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ABSTRACT

Hydraulic fracturing has allowed natural gas to become a viable energy source via
extraction of unconventional shale reserves, but this process requires an enormous amount of
water. To ensure a productive fracture, a proprietary blend of chemical additives is added to the
water. In this research, a hydraulic fracturing chemical additive — an enzyme breaking agent — is
analyzed for organic components using gas chromatography mass spectrometry. The chemical
changes that occur over the course of a fracture are also investigated using one model chemical
found in the additive, furfural, in order to help assess the environmental risk that hydraulic
fracturing poses. This is done by studying furfural’s interactions with sodium persulfate, which is
added to hydraulic fracturing fluids as an oxidizing breaking agent. Sodium persulfate is also used
as a powerful disinfectant for the treatment of groundwater contamination. Once activated, sodium
persulfate reacts to form sulfate radicals. Various conditions may be used to activate persulfate in
order to increase the rate of sulfate radical production, including temperature and the presence of
iron. This study focuses on the use of Fe (111) and the influence of temperature, initial pH, initial
persulfate dose, iron concentration, hydraulic fracturing brine, and elevated pressure on the
kinetics of furfural degradation. The goal of this research is to determine the efficiency and optimal
conditions necessary for employing sodium persulfate as a treatment option for furfural
contamination and the identification of reaction byproducts. Kinetic parameters, including pseudo

first-order reaction rate constants and activation energies, are presented.
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CHAPTER 1: Introduction

Although water covers the majority of the earth’s surface, the demand for this resource is
extremely high. While water supply is a global concern, due to recent events in the United States,
such as the California drought — deemed an “exceptional” drought by the US drought monitor, the
demand for clean water in the US is higher than ever [1]. As the water supply problem continues
to increase, demands from population and energy production continue to increase. In response to
the energy demand, the US has been searching for ways to become energy independent and to
increase energy security. To achieve this goal, the US has turned to natural gas as a viable energy
source [2]. Meeting the demand for natural gas has been achieved through extraction from wells
of shale rock approximately 1 mile below the earth’s surface via hydraulic fracturing [3]. Recently,
hydraulic fracturing has become of public concern due to its impacts on the environment and

practices set forth by the oil and gas industry.

Hydraulic is not a new technology and has significant environmental impacts on water,
land, and air quality. It was invented in 1947 by Floy Ferris of Stanolind Oil and Gas [4]. However,
recent advancements in this technology have made it more productive and efficient allowing
companies to go from vertical wells to the now more common horizontal wells. Given that the
shale layer is wider than it is thick, horizontal drilling enables drilling in multiple directions,
increasing productivity. Horizontal drilling requires two to ten million gallons of water per well
fractured, which puts an enormous strain on regions with limited water supply [5, 6]. On average,
the US used 44 billion gallons of water per year for hydraulic fracturing in 2011 and 2012 [7]. In
a recent report published by Ceres, of all the wells hydraulically fractured since 2011, 47% were

in regions of high or extremely high water stress [8].

The fluid injected into the well is a “chemical slurry,” containing 200,000 liters of chemical
additives, 98 to 99% water, and 1 to 2% proppant [9, 10]. The chemical additives and their
concentration used vary depending on the shale formation, location of the fracture, the company
performing the fracture, and the day-to-day conditions at the well-pad, such as temperature. The
additives have a variety of purposes - friction reducers, gelling agents, breaking agents, biocides,

scale inhibitors, clay stabilizers, corrosion inhibitors, surfactants, and proppants. Once fluid
1



injection is completed, about 60% of the original volume is returned to the surface of the well in
the “flowback” stage. The “flowback” fluids are the fluids that return to the surface prior to
production over a ten-day period. The “produced” water stage occurs once the well has been put
into production and the amount of water returning to the surface can total 10 to 300% of the
injected volume. These fluids returning to the surface contain the remaining proppants and
chemical additives as well as fluids and materials extracted from the geological formation, known
as “brine.” The brine introduces high concentrations of inorganic and organic salts, or total
dissolved solids (TDS) to the wastewater [11].

