93
55 252 6.11 0.89 0.444 12.9 0.95
65 155 37.2 0.99 0.0339 119 0.94
0.1 20 155 9.32 0.95 0.244 28.2 0.90
35 145 33.9 0.94 0.145 57.7 0.71
45 183 63.6 0.95 0.180 64.3 0.91
55 195 7.87 0.93 0.487 11.7 0.95

65 127 25.9 0.95 0.115 58.1 0.98
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Redlich-Peterson Isotherms

The Redlich-Peterson isotherm is a three parameter isotherm that uses assumptions from
both the Langmuir and Freundluich isotherms [94-98]. Therefore, the Redlich-Peterson
isotherm adsorption mechanism is not uniform and does not follow monolayer adsorption.
The Redlich-Peterson model is determined using Equation 2-4, where (e is the
equilibrium adsorbent-phase concentration of 2-BE or furfural (mg g1), Kre is the Redlich-
Peterson isotherm constant (L g%), ar is a constant (L mg?), B is a constant that lies
between 0 and 1, and Ce is the liquid-phase adsorbent concentration (mg L*). The
linearized form of this equation is Equation 2-5.

Figure 2-7 displays the linearized Redlich-Peterson isotherms for 2-BE and furfural
experiments with 0, 0.001, and 0.1 mol L sodium chloride at 20, 35, 45, 55, and 65°C
and Table 2-2 displays the resulting Redlich-Peterson constants. When B equals 1, the
Redlich-Peterson isotherm reduces to the Langmuir equation [94]. The Redlich-Peterson
isotherm reduces to Henry’s equation (Equation 2-6) when B equals 0 and reduces to the

Freundlich isotherm when the aRCfterm is much larger than 1 [94, 95]. Henry’s isotherm
is a one parameter isotherm that assumes the amount of absorption is proportional to the
partial pressure of the absorbate and is described by the linear Equation 2-6, where Qe
and Ce are the same as in the Redlich-Peterson isotherm and Kre is the Henry’s
adsorption.

For 2-BE, B was approximately equal to 1 and all R? values were 1.00 for all
temperatures and salt concentrations tested (20, 35, 45, 55, 65°C and 0, 0.001, 0.1 mol
L't sodium chloride). Little variation was observed in the  values for 2-BE. In all cases
tested for 2-BE, the Redlich-Peterson isotherm reduces to the Langmuir isotherm.
values for furfural are between 0.85 and 0.88 and R? values were 1.00 for all temperatures
and salt concentrations tested. The B values for furfural are also very close to one;
however, the slightly lower values compared to 2-BE indicates that furfural does not obey
the Langmuir isotherm as well as 2-BE. Adsorption capacity is indicated by the ratio of
Krp to ar. Values of Krr/ar for 2-BE vary between 2.7 and 3.8 and for furfural vary
between 12 and 20,000. Furfural exhibited more variation in Krp/ar values, which
indicates that the adsorption capacity varies more with temperature and salt concentration
for furfural. Overall, the Redlich-Peterson data indicate that 2-BE reduces to the Langmuir
isotherm and that the furfural isotherm is approaching the Langmuir isotherm; however,
the adsorption of both 2-BE and furfural were not influenced by salt concentration or
temperature according to the consistent Krp values.

KgpC,
e = Leﬁ Equation 2-4
1+ agC,
C
lnq—e = BInC, — InKgp Equation 2-5
e
qe = KypCe Equation 2-6

23



6 7
5 a) Furfural, 0 M Sodium Chloride ] 6 | d) 2-BE,0 M Sodium Chloride i
= -1
4 1 “..._.;;\-.-,'.'-@i 5 ' .":‘@.
3 - ":..__:..-.::-.:'.1’,"'-.-- 4 T c ‘_'.. ey
,.;:'-".'::::: """" 3 1T !‘m ''''''' =
2 24
"] e 14 e
0 U ‘‘‘‘‘‘‘ I ' j T T T O """"" I‘ T T T T T
6 0 1 2 3 4 5 6 5 0 1 2 3 4 5 6
5 b) Furfural, 0.001 M Sodium Chloride ﬁ 5 | €) 2-BE,0.001 M Sodium Chloride B""’Bw
0 o
e 44 e @ 4 &
K — g
o1 e O 37
s 24 T ° ]
14 e -
0 B . : : , , . 0 e . . | | |
6 0 1 2 3 4 5 6 5 0 1 2 3 4 5 6
5 | ¢) Furfural, 0.1 M Sodium Chloride ¢ 5 | f)2-BE, 0.1 M Sodium Chloride &G“wm]
o — T 4 -
3 1 e 3 1 5
21 e 2
14 e T I
O U ....... : T T T T T 0 T T T . T .
0 1 2 3 4 5 6 0 1 5 3 A . .
In Ce In Ce
*20C 35C 45C 55C Oe65C *20C 35C 45C 55C¢ [065C
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Table 2-2. Redlich-Peterson constants for the adsorption furfural and 2-BE onto GAC at 20, 35, 45,

55, and 65 °C with 0, 0.001, and 0.1 mol L sodium chloride.

Langmuir
_ [Sodium Chloride] T K

Constituent (mol L) (OC) B R._al @

(Lg) ar

Furfural 0 20 0.857 1.04 29.2

35 0.862 0.997 322

45 0.867 1.00 228

55 0.872 1.01 83.7

65 0.873 1.00 557

0.001 20 0.868 1.00 557
35 0.865 0.999 20,000

45 0.865 1.00 1001

55 0.871 1.03 295

65 0.873 1.01 113

0.1 20 0.871 1.03 324

35 0.864 0.997 285

45 0.859 1.01 126

55 0.879 1.02 63.5

65 0.875 1.09 12.5

2-BE 0 20 0.951 1.48 3.79
35 0.965 1.80 3.06

45 1.07 3.09 2.74

55 0.992 1.94 2.93

65 0.963 1.65 3.29

0.001 20 0.973 1.74 3.14

35 0.969 2.001 2.88

45 1.04 2.58 2.72

55 0.981 1.87 2.99

65 0.955 1.57 3.47

0.1 20 0.964 1.74 3.13

35 1.01 2.24 2.78

45 0.998 2.19 2.79

55 0.971 1.68 3.23

65 0.974 1.75 3.12
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Isosteric Heats of Adsorption

Van't Hoff plots for furfural at 0, 0.001, and 0.1 mol L of sodium chloride are displayed
in Figure 2-8. Isosteric heats of adsorption (Qiso) for each GAC loading were calculated
using the Van’t Hoff plots and Equation 2-6, where R is the universal gas constant, T is
the temperature, and Kb is the partitioning coefficient of the adsorbate [93]. For all weights
of GAC used, at 0 and 0.001 mol L* sodium chloride, the Van’t Hoff plots display negative
slopes, indicating that the adsorption reaction is endothermic, thus requiring energy for
the adsorption to take place. For solutions with 0.1 mol L sodium chloride, all weights of
GAC displayed negative slopes with the exception of the plots for 0.4 (3.2 g L'!) and 0.5
g (4 g L'Y) GAC. For theses doses of GAC, the Van't Hoff plot displays a positive slope,
indicating an exothermic reaction. Sahu et al. have previously reported furfural adsorption
as an endothermic process, with the isosteric heat of adsorption as -12.45 kJ mol? in a
solution of 10 g L' commercial grade activated carbon and no sodium chloride in solution
[59]. The differences in these values may be attributed to the amount of GAC in solution.
At the lower weights of GAC tested in this study, there are less adsorption sites, requiring
more energy input for furfural adsorption. Table 2-3 displays furfural Qiso values for each
weight of GAC and sodium chloride concentration tested in this study.

d(InKp)
Qiso =R l d(%)D

l Equation 2-6
loading

Table 2-3 also displays Qiso values for 2-BE at all salt concentrations. Van’t Hoff
plots used to determine Qiso may be found in Figure 2-9Figure 2-8. The adsorption
processes with 2-BE are endothermic when there is 0.001 mol L! sodium chloride in
solution. For all doses of GAC tested with 0 and 0.1 mol L sodium chloride, the
adsorption process of 2-BE onto GAC is exothermic.

Competitive adsorption of 2-BE and furfural onto GAC

Figure 2-10 displays percent removal of 2-BE and furfural at 20 and 65°C and salt
concentrations of 0, 0.001, and 0.1 mol L! sodium chloride with both contaminants in
solution. The Langmuir and Freundlich plots are displayed in the Figure 2-11 and Figure
2-12, respectively, and Table 2-4 contains the resulting Langmuir and Freundlich
constants. At 65°C, more 2-BE appears to be adsorbed than furfural. This is due to the
poor stability of 2-BE at high temperatures. At room temperature, a greater percentage of
furfural is removed than 2-BE. This indicates that furfural adsorption onto GAC occurs
more preferentially than 2-BE, since heat stability is not a factor in this case. This was not
expected since GAC favors adsorption of nonpolar compounds [60]. Furfural is a polar
molecule, while 2-BE has both polar and nonpolar ends. However, at low temperatures
and low concentrations, 2-BE is more susceptible to aggregate [89, 99]. If the 2-BE is
aggregating at these lower temperatures, less 2-BE will adsorb to the GAC.

When GAC is used in water treatment for hydraulic fracturing fluids, 2-BE and
furfural are of importance because their degrees of adsorption vary when other
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Table 2-3. Isosteric heats of adsorption for 2-BE and furfural with 0, 0.001, 0.1 mol L of sodium chloride.

[Sodium Mass of GAC Qi 4
Chloride] @) (kJ mol™)

(mol L") g Furfural _ 2-BE
0 0.1 11.09 6.20
0.15 10.23 7.30

0.2 8.49 15.0

0.25 9.30 13.8

0.3 14.28 12.5

04 14.26 14.8

0.5 18.85 14.0

0.001 0.1 5.65 -3.30
0.15 573 -5.27
0.2 5.10 -0.166
0.25 491 -0.551
0.3 3.72 -0.995
04 2.86 -0.565

0.5 2.87 -3.66

0.1 0.1 9.01 1.55
0.15 9.90 0.423

0.2 3.77 2.42

0.25 5.87 5.80

0.3 4.14 4.97

04 -5.70 0.611

0.5 -3.45 1.84
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Table 2-4. Langmuir and Freundlich isotherm parameters for experiments containing both furfural
and 2-BE at 20 and 65°C and 0, 0.001, and 0.1 mol L"* sodium chloride.

Langmuir Freundlich
[Sodi.um ' K

((:r?wlglnl_qle)] Constituent (o QM ) ;(L ) ) 1 FL R RZ

- - - m n

(mgg’) (x10 Lmg") n ((79) (m—g) )
0 Furfural 20 530 5.84 0.32 0.808 0.956 0.85
65 106 9.74 0.97 0.194 27.2 0.72
2-BE 20 82.9 17.1 0.71 0.204 18.9 0.15
65 101 11.8 084  6.00x10" 94.9 0.19
0.001 Furfural 20 371 14.9 0.18 0.707 1.56 0.69
65 516 2.06 0.94 0.117 38.8 0.77
2-BE 20 59.4 204 0.18 0.283 6.21 0.17
65 648 1.62 0.95 -4.42 392x10"° 061
0.1 Furfural 20 328 194 0.16 0.759 0.972 0.71
65 58.1 18.3 0.94 0.0614 39.2 0.18
2-BE 20 1570 1.03 0.62 0.665 1.53 0.90
65 164 13.4 0.46 0.316 13.9 0.24
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many of the tested conditions, 2-BE has less adsorption capacity than furfural. Rather
than adsorbing to the GAC, the 2-BE forms aggregates with itself at low temperatures.
The critical micelle concentration for 2-BE is approximately a mole fraction of 0.02;
however, temperature can alter the critical micelle concentration especially in water-rich
solutions and reportedly does not have a distinct critical micelle concentration [44, 89,
100, 101]. This leaves more open sites on the GAC for the furfural to adsorb. Despite the
known surfactant properties of 2-BE, at high temperatures, 2-BE appears to adsorb to
GAC more preferentially than furfural.

Conclusion

In summary, hydraulic fracturing chemical additives furfural and 2-BE interact differently
with GAC and shale and are very dependent on the temperature of the solutions that they
are in. Neither 2-BE nor furfural adsorb to shale rock. This implies that these chemical
additives may be able to migrate through shale formations and into water resources. GAC
may be used to adsorbed 2-BE and furfural from hydraulic fracturing fluids. Adsorption
onto GAC occurs within 23 hours for both contaminants. Adsorption is even quicker for
2-BE, occurring within 4.75 hours. According to the Redlich-Peterson isotherms, 2-BE
adsorption onto GAC reduces to the Langmuir model, while furfural adsorption is
approaching the Langmuir isotherm. 2-BE and furfural compete for adsorption sites. At
lower temperatures, furfural adsorption takes place to a greater degree than 2-BE
adsorption. 2-BE adsorption is influenced by temperature and salt concentration. High
temperatures are best for 2-BE adsorption, which is most likely due to 2-BE’s surfactant
properties and poor stability at high temperatures.
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CHAPTER 3
DEGRADATION OF HYDRAULIC FRACTURING ADDITIVE 2-
BUTOXYETHANOL USING HEAT ACTIVATED PERSULFATE IN THE
PRESENCE OF SHALE ROCK
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Abstract

Changes in fluid composition during hydraulic fracturing for natural gas production can
impact well productivity and the water quality of the fluids returning to the surface during
productivity. Shale formation conditions can influence the extent of fluid transformation.
Oxidizers, such as sodium persulfate, likely play a strong role in fluid transformation. This
study investigates the oxidation of 2-butoxyethanol (2-BE), a surfactant used in hydraulic
fracturing, by sodium persulfate in the presence of heat, pH changes, Fe (Il), and shale
rock. Increasing temperature and Fe (Il) concentrations sped up 2-BE oxidation, while pH
played little to no role in 2-BE degradation. The presence of shale rock impeded 2-BE
oxidation with increasing shale concentrations causing decreasing pseudo-first-order
reaction rate constants to be observed in comparison to oxidation without iron or shale at
55°C. Over the course of reactions containing shales, dissolved solids were tracked to
better understand how reactions with minerals in the shale impact water quality.

Introduction

Extracting oil and natural gas from unconventional shale reservoirs requires hydraulic
fracturing with high volumes of water mixed with chemical additives [7, 102]. Chemical
additives include surfactants and oxidizing breakers that likely transform during the
fracturing process [32, 103]. Transformation of additives and shale may impact the
flowback and produced water quality that returns to the surface during natural gas
production.

Hydraulic fracturing wastewater spills are a concern due to potential contamination
of water aquifers. While many chemicals have been identified in hydraulic fracturing
flowback and produced fluids, the transformed fluids are the source of pollution when
spills occur. Surfactants are consistently found in hydraulic fracturing waters [32]. 2-BE is
a commonly identified surfactant found in hydraulic fracturing additives including the
foaming agent, Revert Flow [17, 23, 41, 46, 52, 104-106]. Revert Flow improves
production by decreasing surface tension, thus preventing water blocking during the HF
process. While the harsh physical conditions downhole may stimulate organic additive
transformation, HF operators also use strong oxidizing agents such as persulfate salts
[17, 107, 108]. Hydraulic fracturing companies use sodium persulfate as a breaker to
decrease fluid viscosity and decompose gelling agents [67]. Persulfate has the potential
to speed up and enhance transformations, therefore; persulfate is a key component to
understanding how additives transform during the hydraulic fracturing treatment of a well.

Certain conditions faced in the wellbore may activate persulfate and speed up
transformations caused by oxidation reactions [34]. The extent of the oxidation reactions
are dependent upon the well conditions. The persulfate anion has an oxidation potential
of 2.01 V, which was been determined by Reaction 3-1 [109]. Persulfate may be activated,
using heat, as shown in Reaction 3-2 [109, 110], to form sulfate radicals, which have
greater oxidation potential (E® = 2.7 V) than the persulfate anion. The sulfate radical is
non-selective and may react with any matter in solution, including water. The sulfate
radical reacts with water according to Reaction 3-3 [66, 110, 111], which causes a
decrease in pH as the reaction proceeds. Reaction 3-3 also forms the hydroxyl radical
one of the most powerful oxidizing agents (E° = 2.81 V) [112, 113]. In basic conditions,
the sulfate radical may react with hydroxide to form a hydroxyl radical. Although hydraulic
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fracturing companies add acid to their fluids, the fluid pH may vary as the fluids contact
the shale formation. Once the shale formation has been contacted, other reactions may
occur that impede or enhance persulfate activation. Certain metals and anions in the
shale have different impacts on persulfate reactions. For example, transitions metals,
especially iron, can activate persulfate according to Reaction 3-5 and increase the
production of sulfate radicals [65, 66]. However, certain anions, such as carbonates, can
negatively impact persulfate oxidation. In acidic hydraulic fracturing conditions,
carbonates that dissolve from the minerals of the shale are likely in the form of carbonic
acid as shown in Reactions 3-6 and 3-7. The sulfate and hydroxyl radicals may react with
carbonic acid to form the carbonate radical (E° = 1.78 V at pH 7.0), as shown in Reactions
3-8 and 3-9 [114-116]. Despite having an oxidation potential, carbonates are considered
to also have scavenging effects on persulfate oxidation [109, 111] because they can
decrease the amount of organic that is degraded in solution [117, 118].

S,03 + 2e” — 2S0%~ Reaction 3-1
$,05~ — 2504 Reaction 3-2
SO, + H,0 > HO + H" + S0;~ Reaction 3-3
S0, + HO” > HO + S0;~ Reaction 3-4
S,05 + Me™ — S0; + 502~ + Me(™+D+ Reaction 3-5
H,CO; » H* + HCO3,pK, = 6.3 Reaction 3-6
HCO; —» H* + C03™,pK, = 10.3 Reaction 3-7
SO0; + H,CO; —» CO3 + 2H* + 50,7, k~10°M~1s71 Reaction 3-8
OH™ + H,CO0; - CO3" + H,0+ H*, k=7.0x10*M"1s71 Reaction 3-9

Addition of shale to persulfate reactions in the hydraulic fracturing environment has
not been previously investigated. Persulfate activation through increased formation
temperatures and pressures has been previously investigated by the authors [119]. As
persulfate activation was observed under hydraulic fracturing conditions, the shale
constituents may impede or enhance the activation. For example, shale contains minerals
that contain iron, which may activate persulfate and enhance oxidation of additives.
Minerals found in shale include pyrite, hematite, goethite, and limonite. Shale also
contains minerals, such as chlorite and gypsum, which may prevent oxidation of additives
because these minerals contain carbonates.

The objective of this study is to address the potential persulfate activation using
shale rock and the impact it has on 2-BE degradation and water quality. Fluid conditions
that mimic those used during a fracture, including temperature, pH, iron, and shale rock,
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are systematically introduced. Further impacts persulfate usage has on hydraulic
fracturing water quality are evaluated through quantification of metals leached into
solution during shale-activated reactions. Determination of 2-BE oxidation reactions with
persulfate in the presence of shale will enable a better understanding of the impacts
persulfate utilization has on flowback and produced water quality.

Materials and Methods

Chemicals

Solutions were prepared using deionized water (Milli-Q Plus purification system,
Darmstadt, Germany). Chemical used, including 2-BE (95%), Optima grade
dichloromethane, ferrous sulfate (>99%), hydrochloric acid (35-38%), sodium persulfate
(>98%), TraceMetal™ grade nitric acid, sodium persulfate (>98%), sodium bicarbonate
(>99%), potassium iodide (>99%), and SPEX CertiPrep™ calibration standard 2 without
mercury (5% nitric acid), were purchased from Fisher Scientific (Pittsburgh, PA 15275,
USA). Revert Flow (RF) was received from Weatherford International (Houston, Texas,
USA).

Shale Rock

WV-7 shale rock used in this study was obtained from the Marcellus shale play at a depth
of 6621.1 m (West Virginia Geological Survey, Morgantown, WV 26508, USA). The shale
was crushed with a mortar and pestle and sieved to a mean diameter of 1.00-2.00 mm
using No. 10 and 18 sized meshes. Bulk shale minerology was determined using X-Ray
diffraction (XRD) and verified using acid digestion and inductively coupled plasma optical
emission spectrometry (ICP-OES) analysis. Diffraction patterns were collected using a
Panalytical Empyrean XRD with Cu source (Almelo, Netherlands) and ICP-OES data was
collected with a ThermoFisher Scientific ICAP DUO 7400 (Waltham, MA 02451). Figure
Al in the appendix displays the resulting diffractagram of the unreacted WV7 shale and
Figure 3-1 displays the ICP digestions results. Bulk minerology of the shale is listed in
Table 3-1 and contained calcite, dolomite, muscovite-2M1, rubidium zinc silicon oxide,
pyrite, and quartz. Microscope observations were made using a Zeiss scanning electron
microscope (SEM) (model EVO-MAL15) equipped with an Energy-dispersive X-ray (EDS)
detector (Bruker, model X Flash 6130).

Batch Oxidation Experiments

Chemicals used and their supplier are listed in SI. In HF practices, surfactants are used
in total concentrations ranging from 500 to 1800 mg L [17], while the HF additive
supplier suggested Revert Flow concentration of 1 gallon Revert Flow per 1000 gallons
water [41]. Revert Flow was determined to be 1.0328 g mL! and contained 3.31wt% 2-
BE [41]. Therefore, the 2-BE concentration in HF fluids may be as low as 34 mg L.
Solutions in this study contained 120 mg L 2-BE for ease of measurement and were
prepared 12 hours prior to experiments, which allowed for overnight mixing in amber jars.
Fe (1) concentrations used to activate persulfate ranged from 0 to 100 mg L™*. Fe (Il) was
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WV7 Shale Digestion

“Other”

OSi mFe OMg @Ca @Other

ONa, 10.8%
DAl 7.65%
OCu, 6.36%
BK, 18.8%
OMn, 1.93%
0OZn, 5.91%
@Ba, 0.0580%
@ Co, 0.394%
0OCr, 0.970%
BNi, 6.83%
OSe, 0.327%
BPb, 6.19%
BAs, 1.18%
BCs, 3.31%
ORDb, 24.7%
0Sr, 2.4%
@mU, 6.16%
|V, 1.43%

Figure 3-1. Percent composition of elements detected in acid digestion and ICP analysis of unreacted WV7 shale.
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Table 3-1. WV7 Shale Minerology.

Approximate

Mineral Name Designation
Calcite Major
Dolomite Minor
Muscovite — 2M1 Minor
Rubidium Zinc Silicon Oxide Trace
Pyrite Minor
Quartz Major
Designation

Major >25%

Minor 10-25%

Trace <10% clearly in sample




used because 2+ is the same oxidation state as the pyrite found in the WV shale rock.
Acidic conditions such as those used in the industry, 0.012 to 15% [23, 120-122], were
achieved using 0.07% hydrochloric acid as listed by FracFocus [34]. pH was measured
with a Fisher Scientific Accumet XL600 benchtop pH meter (Pittsburgh, PA 15275, USA).
Experiments were performed in triplicate using 250-mL volumes in capped 1-L amber
borosilicate jars. The jars were placed in a shaking water bath (New Brunswick Scientific
Co, Inc, Model G76, Edison, NJ USA) 12 hours prior to experiment start at temperatures
of 20, 35, 45, 55, and 65°C. Experiments were spiked with a concentrated solution of
stock sodium persulfate to a final concentration of 21 mmol L to initiate experiments.
Fracing fluids can return to the surface of the well from the first day after fluids are injected
and may continue to flow out for several years following injection [123]. However, 2-BE
was degraded much faster than this time frame. Therefore, experiments were carried out
for 8 hours, with the exception of experiments performed at 20, 35, and 45°C because
persulfate activation was slower at these temperatures than at higher temperatures.
Samples were taken at designated times between 0 and 480 minutes in 10-mL volumes.
Samples were immediately extracted for 2-BE [41] and analyzed for pH, TOC, and
persulfate concentration. Mass balance calculations were performed to minimize
sampling effects. Control experiments were performed without persulfate to account for
the 2-BE oxidation at high temperatures and possible 2-BE absorption onto shale or Fe

().

Sample Analysis

2-BE concentration was determined using an Agilent 7890B gas chromatograph (GC)
(Santa Clara, CA 95051) equipped with a splitter that connected to a 5977A Mass
Selective spectrometer (MS) and a flame ionization detector (FID), allowing simultaneous
MS and FID analysis. The liquid-liquid extraction procedure and GC parameters have
been previously described [41]. In short, 3-mL of sample was pipetted into a scintillation
vial containing 3-mL of methylene chloride and vortexed using a 115V Mini Vortex Mixer
(Fisher Scientific, Pittsburgh, PA 15275). The solution was separated using a 6-mL
polypropylene syringe (Fisher Scientific, Pittsburgh, PA 15275) and the methylene
chloride was collected in a separate vial. The extraction procedure was repeated three
times. Calibration curves were made using known 2-BE concentration dissolved in
methylene chloride. Extractions were repeated with hexane to detect additional reaction
byproducts as different compounds have different affinities for different solvents. The GC-
MS-FID was operated in split-less mode and equipped with an Agilent 7963 auto-sampler
and an Agilent J&W DB-1 (30-m x 0.25-mm ID x 0.25-um film thickness) capillary column.
Ultra-high purity helium (Airgas Corporation, Knoxville, TN 37921) was used as the carrier
gas and maintained at 2.5 mL min-t. Samples (2.5-yL injection volume) were analyzed in
triplicate. The GC was held at an initial temperature of 40°C for 4 minutes, and the
temperature was ramped up 10°C min! to 180°C, and held at 180°C for 3 minutes before
ramping back down. The limit of detection of this method is 0.957 mg L 2-BE [41].

Total Organic Carbon (TOC) was measured using a TOC-LCSH/CSN series
standalone analyzer equipped with an ASI autosampler and a high sensitivity catalyst
(Shimadzu, Kyoto, Japan). TOC standards were made using a known amount of 2-BE in
2.5% hydrochloric acid. TOC was determined using the difference between the total
carbon (TC) and inorganic carbon (IC) concentrations.
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A modified spectrophotometric/iodometric method was used to measure the
persulfate anion [124, 125]. Briefly, 166 g L* Kl and 12 g Lt NaHCO3 were added to DI
water and mixed until all components dissolved. Depending on the anticipated persulfate
concentration, 20 to 50-pul of sample was added to a scintillation vial containing 2.5-mL of
the KI/NaHCOs solution. The mixture reacted for 20 minutes and measured using a
UV/Vis spectrophotometer (Thermo Fisher Scientific, Model Evolution 600 Madison, WI
53711, US) at the maximum wavelength of 352 nm. Standards were prepared by pipetting
20-pl of a 22-mM persulfate solution into 2.5, 3, 4, 5, and 7.5 mL aliquots of the
KI/NaHCOs solution.

Metals leaching from the shale were measured using ICP-OES. Concentrations
were determined by comparison to serial dilutions of a standard solution containing 10
mg L of the following metals: Ag, Al, As, Ba, Be, Bi. Ca, Cd, Co, Cr, Cs, Cu, Fe, Ga, In,
K, Li, Mg, Mn, Na, Pb, RDb, Se, Sr, Tl, U, V, and Zn.

Statistics

For all sample analysis, standard error (SE) of the data was calculated using Equation
3-1, where SE is standard error, s is sample standard deviation, and n is the number of
observations. SE is represented by error bars in the Figures. Statistical analysis was
performed using JMP Pro software from SAS, version 12.0.1 (Cary, NC 27516) to
determine if the mean observed reaction rate constant for each experimental condition
was significantly different from the other conditions tested. One-way analysis of variance
(ANOVA) paired with a post-hoc Tukey-Kramer honest significant difference (HSD) test
was used (a = 0.05).

SE = Equation 3-1

=
In

Results and Discussion

Temperature Effects

Figure 3-2 displays the degradation of 2-BE in water at 20°C without persulfate in an
amber jar (pH 6). Previous studies have shown that 2-BE is susceptible to photo-
degradation at 20°C when experiments are performed in clear glassware [41, 126]. Figure
3-2 shows little to no 2-BE degrades over 22,500 minutes, or 15.6 days, in the dark
environment of the amber jar, which is similar to well-bore conditions. Figure 3-3 shows
the degradation of 2-BE with the addition of 21 mM persulfate at 20°C (a) and the pseudo-
first-order plot in (b). Figure 3-3 (a) shows 65% of the initial 2-BE concentration degraded
after 22,500 minutes. The plot of concentration versus time displayed a greater R? value
than the natural log of the concentration versus time plot, which indicates that the reaction
order with respect to 2-BE is pseudo zero-order at room temperature with a rate constant
of 2.24 x10° M s, Figure 3-4 displays the TOC, pH and persulfate concentration after
22,500 minutes. TOC and persulfate decreased by 22 and 15%, respectively, while the
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Figure 3-2. Control experiments containing 2-BE in water at 20°C (no persulfate, initial pH 6). The

concentration of 2-BE does not decrease over 375 hours.
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pH decreased from 6 to 3.06. The persulfate-induced oxidation of 2-BE at low
temperatures suggests the persulfate anion may play a role in 2-BE degradation. The
persulfate reduction half-reaction is shown in Reaction 3-1. The direct oxidation of 2-BE
by the persulfate anion is feasible as this strong oxidizing anion possesses a redox
potential of 2.01V [109].

The oxidation of 2-BE at higher temperatures (35-65°C) is shown in Figure 3-5.
The corresponding TOC, pH, and persulfate profiles are shown in Figure 3-6. The full-
time scale for 2-BE, TOC, pH, and persulfate degradation at 35 and 45°C is shown in
Figure 3-7 and Figure 3-8, respectively. Both the 2-BE and persulfate degradation
increased as temperature increased from 35 to 65°C. These results were expected as
increasing temperatures lead to persulfate activation, which increases production of
sulfate radicals (Reaction 3-2) [109, 110]. As temperature increases, more radicals are
produced and these radicals may further oxidize the 2-BE in solution. The sulfate radical
reacts with water (Reaction 3-3) [66, 110, 111], producing hydrogen ions and the
observed pH drop. As shown in Figure 3-5 (b), a pseudo-first-order rate model describes
2-BE oxidation well for higher temperatures.Table 3-2 summarizes the resulting reaction
rate constants and half-lives. Values for kobs 28€e at 35, 45, 55, and 65°C were1.034x10°,
6.243x10°, 4.074x10%, and 1.312x1073 s, respectively. Figure 3-9 shows the Arrhenius
plot for this data of 2-BE by all oxidants produced in thermal persulfate activation. The
plot of natural log of kobs versus the inverse temperature fit the Arrhenius model with
R?=0.997. The average activation energy was 146.95+.44 kJ mol*. The temperature
dependence of this reaction is likely due to the persulfate decomposition and increased
production of radicals.

As shown in Figure 3-5, at 65°C, 2-BE completely degrades within 50 minutes of
the reaction. At 55°C complete 2-BE degradation does not occur until 240 minutes. Since
2-BE degradation occurs more quickly at higher temperatures, this suggests that the
persulfate was heat- activated to produce sulfate radicals as described in Reaction 3-2.
Figure 3-10 compares the persulfate disappearance at 55°C with and without 2-BE
present. Without 2-BE, the kobs for persulfate activation is 3.53x10° s at 55°C, which
agrees with values previously reported by House (4.55x106 s at 56°C) [110]. With 2-BE,
the Kobs,persufate Value is 1.04x10° s at 55°C. The increasing persulfate disappearance
with 2-BE in solution suggests that the radicals produced by thermal persulfate activation
degrade 2-BE while direct oxidation via the persulfate anion may also occur [127].

Figure 3-11 displays the mass spectra for the byproduct detected under the
reaction conditions at 55°C. Butyric acid (BA) was the only byproduct detected, appearing
between the 30 and 300 minutes reaction times. The concentration of BA was low and
less than the GC/MS’s limit of quantification. As shown in Figure 3-3, 2-BE degradation
slowed down compared to the degradation before 30 minutes. This suggest that BA, or
the unidentified byproducts produced, compete with 2-BE for the radicals formed by
persulfate. As observed by the TOC data in Figure 3-6 at 55°C, once BA is no longer
detected after 300 minutes, TOC removal occurs more rapidly, suggesting that BA is more
resistant to persulfate oxidation than the other byproducts produced. According to the
TOC data, other reaction byproducts may exist, but were not detected with the available
GC/MS methods. The increase in TOC removal after BA disappearance suggests that
the subsequent byproducts breakdown more easily than BA.
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20, 35, 45, 55, and 65°C with and initial dose of 21 mmol L persulfate (initial pH 6).
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Table 3-2. Pseudo first order reaction rate constants and half-lives for 2-BE experiments at 20, 35, 45, 55, and 65°C with 21 mmol L

sodium persulfate (initial pH 6).

T k Half-
©C)  (sY) life (h)
20 3.425x107 337
35 1.034x10° 18.6
45 6.243x10°  3.08
55 4.074x10* 0.473
65 1.312x103 0.147
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Figure 3-9. Arrhenius plots for 2-BE oxidation by 21 mmol L persulfate (initial pH 6).
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pH Effects

Figure 3-12 shows the decreasing 2-BE concentrations at initial pH 2, 6, and 11. The Kobs
and half-live values are summarized in Table 3-2. Initial pH had little impact on 2-BE
degradation. One-way ANOVA with Tukey’s HSD post-hoc test was performed to
evaluate differences in the mean pseudo-first-order reaction rate constants between the
three pHs (Kobs,2-Be = 3.061x10“ st at pH 2, 4.074x10“ st at pH 6, 3.302x10“ s at pH
11). At the 95% confidence interval, the mean pseudo-first-order reaction rate constant
at pH 6 is significantly different from the reaction rate constants at pH 2 and 11. However,
the pseudo-first-order reaction rate at pH 2 and pH 11 are not significantly different from
one another. Figure 3-13 shows the TOC, pH and persulfate profiles for the reactions at
all pHs. Over 480 minutes, 15% less TOC degraded at pH 2 and 11 than pH 6. At all three
pHs, the same amount of persulfate was consumed. Thus, pH played little to no role in
the degradation of 2-BE by persulfate at 55°C.

At all pHs, the sulfate radical may react with water to produce a hydroxyl radical,
as shown in Reaction 3-3 [66, 110, 111]. At alkaline pHSs, the sulfate radical reacts with
hydroxide to produce a hydroxyl radical and sulfate as shown in Reaction 3-3 [127].
However, at high temperatures the effect of pH on organic oxidation is less pronounced
than at low temperatures [119, 128]. This suggest that the activation of persulfate at 55°C
according to Reaction 3-2 is a much faster than Reaction 3-3 and Reaction 3-4. Over the
course of a fracture, pH may change as the fluids come in contact with the shale rock or
as persulfate reactions occur. The data indicate that the higher temperatures, such as
those observed in the well-bore, play a stronger role in the oxidation of 2-BE than the
variation in pH over the course of a fracture would play.

Iron (II) and Shale Effects

Figure 3-14 (a) displays decrease in 2-BE as Fe(ll) is added to solution at 55°C with an
persulfate dose of 21 mmol L (initial pH 2). The resulting Kobs,2-8e and half-life values are
summarized in Table 3-4. Control experiments showed that the addition of Fe(ll) without
persulfate did not cause the 2-BE concentration to decrease in water, while persulfate
addition and increasing Fe(ll) concentrations increased the rate of 2-BE degradation
[129]. The observed increase in 2-BE degradation is due to persulfate activation by Fe(ll)
that produces additional sulfate radicals, as shown in Reaction 5. To compare the
resulting mean Kobs,2-8e values, one-way ANOVA with Tukey’s HSD post-hoc test was
performed. The mean kobs2-8e for 0 mg Lt Fe(ll) (3.061x10%s!) was not statistically
different from the mean rate constant for 5 mg L Fe(ll) (3.360x10s!) (a=0.05). The
mean kobs,2-8e for 10 mg L Fe(ll) (3.680x10*s!) was not statistically different from 5 nor
15 mg L* Fe(ll) (4.354x10%s?) (a=0.05). The mean kobs,2-8e Values for 20 (4.790x10%s™),
50 (7.525x10“s1), and 100 (1.130x103s?), mg L Fe(ll) were significantly different from
each other and all other tested Fe(ll) concentrations (a=0.05). At all iron concentrations,
2-BE was completely oxidized within 180 minutes at 55°C. Figure 3-15 displays the TOC,
pH, and persulfate concentration profiles for the experiments with Fe(ll) in solution (55°C,
persulfate dose of 21 mmol L, initial pH 2). As expected, as more iron was added to
solution, TOC and persulfate concentrations decreased at faster rates.
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Figure 3-12. Degradation of 2-BE in solutions with varying pH (55°C, initial dose of 21 mmol L persulfate). Initial pHs are 2, 6, and 11.
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Table 3-3. Pseudo first order reaction rate constants and half-lives for 2-BE experiments at varying
initial pHs (55°C , 21 mmol L sodium persulfate).

Initial pH k(s”) Half-life (h)
2 3.061x10™ 0.629
6 4.074x10™ 0.473
11 3.302x10™ 0.583
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Figure 3-13. Decrease in TOC, pH, and persulfate concentration during 2-BE degradation in
solutions with varying initial pH (55°C, initial dose of 21 mmol L persulfate). Initial pHs are 2, 6,
and 11.
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Figure 3-14. Degradation of 2-BE in solutions with (a) Fe(ll) and (b) shale rock (55°C, initial dose of

21 mmol L persulfate, initial pH 2, initial 2-BE concentration 120 mg L™). Legends indicate the mg

L concentration of Fe (Il). Data below the limit of detection (0.957 mg L 2-BE) were not used to
calculate the rate constants reported in the text. Error bars represent standard error.
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Table 3-4. Pseudo first order reaction rate constants and half-lives for 2-BE experiments at varying

Fe(ll) concentrations (55°C , 21 mmol L sodium persulfate, initial pH 6).

[Fe] (mg LY) k (s1) Half-life (h)

0 3.061x10*4 0.629

5 3.360x10* 0.573
10 3.680x10* 0.523
15 4.354x104 0.442
20 4.790x10*4 0.402
50 7.525%x10* 0.256
100 1.130x103 0.170
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Figure 3-15. Decrease in TOC, pH, and persulfate concentration during 2-BE degradation in
solutions with varying Fe(ll) concentration (55°C, initial dose of 21 mmol L persulfate, initial pH
2). Legend indicates the mg L™* concentration Fe(ll).
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Figure 3-14 (b) displays the degradation of 2-BE when different concentrations of
shale are in solution at pH 2 (55°C, 21 mmol L persulfate). The concentration of shale
added provides an iron concentration (0, 5, 10, 15, 20, 50, and 100 mg Lt) comparable
to the amounts tested in Figure 3-14 (a). As shale concentration increases, the
degradation of 2-BE slows down. Table 3-5 summarizes the kobs,2-8e and half-live values
for these reactions. Unlike Fe(ll)-activation, increasing the iron concentration using shale
did not lead to increasing Kobs,2-8e values. When 18.86 mg L™ of shale (5 mg L Fe(ll)) is
added, completely 2-BE degradation is achieved after 180 minutes and the Kkobs,2-8e value
is 2.477x10sL. At the highest shale concentration tested, 373.6 mg L, (100 mg L*
Fe(ll)) complete 2-BE degradation is achieved at 240 minutes and the Kobs,2-8e value is
1.268x10*%s. As the shale concentration increases, the kobs 2-8e value decreases.

Figure 3-16 shows persulfate profiles for the reactions with shale. At all shale
concentrations, the persulfate concentration continues to decrease after complete
degradation of 2-BE, as shown in Figure 3-16. As shale concentration increases, the
pseudo-first-order reaction rate constant decreases, despite the increasing iron
concentration in the shale. In the field, pyrite dissolution and oxidation depends on
dissolved oxygen content [130] and may vary compared to batch experiments. The
decreasing pseudo-first-order reaction rate constant is due to the dissolution of other
minerals in the shale, especially carbonates. Figure 3-17 displays SEM images of the
shale taken with a high definition back scatter detector (HDBSD), which allows for
compositional and crystallographic information. Though the brighter spots in this image
correspond to heavier elements, many were determined to be pyrite deposits. As
displayed, the minerals in the shale used in this study are heterogeneously distributed
throughout. When the shale is added to water or persulfate begins to react with the shale,
these minerals dissolve into solution. The slower observed 2-BE degradation is due to
the dissolution of these minerals, especially minerals like dolomite and calcite, which
contain carbonate and can quench persulfate reactions [109]. Figure 3-18 displays the
XRD pattern of the shale before and after the experiment. By comparing the XRD patterns
before and after the experiment, observations may be made in how the reactions
impacted the shale minerology. The two main minerals that were depleted from the shale
are dolomite and calcite.

Carbonate speciation is dependent on pH, as shown in Reaction 3-6 and Reaction
3-7. In hydraulic fracturing conditions, such as those tested in this study, the pH of the
injected fluids is as low as 2. Figure 3-16 displays the change in pH over the course of
the reactions with shale rock. In this study, the initial pH is 2 and does not change much
over the course of the experiment. The amount of shale used is not enough to raise the
pH, so the carbonates in solution are in the form of carbonic acid, H2COs. The sulfate
radical reacts with carbonic acid according to Reaction 3-8 [114] and the hydroxyl radical
according to Reaction 3-9 [115]. The reaction occurs rapidly, consuming radicals in
solution and preventing degradation of 2-BE. The carbonate radical produced in Reaction
8 and 9 may oxidize the remaining organics produced from 2-BE or inorganics from the
shale, which would produce a carbonate anion [131].

Persulfate may also react with other metals in the shale. Figure 3-19 displays the
major, minor, and trace metal dissolution into solution as 120 mg L* 2-BE and 21 mmol
L persulfate react with 373.6 mg L shale (100 mg L Fe(ll)) in solution. As shown in
Figure 3-19, numerous metals increase in concentration as the reaction proceeds. Most
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Table 3-5. Pseudo first order reaction rate constants and half-lives for 2-BE experiments at varying

Fe(ll) concentrations (55°C , 21 mmol L sodium persulfate, initial pH 6).

[Shale] [Fe] k Half-life
(mgL?) (mglL?) (s (h)

0 0 3.061*104 0.629
18.68 5 2.477*104 0.777
37.36 10 2.367*104 0.813
56.04 15 2.016*10*4 0.955
74.72 20 1.876*10*4 1.03
188.6 50 1.485*10*4 1.29
373.6 100 1.268*104 1.52
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Figure 3-16. Decrease in TOC, pH, and persulfate concentration during 2-BE degradation in
solutions with varying shale concentration (55°C, initial dose of 21 mmol L persulfate, initial pH
2). Legend indicates the mg L™ concentration Fe(ll).
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Figure 3-18. XRD pattern of unreacted (bottom) and reacted (top) shale (55°C, initial dose of 21 mmol L persulfate, initial pH 2, initial 2-
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minerals determined to be depleted from the shale.
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metals constantly increase in concentration over the course of the reaction. Two metals,
potassium and cesium, reach a maximum concentration after 90 minutes. While no
cesium containing minerals were detected using XRD, cesium has been previously
detected in flowback fluids [132] and typically occurs in pollucite, which is associated with
minerals that naturally occur in shale [133], such as quartz and muscovite. Scaling metals,
including calcium and magnesium, continually increase over the course of the reaction as
displayed in Figure 3-19. The calcium and magnesium likely come from the dolomite and
calcite that are depleted from the shale as previously discussed.

In the field, the metal concentration detected in flowback and produced waters will
depend on the amount of shale that the fluids contact. This study shows that metals will
precipitate into the fluids with minimal agitation. As soon as the shale was added to
solution, metals began to precipitate. The exact metal concentrations in the field will vary
depending on the shale play, the chemical supplier, and other factors. Additionally, 2-BE
degradation was shown to slow in the presence of shale, which is likely due to the shale
carbonate content. Further studies are needed to understand how individual additives
contribute to the precipitation of metals from shale and how extreme pressures impact
metal leaching.

Conclusion

In summary, the hydraulic fracturing spill indicator compound 2-BE may degrade readily
downhole in the presence of activated persulfate. Conclusions from this study were:
e The persulfate anion may directly oxidize 2-BE at room temperature.
e As expected, increasing temperature sped up 2-BE degradation by persulfate
activation due to the production of sulfate radicals.
e pH did not impact 2-BE degradation greatly.
e Increasing iron concentration increased the degradation rate of 2-BE; however,
increasing the iron concentration using shale rock decrease the degradation rate.
e Metals continuously precipitate into solution during the oxidation reaction between
2-BE and persulfate. Further investigation is needed to understand how persulfate
is impacting the dissolution of the minerals in the shale.
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CHAPTER 4
CHARACTERIZATION OF SHALE PARTICULATES AND RESULTING
CHANGES IN WASTEWATER QUALITY DUE TO INTERACTION WITH
HYDRAULIC FRACTURING ADDITIVES
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Abstract

Hydraulic fracturing companies use water mixed with a myriad of chemical additives to
produce natural gas. During the hydraulic fracturing process, the fluids contact shale rock,
which may result in altered shale properties and fluid composition. This study investigates
shale deterioration and dissolution caused by typical fracing additives, including HCI,
persulfate, and five organic additives (enzyme breaker LEB-10X, gelling agent WGA,
friction reducer FRS, surface tension reducer Revert Flow, and biocide BXL). Changes in
shale physical and chemical properties were measured using laser-based particle size
analysis (PSA), SEM, XRD, and BET (surface area). PSA measurements showed
untreated shale was susceptible to breakage at intense mixing speeds and the optimal
mixing speed was 2800 rpm. Chemically treated shales did not exhibit statistically
different Do, D30, or Deo particle sizes than those treated with water alone after 8 days of
treatment. However, the inorganic treatments (persulfate and HCI) significantly impacted
the shale rock minerology. Additionally, the resulting effect of the shale/fluid interactions
on water quality was established using inductively coupled plasma optical emission
spectrometry (ICP-OES), pH, and persulfate concentration measurements of the
solutions. The influence of fluid contact time was also investigated using the most extreme
additives, hydrochloric acid and persulfate.

Introduction

The Energy Information Administration (EIA) predicts that the US will become a net
energy exporter by 2026, and natural gas generated electricity will increase by 30 to 40%
until 2040 [1]. Hydraulic fracturing, or “fracing,” and horizontal drilling allow the US to meet
natural gas demands. The process itself requires drilling a wellbore in shale rock
containing natural gas, pumping fluids down the wellbore, pressurizing the well, and
collecting the natural gas at the surface of the well. Fluid injection requires 2-10 million
gallons of water and approximately 200,000-L of chemical additives per well fractured
[19, 36].

Fracing companies use chemical additives for various purposes [17, 26, 27, 37].
Typical chemicals include surfactants, acids, biocides, friction reducers, viscosity
reducers, gelling agents, and breaking agents [16, 17, 36]. Acids and breaking agents are
used to degrade gelling agents and clean the wellbore. Two different types of breaking
agents may be used: enzyme breakers that target gelling agents at specific sites, or
delayed breakers that non-selectively degrade organic material. After injection, the
additives contact the shale at high temperatures and pressures.

Exposure to fluids may alter the physical characteristics of the contacted shale and
impact well productivity. Once a wellbore is drilled and prepared, it is perforated using
explosions from a blasting gun, which creates fissures in the shale rock and produces
small shale particles. As these small particles are exposed to fluids and high mixing
speeds when returning to the well surface, the particle sizes may decrease due to
changes in the physical characteristics of the shale brought on by exposure to the harsh
chemicals. The generated fines are likely to aggregate and plug the pores, which may
reduce fracture conductivity (a measure of how easily fluids flow through a fracture) and
gas production [134].
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Reactions between the shale and the fluids may also change the shales’ chemical
characteristics. Previous studies investigating the impact of synthetic fracing fluids
containing various inorganic species and slightly acidic pH on shale found that carbonate
and gypsum precipitate from the shale rock [33]. However, no observations were made
for persulfate and organic additives, which may cause further precipitation and
demineralization of chemical species, including heavy metals that can be toxic to aquatic
life in excess concentrations [72]. As shale constituents and organic additives react with
persulfate, more toxic and environmentally threatening pollutants may leach into the
water; therefore, establishing these interactions is imperative to understanding the
environmental consequences caused by fracing practices [33].

After injection, a portion of the fluids return to the surface as flowback (first two
weeks after stimulation) and produced waters (after two weeks), which contain naturally
occurring materials from the shale formation [20, 135]. These fluids have a high total
dissolved solids (TDS) content ranging from 66,000 to greater than 261,000 mg L™ [7].
Disposal methods for these waste fluids varies between shale plays [136], with typical
methods including fluid injection into disposal wells, transport to off-site water treatment
facilities, or dilution with fresh water for reuse in another fracture. These disposal methods
may result in fracing fluid spills [137]. Exposure to spilled fluids may cause reproductive,
neurological, gastrointestinal, and dermatological problems and even death in wildlife
living near well-sites [138]. Failure to address environmental and ecosystem concerns
has caused the public to question whether the benefits of natural gas production
outweighs the perceived risks [3].

The purpose of this study is to determine the extent of shale deterioration and
dissolution caused by typical chemical additives used in fracing, including hydrochloric
acid (HCI), persulfate, and five organic additives. The influence of the fluids on physical
characteristics — shale particle size and topology — are presented. Dissolution of heavy
metals was measured to understand how chemical contact with shale influences
wastewater quality. Finally, the influence of contact time between the fluids and the shale
is presented.

Materials and Methods

Shale rock

WV6 shale rock (depth = 7440.3 — 7440.5 m) was obtained from the West Virginia
Geological Survey (Morgantown, WV 26508, USA). X-ray diffraction patterns of the shale
rock were collected using a Panalytical Empyrean X-Ray Diffractometer (XRD) with
copper to determine the bulk minerology prior to exposure to experimental treatments.
The resulting diffraction pattern is shown in the Appendix Figures A2 and A3 and ICP
verification in Figure 4-1. Details of shale digestion for ICP verification are later described.
Table 4-1 shows the minerology of the untreated shale, which contained quartz, albite,
calcite, dolomite, muscovite, pyrite, lavendulan, and gypsum, determined using XRD and
verified with ICP.
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WV6 Untreated

Na, 0.338%
0K, 0.334%
B Al, 0.374%
B Cu, 0.052%
@ Mn, 0.035%
B2Zn, 0.047%
@ Ba, 0.016%
8 Co, 0.005%
@Cr, 0.003%
@ Ni, 0.058%
@ Pb, 0.008%
B As, 0.012%
B8Cs, 0.217%
OLi, 0.003%
ORDb, 0.042%
O Sr, 0.006%
au, 0.024%
oV, 0.005%

OSi @Fe @Ca OMg OOther

Figure 4-1. Metals detected in supernatant of untreated shale digestion using digestion and ICP. Results were used to verify XRD data.
The major ion detected was Si, which comes from the major mineral quartz. The element with the second highest concentration was Fe,
which comes from the pyrite in the shale. The third most concentrated element, Ca, in the shale could have come from several different

minerals, including calcite, dolomite, gypsum, and lavendulan.
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Approximate

Mineral Name Chemical Formula Designation

Albite NaAlSi;O, Trace

Calcite CaCO, Minor

Dolomite CaMg(CO,), Trace

Gypsum CaSO,*2HD Minor

Lavendulan NaCaCu,(AsO,)4Cl.5H,0 Trace

Muscovite -2M1, ammonian  KAL(Si;A)O,,(OH), with NH,” Minor
KAL(Si,Al)O,,(OH), with Mg,

Muscovite -2M1 Fe Minor

Pyrite Fes, Minor

Quartz SiO, Major

Designation

Major >25%

Minor 10-25%

Trace <10% clearly in sample

Trace <10% may not be in sample

Table 4-1. Minerology of Untreated WV6 shale determined using XRD and verified with ICP using
shale digestion
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Chemicals

Fracing chemical additives, including FRS (friction reducer), WGA (gelling agent), LEB-
10X (enzyme breaking agent), BXL (biocide) and Revert Flow (viscosity reducer), were
obtained from Weatherford International (Houston, TX, USA). HCI (35-38%),
TraceMetal™ grade nitric acid, sodium persulfate (>98%), sodium bicarbonate (>99%),
potassium iodide (>99%), and SPEX CertiPrep™ calibration standard 2 without mercury
(5% nitric acid) were purchased from Fisher Scientific (Pittsburgh, PA 15275, USA).
Solutions were prepared in deionized (DI) water produced using a Milli-Q Plus water
purification system (Darmstadt, Germany).

Chemical additive solutions

Treatment conditions used in this study included water, 0.07% by volume HCI
(concentration used by fracing companies) [28, 139], 21 mmol L sodium persulfate,
0.07% HCI combined with 21 mmol L sodium persulfate, and five organic fracing
chemical additives, including FRS (friction reducer), WGA (gelling agent), LEB-10X
(enzyme breaking agent), BXL (biocide) and Revert Flow (viscosity reducer). All solutions,
except for persulfate, were prepared 24 hours prior to starting the experiment to ensure
well mixed conditions. Persulfate solutions were prepared within an hour before beginning
experiments to minimize prior reactions. Solutions containing organic additives were
diluted to concentrations typically used by fracing companies as indicated by the chemical
supplier. The following amounts were added to separate 500-mL volumes of DI-water:
250-pl FRS, 1.505-g WGA, 12.5-ul LEB-10X, 1000-pl BXL, and 500-ul Revert Flow.

Experimental procedure

Shale was crushed with a mortar and pestle and sieved using No. 10 and 16 sized
meshes. A 27-g sample of the crushed and sieved shale was split into 54 samples using
a riffler to prevent sampling bias and ensure each sample had approximately the same
initial size distribution. Each sample weighed approximately 0.5-g prior to treatment.
Amber jars containing 100-mL of the 9 treatment solutions in triplicate (27 total jars) were
set in an 80°C oven overnight. After 24 hours, 27 of the shale samples were added to the
treatment solutions. Treatments using persulfate were spiked with a concentrated solution
of sodium persulfate to achieve a final sodium persulfate concentration of 21 mmol L.
Sodium persulfate concentration used in fracturing depends on formation conditions and
site location; concentrations between 0.125 mmol Lt and 47 mmol L are reported [34,
68-70]. Amber jars containing shale were incubated in the 80°C oven for 8 days. After 8
days, 20-mL aliquots of the supernatant were taken and immediately frozen to stop any
reactions, especially those with persulfate. The shale samples were frozen until
measurements on the solid shale samples were performed. To determine the relationship
between contact-time with critical chemical additives, the experimental procedure was
repeated in triplicate for 1 and 14 incubation days at 80°C. The critical chemical additives
were determined to be water, 0.07% hydrochloric acid, 21 mmol L sodium persulfate,
and 0.07% hydrochloric acid and 21 mmol L* sodium persulfate combined.

Particle size, shape, and porosity analysis

Particle size distribution was measured using a laser-based Mastersizer 3000 Particle
Size Analyzer (PSA) (Malvern Instruments Ltd., Worcestershire, UK) equipped with a wet-
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dispersion unit. The PSA used can measure particle size distribution in real-time [140],
allowing particle size changes to be observed with instrument mixing speed. The entire
100-mL sample suspensions containing 0.5-g shale and the treatment solutions were
poured into the PSA mixing tank and diluted with 500-mL DI-water, as is the typical
procedure for PSA to ensure particles reach the detector. Particle size measurements
were obtained at 2800-rpm mixing speed, the optimal mixing speed for measuring shale
particles (further details are explained in the results and discussion section). Optimal
mixing speed is the stirrer speed where minimal particle breakage occurs while all
particles are maintained in suspension. The minimum and maximum particle sizes
measured were 0.005-pum and 2200-pum, respectively.

PSA measurements are based in part on the optical properties of the solids and
the dispersing medium of the suspension. Refractive index of the shale suspension was
measured using a refractometer (Ametek AR-9, Reichert technologies). The resulting
suspension refractive index was not significantly different than that of water (1.333).

Particle shapes were observed using a Zeiss scanning electron microscope (SEM)
(model EVO-MA15) equipped with an Energy-dispersive X-ray (EDS) detector (Bruker,
model X Flash 6130). A Quantachrome Autosorb-1-c gas sorption instrument was used
to measure shale particle surface area. Brunner-Emmett-Teller (BET) surface areas were
determined using N2 adsorption at 77 K. Samples with weights between 30 and 50-mg
were outgassed at 150°C with Helium. N2 adsorption isotherms were obtained in relative
pressures (Pactual/Psaturation) between 106 and 0.99.

Inorganic metal identification in liquid samples

Liquid samples were analyzed for inorganic composition using ICP-OES (iCAP 7000
Series, ThermoFisher Scientific, Waltham, MA USA 02451) and compared to standards
made from a stock solution containing 10 mg L of Ag, Al, As, Ba, Be, Bi. Ca, Cd, Co, Cr,
Cs, Cu, Fe, Ga, In, K, Li, Mg, Mn, Na, Pb, Rb, Se, Sr, Tl, U, V, and Zn. Calibration curves
were created by performing serial dilutions of a standard stock solution with 5% trace
metal grade nitric acid. Initial samples were taken prior to adding shale to each solution.
XRD results of the untreated shale were verified by digesting the shale in 1-part nitric acid
to 2-parts HCI and analyzing the supernatant using ICP-OES.

Liquid samples pH and persulfate measurements

Solution pH was measured using a Fisher Scientific Accumet XL600 benchtop meter
(Pittsburgh, PA 15275, USA). Persulfate anion concentrations were determined using a
modified spectrophotometric/iodometric method [34, 124]. A solution containing excess
potassium iodide and sodium bicarbonate were prepared in DI-water. 2.5-mL aliquots of
this solution were added to scintillation vials. Each sample, in 20 to 100-pl volumes, was
added to their own aliquot of the potassium iodide-sodium bicarbonate solution and
allowed to react for 20 minutes. The resulting mixture was measured using a UV/Vis
spectrophotometer (Thermo Fisher Scientific, Model Evolution 600 Madison, WI 53711,
US) using a maximum wavelength of 352-nm. Persulfate concentrations were determined
using a calibration curve made with potassium iodide-sodium bicarbonate standards
containing known sodium persulfate concentrations.
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Statistical analysis

Statistical analysis was performed using SAS JMP Pro software, version 12.0.1 (Cary,
NC 27516). One-way analysis of variance (ANOVA) paired with a post-hoc Tukey-Kramer
honest significant difference (HSD) test was used (a = 0.05) to determine which
treatments’ particle sizes differ from the control group (no treatment). Experiments were
performed in triplicate and the standard error (SE) was calculated using Equation 4-1
where s is the sample standard deviation and n is the number of observations.

S
SE = In Equation 4-1

Results and Discussion
Impacts on shale particle physical and chemical properties

Mixing Speed Optimization for PSA Measurements

Figure 4-2 shows the relationship between mixing speed and the measured 10t
percentile diameter (D10), 30" percentile diameter (Dso), and the 60" percentile diameter
(Deo) of five dry untreated shale replicates as mixing speed is varied at regular intervals.
Mixing speed was increased from 2500 to 2800, 3000, 3200, and 3500-rpm and then
decreased to 3200, 3000, 2800, and 2500-rpm. Figure 4-2 demonstrations how exposure
to intense mixing impacts particle size, especially for Dio particles. At the lowest mixing
speed (2500 rpm), the measured Dio particle size was 27-um. Mixing speed was
increased to 2800-rpm, and the measured Dio was 35-um. The difference between Dio
sizes at these two mixing speeds is due to larger particles settling to the bottom of the
PSA dispersion unit at the lower mixing speed. The lower mixing speed was not fast
enough to keep the larger particles in suspension and reach the PSA detector. As mixing
speed was increased beyond 2800-rpm, the measured Dio continued to decrease,
reaching a value of 21-um. This observation indicates that the particles likely deteriorated
(physical breakage) due to the mixing process. Thus, optimum mixing speed occurs at
2800-rpm, at which most of the particles are transported to the detector with minimal
particle deterioration.

By the end of the experiment, the Dio particle size was as small as 8.7-um at a
mixing speed of 2500-rpm, and the particles decreased by 75% of their maximum
measured size. This indicates that the untreated shale is susceptible to being broken
down when exposed to intense mixing speeds and, upon intense mixing, the smallest
particles become even smaller. As the particles deteriorate, generation of fine particles
causes solution turbidity, colloidal particles, and suspended solids to increase. Compared
to large particles, colloidal and suspended solids provide higher surface area for microbial
growth to occur in aerobic and anoxic conditions [73-75]. Increasing small particles
downhole as a result of exposure to fracing fluids could provide increased locations for
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Figure 4-2. D19, D3o, and Deo particle size measurements of dry, untreated shale at different mixing
speeds in the PSA (n=5). Mixing speed was increased and decreased at regular intervals from
2500 to 2800, 3000, 3200, and 3500, then back down to 3200, 3000, 2800, and 2500-rpm.
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microbial growth, resulting in increased sulfide production and souring of the natural gas
[77]. Additionally, shale fines of 45-um or less in concentration of 2% reduces fracture
conductivity by 24.4%; while fines concentration of just 10% can completely block a
fracture [134].

Also shown in Figure 4-2, deterioration in particles is also observed in the D3 and
Deo particle size. The maximum Dso size, 263-um, occurs at the lowest mixing speed
(2800-rpm). The Ds3o particle size then decreases with increasing mixing speed. At the
maximum 2500-rpm mixing speed, the average D3o is 132-um, which is a 50% decrease
compared to the observed Dso at 2800-rpm. For Deo, the maximum size, 603-um, also
occurs at 2800-rpm. However, the measured sizes at 3000, 3200, and 3500-rpm are
within 2% of this value. Therefore, the optimum mixing speed was determined to be 2800-
rpm. This mixing speed was used to compare the Do, D3o, and Deo particle sizes for each
fracing additive treatment.

Particle size changes in the treated shale

Changes in particle sizes were compared across treatments at the optimized 2800-rpm
mixing speed Figure 4-3 and Table 4-2 show the measured Dio, D3o, and Deo particle
sizes for all treatments. One-way ANOVA with Tukey’s HSD post hoc test was performed
to evaluate differences in mean patrticle size between all 9 treatments and the control,
which had not been exposed to any fluids prior to being added to the PSA. The ANOVA
result indicated the mean Dio diameters for all treatments were significantly different from
the control (a=0.05). Of the treated shales, the highest mean D10 was 25.6-um for the
sodium persulfate only treatment, while the lowest initial mean Dio was 17.9-um for the
Revert Flow treated shale.

ANOVA was also performed to evaluate differences in Dso and indicated that the
untreated shale was significantly different from all other treatments. However, the WGA
treatment, which has a mean Daso of 53-um, is also statistically different from all other
treatments. As shown in Figure 4-4, WGA provides a background on the PSA
measurement. When measuring WGA without shale in water, a particle size is observed
due to the physical properties of the additive. WGA is a gelling agent composed of
petroleum distillate [141] that is solid until mixed with water and forms flocs in solution
when mixed in water. Although the samples are diluted by water when measured in the
PSA, the WGA sitill interfered with the measurement. Disregarding WGA, the smallest
measured D3o particle size is the shale treated with Revert Flow (168.6-um). The largest
D3o particle size of the treated shales is the HCI treatment. Finally, ANOVA was performed
to compare the differences in the Deo particle size across treatments. The mean Deo for
the untreated, persulfate, HCI, and LEB-10X were not statistically different from one
another. The untreated shale was statistically different from the rest of the treatments.
However, all of the treatments were not statistically different from one another as the post
hoc test grouped all of the treatments in the second group. The background in WGA most
likely impacted measured particle size for the Deo even though the results are not
statistically different. Ignoring WGA, the smallest resulting Deo particle size is from the
Revert Flow treatment.

No single inorganic or organic treatment led to a D1o, D30, or Deo particle size that
was statistically different from the water only treatment. This was not expected as the
organic and inorganic additives used are more corrosive than water. In addition to
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Figure 4-3. D1o, D30, and Deo particle size measurements of treated shales, including water, 0.07% HCI, 21 mmol L persulfate, combined
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Table 4-2. Average D-10, 30, and 60 particle sizes measured at 2800 rpm on the PSA (n=3).

Average Dio Average Dso Average Deo

Treatment
(um) (um) (um)

Untreated Shale 46.20 316.51 678.35
Water 24.84 188.21 514.25
Hydrochloric Acid 24.05 202.46 555.96
Persulfate 25.6 199.37 556.19
Hydrochloric Acid and Persulfate 25.22 198.93 507.64
BXL 22.74 168.87 480.87
FRS 24.71 200.05 536.22
LEB-10X 24.44 201.53 542.48
Revert Flow 17.9 168.61 475.30

WGA 21.24 53.32 131.17
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Figure 4-4. Background particle size provided by WGA on the PSA. WGA is a cellulosic solid material that provides a background on the
PSA size distribution measurements.
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abrasion during treatment, the water treatment was significantly different from the
untreated particle size due to dissolution of major minerals in the shale, which will be
discussed later in this chapter. The dissolution of minerals as the particles aged in the
treatment likely weakened the shale patrticles, causing them to break apart.

Impact on shale minerology

Shale minerology was assessed before and after measurement in the PSA using XRD.
Table 4-3 shows the shale minerology for each treatment post-mixing in the PSA. The
XRD pattern of all the inorganic treatments are displayed in Figure 4-5 and organic
treatments are displayed in Figure 4-6. Shale minerology did not vary before and after
mixing in the PSA. The water and organic additives depleted the same minerals from the
shale, including gypsum, some muscovite, and some calcite. Calcite, dolomite, gypsum,
lavendulan, and some muscovite were depleted in the treatment containing 0.07% HCI.
Pyrite was not observably impacted in the water, HCI, or organic additive treatments.
However, pyrite was depleted in the treatments containing persulfate. Solutions were
measured for persulfate concentration after the 8-day period; persulfate was below the
detection limits of the method. Pyrite has previously been shown to activate persulfate
due to the dissolution of Fe (Il), producing strong hydroxyl radicals [142]. Fe (Il) is used
during in situ chemical oxidation (ISCO) as a persulfate activator [109]. While heat
activates persulfate as shown in Reaction 1, additional activation using iron can speed up
the production of strong sulfate radicals as shown in Reaction 2 [109]. The sulfate radicals
subsequently react with water to form the hydroxyl radicals as shown in Reaction 3 [65].
Iron is problematic in fracing because it can clog pores and reduce production over time
[17, 130].

heat
S208% — 2 S04~ Reaction 4-1

52082' + Fe?t > S04 ™+ Fed* + 5042- Reaction 4-2

SO4 "+ H0 - HO + H* + SO42 Reaction 4-3

Shale topology and mineral distribution

Figure A4 in the appendix displays the SEM images of the untreated shale. The untreated
shale particles have observable surface roughness, jagged edges and are angular in
shape. Figure 4-7 displays SEM images of untreated, water treated, and combined
HCl/Persulfate treated shale taken with a high definition back scatter detector (HDBSD),
which allows for compositional and crystallographic information. The brighter spots in the
HDBSD images correspond to heavier elements; those analyzed were determined to be
pyrite deposits. Minerals in the untreated shale, as shown in Figure 4-7 (a), are
heterogeneously distributed. As shown in Appendix Figure A4, there is minimal surface
pitting in untreated shale, which will be further discussed later in this paper using BET
surface area measurements.
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Table 4-3. Minerology of treated shales in comparison to untreated particles measured using XRD patterns displayed in Figure 4-5 and
Error! Reference source not found..

Muscovite

Albite Calcite Dolomite Gypsum Lavendulan -2M1, Musziﬂnte' Pyrite  Quartz
Sample Treatment ammonian
Untreated Trace Minor Trace Minor Trace Minor Minor Minor  Major
Water Trace Minor Trace - Trace Minor Minor Minor  Major
BXL Trace  Minor Trace - Trace Minor Minor Minor  Major
WGA Trace  Minor Trace - Trace Minor Minor Minor  Major
FRS Trace  Minor Trace - Trace Minor Minor Minor  Major
Revert Flow Trace  Minor Trace - Trace Minor Minor Minor  Major
LEB-10X Trace  Minor Trace - Trace Minor Minor Minor  Major
0.07% Hydrochloric Acid Trace - - - Trace? Minor Minor Minor  Major
21 mM Sodium Persulfate Trace - - - Trace? Minor Minor Trace Major
0.07% Hydrochloric Acid + 21
mM Sodium Persulfate - - - - Trace? Minor Minor - Major
Major >25%
Minor 10-25%
Trace <10% clearly in sample
Trace? <10% may not be in sample
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Figure 4-5. Diffraction pattern of inorganic treated shale particles in comparison to untreated shale particles obtained using XRD. Plots

are log scale and the y-axis has been adjusted for ease of comparison. Hydrochloric acid depleted calcite, dolomite, gypsum.
lavendulan, and some muscovite from the shale rock. Pyrite is depleted from the shale particles treated with persulfate.
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Figure 4-6. Diffraction pattern of organic treated shale particles in comparison to untreated shale particles measured using XRD. Plots
are log scale and the y-axis has been adjusted for ease of comparison. Organic additives depleted the same minerals from the shale as

water treatment removed, including gypsum, some muscovite, and some calcite.

85



a) U'hti't‘e,alted.v .

Date 21 Aug2017  JiAM

Time :8:50:15  Mieroscopy
enter

EHT=20.00kV Slageal T= 00" Date:21Aug 2017 JIAM

e 043" Mierosco,
WD = 10.0 mm Signal A= HDBSD Time :9:43:57 Conter

c) HCl/Persulfatetreated

20 ym

EHT = 20.00 kV StageatT= 00" Date 21 Aug 2017 JIAM
i 409", Microsco,
Mag= 705X WD= 10.5 mm Signai A= HDBSD Time :9:22:38 contor?

Figure 4-7. SEM images taken with HDBSD of the surface of (a) untreated, (b) water treated, and (c)
combined HCl/persulfate treated shale. Bright spots in these images represent heavier elements
in the surface minerals of the shale. The heavier elements are retained in untreated and water
treated shale, but depleted from the HCl/persulfate treated shale.
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SEM images of the water-treated shale particles before and after intense mixing in
the PSA are shown in Appendix Figure A5 (a-c) and Figure A5 (d-f), respectively.
Compared to untreated particles displayed in Appendix Figure A4, before mixing in the
PSA, water-treated particles in Appendix Figure A5 (d-f) have rounder and less angular
particle shape. Putting the shale particles in the PSA altered surface roughness. After
mixing, the water-treated particles have smoother edges than before mixing. Pre-mixing,
minimal surface area pitting is observed in comparison to post-mixing in the PSA for
water-treated particles. As shown in Figure 4-7 (b), heavier elements are retained within
the surface minerals of the water treated shale as observed by the numerous bright spots.

Appendix Figure A6, Figure A7, Figure A8, Figure A9, and Figure A10 display SEM
images of the shale particles treated with organic additives after mixing in the PSA.
Similarly, minimal pitting and rounded shape was observed post-mixing in the particles
treated with organic additives. On the other hand, persulfate and HCI treated shales did
exhibit pitting pre-mixing as shown in Appendix Figure A1l (a-c) for HCI and Appendix
Figure A12 (a-c) for persulfate. Post-mixing, the persulfate treated shales retained some
of the heavier elements as shown in Appendix Figure A12 (d-f); however, particles treated
with HCI did not retain heavier elements as the images in Appendix Figure A12 (d-f) have
no bright spots. Figure 4-7 (c) and Appendix Figure A13 displays SEM images of the
shales particles treated with both HCI and persulfate. The combined treatment displays
pitting and depletion of heavier elements. Depletion of elements is further supported by
the ICP data presented in the next section.

Impacts on water quality

Solution pH

Figure 4-8 displays the average solution pH before and after 8 days of treatment.
Generally, solution pH became more basic in treatments containing water or just organic
additives after contact with the shale. In these treatments, the shale buffered the pH
around 8.7. This is likely due to the dissolution of gypsum into solution, as previously
discussed. In treatments with 0.07% HCI, the pH was very acidic before and after
treatment. The average pH did not change greatly before and after 8 days, increasing
from 1.94 to 1.97 without persulfate present. The slight rise in pH for treatments with HCI
is consistent with the findings of Jew et al [130]. However, in all of the treatments
containing sodium persulfate, solution pH became more acidic. With persulfate alone, the
average pH dropped from 5.32 down to 1.84. The pH of the shales treated with sodium
persulfate combined with HCI did not significantly change. The average initial pH was
1.94 and the average final pH was 1.66. Unlike the treatment with HCI alone, pH
decreased with the addition of persulfate. Despite the carbonates in the shale that
increased pH in all other cases, the radicals produced during heat and iron activation of
persulfate (Reaction 4-1 and Reaction 4-2) quickly react with water to produce a hydrogen
ion, as described in Reaction 4-3. This indicates that fracing water chemistry varies and
may change drastically depending on the additives used by fracing companies. Solution
pH in fracing fluids will also largely depend and vary based on the amount of shale in
contact with the fluid; the concentrations of shale used in this study are most likely less
than those seen in the field.

87



pH
o = N w SN (6)] D ~ (o] O
1 1 1 1 1 1 1 1 1 1

=
o

Initial

i1

® Final

7
%
%
é
%
?
%

Hydrochloric Persulfate
Acid

HCl and

Persulfate

LEB-10X

Revert Flow

Figure 4-8. Average solution pH before and after the 8 days for each treatment (n=3). pH is buffered at 8.7 in the organic and water
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Aqueous inorganic geochemistry

Figure 4-1 shows the relative percentage of metals in the untreated shale. The untreated
shale contained Si, Fe, Ca, Mg, Na, K, Al, Cu, Mn, Zn, Ba, Co, Cr, Ni, Pb, As, Cs, Li, Rb,
Sr, U, and V. The major ions detected were Si, Fe, and Ca. Figure 4-9 displays the mass
of individual inorganic metals leached into solution per mass of shale used in each 8-day
treatment. In general, higher concentrations of the metals detected were in inorganic
treatments. The major ion detected in the treatment fluid was Si, which is expected as
shales are primarily composed of quartz (SiO2). Minor metals detected in all treatments
were K, MG, and Ca and was confirmed with the XRD results of the treated shales, which
previously showed gypsum (CaSO,*2HL ), some muscovite (KAL(Si;Al)O,,(OH),), and

some calcite (CaCO,) were depleted after all treatments. Higher levels of K, MG, and Ca
were detected in the inorganic treatments due to the depletion of dolomite (CaMg(CO,),)
and lavendulan (NaCaCu;(AsO,)4Cl.5H,0). Elements that were detected due to contact

with inorganic treatments, but not the organic treatments, were Al, Fe, Co, Ni, U, and V.
In the persulfate treated samples, the iron concentration was an order of magnitude
higher than the HCI treated samples. This is due to the interactions between persulfate
and pyrite. Previous studies involving the Marcellus shale play reported the same metals
in flowback and produced waters as those detected in this study [7, 23, 41, 43, 135, 143-
145]. The EPA has set Maximum Contaminant Levels (MCL) for some of these metals,
including As (0.01 ppm), Ba (2 ppm), Cr (0.1 ppm), Cu (1.3 ppm), Pb (0 ppm), and U (0
ppm) [146]. Downhole, elevated concentrations of organics and metals decreases biocide
efficacy [76, 77]. Furthermore, the concentration of TDS in flowback and produced water
has been shown to increase as time from the initial stimulation increases [135].

Time dependence of inorganic treatments

Inorganic additives, including water, 0.07% HCI, 21 mmol L persulfate, and combined
HCl/persulfate, were selected as the extreme cases to investigate the impact of contact
time on shale physical and chemical characteristics. Figure 4-10 shows the change in
particle size over the course of 14 days in water, HCI, persulfate, and HCl/persulfate
combined. For Dio, D3o, and Deo particle sizes in all treatments, the largest change
occurred after just 24 hours of treatment. The D10, D3o, and Deo did not change after day
1 for the water-treated particles. For the inorganic treatments, the D3o and Deo did not
change; however, the Dio decreased steadily over the 14 days. For all inorganic
treatments, particle size decreased by 35% (46-um to 30-um) between day 0 and 1. The
average particle size decreased to 25-um by day 8 and did not decrease further at day
14. Total surface area was also measured for the day 14 samples. The total specific
surface area for the untreated, water, HCI, persulfate, and combined HCl/persulfate
treated shale particles after mixing in the PSA was 12.6, 27.5, 43.4, 33.4, and 41.0 m?/g,
respectively. The total specific surface area of the water-treated shale nearly doubled
over the 14 days. Treatment with HCI led to the largest specific surface area. On day 14,
the Do, D30, and Deo particle sizes for HCI, persulfate, and combined HCl/persulfate are
within 5% of one another. Particle size between treatments does not change, while the
total surface area increases. This indicates that in treatments with higher total specific
surface area, minerals are being stripped from the shale particles surface resulting in an
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increased surface area. Dissolution of these minerals with respect to contact time will be
further investigated later in this paper. Figure 4-11 displays the pH profile for each
treatment and Figure 4-12 displays the concentration of persulfate remaining in solution.
After 8 days, the pH of the water solution stabilizes at pH 8.7. In the treatments containing
persulfate, the persulfate is completely consumed within the first 24 hours of the
treatment. However, the pH continues to decrease after the first day. The persulfate
treated shale solution has an initial pH of 5.45 and decreases to 1.8 by day 8. Treatments
containing HCI stay very acidic over the course of the treatment, decreasing from 2 to
1.52 in the treatment with just HCI and from 2 to 1.3 in the combined persulfate/HCI
treatment. The acid dissolves the minerals in the shale, but there are insufficient
carbonates in the shale added to buffer the pH.

Figure 4-13, Figure 4-14, and Figure 4-15 show the dissolution of major, minor and
trace metals, respectively, over the course of 14 days. The concentration of major ions,
K, Mg, Si, Fe, Al, and Ca, ranges between 0 and 5x10® mg-metal/kg-shale. For all major
ions, the concentrations are much greater in HCI, persulfate, and combined
HCl/persulfate than in water over the course of the 14 days. No Fe or Al was detected in
the water treatment. In the HCI and persulfate treatments, all of the major ions, besides
Ca, continually dissolve over the course of 14 days. The concentration of Ca reaches a
maximum after the first day in all treatments, except for the case of persulfate alone. Ca
dissolution is due to the gypsum in the shale particles, which is depleted when the shale
contacts water, as previously discussed. Higher concentrations of Ca are detected in the
treatments with persulfate and HCI because these treatments also dissolve calcite and
dolomite. The concentration of minor ions, Cs, Mn, V, Zn, Cu, and U, are between 0 and
8,000 mg-metal/kg-shale. In the water treatment, no U or V was detected over the course
of 14 days and much smaller concentrations of Cs, Mn, Zn, and Cu were detected in
comparison to the other treatments. Cs was only detected in solution of the treatments
containing persulfate. The concentration of trace ions, Ba, Cr, Pb, Sr, Co, Ni, As, and Li,
ranges between 0 and 110 mg-metal/kg-shale. No Ni or As was detected in the water
treatment. In general, for major, minor, and trace metals, the highest concentrations are
detected in the combined HCl/persulfate treatment, with the exception of Ba. For Ba, the
concentration is much higher in the treatment with just HCI. As persulfate reacts and
sulfate radicals form, the radicals eventually become sulfate (Reaction 3). In the
treatments containing persulfate, Ba may be precipitating out as BaSOa4 salt; therefore,
the concentration detected in the supernatant is lower. The continual dissolution of metals
indicates that longer contact between the shale and fluids containing persulfate and
hydrochloric additives downhole will result in greater concentrations of TDS. As the time
fluids spend downhole increases, the quality of water will continually diminish.

Conclusion

This study investigated the decomposition of shale rock due to interactions with typical
additives used by fracing companies, including water, hydrochloric acid, persulfate, and
5 organic additives, including LEB10X, WGA, BXL, FRS, and Revert Flow. Changes in
shale physical and chemical properties were observed using laser-based PSA, SEM, and
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XRD. As the shale constituents dissolved into the water, the impact of the interactions on
water quality were examined by measuring pH, persulfate concertation, and metal
concentration using ICP. For laser-based PSA measurements of untreated shale, the
optimal stirrer mixing speed was determined and measurements of treated shale particles
were performed at 2800-rpm. After 2800-rpm, particulates deteriorated due to the intense
mixing speeds. For particles treated with the additives, the measured D10, D3so, and Deo
sizes were not statistically different from treatment with water alone. However, XRD
results showed that more mineral types were stripped from the shale when treated with
inorganic additives (persulfate and hydrochloric acid) in comparison to treatment with
water. Pyrite was only depleted from the shale when persulfate was used. SEM imaging
showed that there was increased pitting in particles treated with inorganic additives due
to the removal of heavier elements, which was supported by the ICP analysis of the
supernatant solution. Finally, the impact of solution contact time was investigated.
Contact time did not impact particle size after 24 hours; however, most metals detected
using ICP, some of which are regulated by the EPA, continued to dissolve into solution
over the course of 14 days. BET surface area was analyzed on day 14 and surface area
for all tested treatments increased in comparison to the untreated particles, while
treatment with hydrochloric acid led to the highest specific surface area. Higher surface
area can lead to microbial growth in aerobic and anoxic conditions [73-75], increasing
sulfide production and causing natural gas souring [77].

The results of this study provide more information on how fracing fluids change
over the course of a fracture due to interaction with shale rock. By understanding which
additives cause deterioration and dissolution of minerals in shale particles, fracing
companies and wastewater treatment plants can be better equipped to handle and
transport the fluids. Future studies should model the geochemical interactions and
investigate the impacts of extreme pressure on the reactions between inorganic additives
and shale particulates.
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CHAPTER 5
CONCLUSION

99



The research contained in this dissertation addressed water quality issues related to
hydraulic fracturing, namely migration and transformation of additives and shale rock.
Transformation studies are more useful in assessing the environmental threat that
hydraulic fracturing fluids pose because the fluids that return to the well surface are not
the same as the fluids injected. The most common cause for environmental pollution by
hydraulic fracturing fluids is post-fracture spills during transportation of the fluids to
treatment facilities [137]. In most cases, the spilled fluids have already transformed
downhole. The post-fracture fluids are potentially more harmful and could pose severe
human health and environmental risks.

This dissertation fills a knowledge gap by addressing the migration and
transformation of hydraulic fracturing fluids and the impact of chemical use on the shale
formations. In the second chapter, the absorption of two contaminants with surfactant and
non-surfactant properties to GAC and shale rock was investigated. The major findings in
this chapter were related to the potential migration of hydraulic fracturing fluids. 2-BE, the
surfactant compound, and 3-furaldhyde, the non-surfactant, did not adsorb to shale rock,
which indicates that these compounds may potentially migrate through the shale
formation into surrounding water bodies. In the third chapter, the transformation of 2-BE
in the presence of the oxidizing breaking agent persulfate was examined. 2-BE is used
as an indicator compound for hydraulic fracturing spills, but the studies in Chapter 3
showed that 2-BE has a very short half-life when reacted with persulfate. Moreover, the
excess persulfate causes dissolution of heavy metals from shale rock. In the fourth
chapter, the interactions between shale rock and additives are studied. While the
observed decrease in particle size may be attributed to interaction with water alone,
interaction with each additive caused depletion of minerals from the surface of the shale.
The depletion of minerals was more significant in the shales treated with inorganic
additives than with organic additives.

Overall, the results of this dissertation provide more information about what the
fluids contain post-fracture and the potential for chemical additive migration. Using this
information, hydraulic fracturing companies may be more knowledgeable about the
potential contents when spills occur or when sending the wastewater to treatment plants.
Future studies should investigate the influence of extreme pressure on the adsorption of
additives onto shale in the hydraulic fracturing environment, the reactions between 2-BE
and persulfate, and the interactions between additives and shale particulates. Future
studies should also investigate removal of constituents from the transformed fluids so that
the fluids can be reused on-site for another fracture. This would alleviate fresh water
requirements and prevent the transportation of fluids off-site.
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Figure Al. XRD diffractagram of unreacted WV7 shale.
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Figure A2. Diffraction pattern of untreated WV6 shale particles and mineral identification obtained using XRD. The major mineral in the
shale was quartz.
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Figure A3. Zoomed in diffraction pattern displayed in Figure A2 obtained using XRD.
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Figure A4. SEM images of untreated shale particles. Bright spots in the SEM images (b) and (c) are taken using the HDBSD. These bright
spots correlate to heavier elements in the minerals of the shale.
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Figure A5. SEM images of water treated shale particles. Images taken before mixing in the PSA are shown in a-c. Images taken after
mixing in the PSA are shown in d-f. Image (f) is taken with the HDBSD and exhibits bright spots.
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Figure A6. SEM images of BXL treated shale particles. Image (b) is taken with the HDBSD and
exhibits bright spots.
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Figure A7. SEM images of FRS treated shale particles. Image (b) is taken with the HDBSD and
exhibits bright spots.
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Figure A8. SEM images of LEB-10X treated shale particles. Image (b) is taken with the HDBSD and
exhibits bright spots.
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Figure A9. SEM images of Revert Flow treated shale particles. Image (b) is taken with the HDBSD
and exhibits bright spots.
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Figure A10. SEM images of WGA treated shale particles. Image (b) is taken with the HDBSD and
exhibits bright spots.
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Figure A11. SEM images of hydrochloric acid treated shale particles. Images taken before mixing in the PSA are shown in a-c. Images
taken after mixing in the PSA are shown in d-f. Images (e) and (f) were taken with the HDBSD and bright spots are almost completely
removed from the shale, which indicates heavier elements were stripped from the shale.
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Figure A12. SEM images of persulfate treated shale particles. Images taken before mixing in the PSA are shown in a-c. Images taken
after mixing in the PSA are shown in d-f.
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Figure A13. SEM images of combined hydrochloric acid and persulfate treated shale particles. Image (b) was taken with the HDBSD and
bright spots are almost completely removed from the shale, which indicates heavier elements were stripped from the shale.
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