Instances where hazardous hydraulic fracturing fluids leak into groundwater via breaks in
the cement casings have been reported, but spills most commonly occur when transporting the
fluids or when filling and emptying storage tanks [12]. These spills contaminate the groundwater
with the chemical additives and species extracted from the shale formation. Colborn et al.
associated 71 chemicals detected in hydraulic fracturing fluids with 10 or more health risks and
toxicity in concentrations less than one part per million [13]. Of the chemicals known to be used
in hydraulic fracturing, 75% are known skin, eye, and sensory organ irritants; 25% are known
carcinogens, many cause reproductive, mutagenic, kidney, immune system, or respiratory effects;
and many have no safety information associated with them [13]. The TDS in hydraulic fracturing
wastewater has been shown to be persistent — in North Dakota, elevated levels of contaminants
from spills have been detected for four years [12]. This may have a severe impact on the ecosystem
surrounding a spill. Bamberger et al., have shown the severe impact of exposing livestock, pets,
horses, and even humans to hydraulic fracturing fluids — in the most extreme case, 17 cows were
killed within one hour of exposure to hydraulic fracturing wastewater [14]. Despite the increasing
awareness of the fluid toxicity, supporters of hydraulic fracturing companies argue that these
substances are non-toxic for the most part or that they are using them at such low concentrations

that they cause no harm [15].

The overall impacts of hydraulic fracturing are not well understood or agreed upon by all
scientists [16]. Hydraulic fracturing has significantly reduced the price of fossil fuels in the US
and it is predicted by the Energy Information Administration that hydraulic fracturing will continue

to expand [2]. It is our responsibility for future generations to gain a better understanding of the
2



underlying science and environmental impacts of hydraulic fracturing. In order to clearly explain
the nature of the problem and the environmental risk hydraulic fracturing poses, the chemistry of
the fluids injected into the well and the life-cycle of these fluids, including the changes in the fluids
before and after a fracture, must be understood. Therefore, in this work, the chemical changes that
occur over the course of a fracture are investigated using one model chemical additive, furfural —

a component of the hydraulic fracturing enzyme breaking agent.



CHAPTER 2: Literature Review

One chemical additive used in hydraulic fracturing fluids is furfural, or 3-furaldehyde, as
a coating polymer for proppants [17-19]. Furfural is an oily compound with an almond-like odor.
It has a furan derived structure and is highly resistant to heat, acid, and water [20]. Furfural has
gained attention due to potential use as a building block for hydrocarbon fuels [21]. The chemical
is produced through the decomposition of plant biomass, such as bran used to make cereal, through
acid-catalyzed digestion of pentose sugars [22]. Furfural is used as a preservative, fungicide,
herbicide, disinfectant, as a precursor for many other compounds and synthetic resins, and as
demulsifying agent in petroleum refining [23, 24]. However, furfural has been found to have toxic
and inhibitory effects on both aerobic and anaerobic biological processes by decreasing specific
growth rate and ethanol production [25-27]. Furfural has been shown to be toxic to human health,
primarily effecting the skin, liver, and kidneys [28]. The Occupational Safety and Health
Administration (OSHA) permissible exposure limit for skin contact is 5 ppm over an eight-hour
time weighted average [29].

In order to remove furfural from water, many industries use steam extraction [30]. This
process consumes a significant amount of water to produce the required 18 to 25 tons of steam
needed to recover 1 ton of furfural. Overall, the process only recovers 60% of the furfural while
40% remains in the condensed steam water and may be released into the environment [30]. Another
method used to remove furfural from water is adsorption with commercial grade activated carbon
(AAC), granular activated carbon (GAC), zeolites, nanoporous silica based MCM-48 material, and
polymeric resins [31-37]. Of these adsorption techniques, diffusion coefficients, or the rate of
material transport as a result of diffusion, were given for AAC and GAC, and were 3.34x10°%3 m?/s
and 9.870x1071° m?/s, respectively [31, 32]. Groundwater remediation using these methods require

pump and treat technology, which can be expensive to design, install, operate, and maintain [38].

A potential alternative method for removing furfural from contaminated groundwater is
using in situ chemical oxidation (ISCO), or advanced oxidation processes (AOPs), via activated
persulfate. Persulfate continues to gain attention over other ISCO agents because it does not decay

rapidly, it does not harm native microorganisms, and it produces very strong oxidizing radicals
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[39]. Of the commercially available persulfate salts (ammonium, sodium, and potassium), sodium
persulfate has the greatest solubility (73g/100g H20 at 25°C) and is the most stable at 25°C, making
it the most preferable for ISCO in the field [40]. In addition, hydraulic fracturing companies use
sodium persulfate as a breaking agent in order to decrease fluid viscosity by decomposing the
gelling agents [41]. The concentration of sodium persulfate used depends on the conditions of the
fracture, but concentrations as low as 0.125 mmol L up to as much as 47 mmol L™ have been
reported [4, 42-44].

The persulfate anion has an oxidation potential (E°) of 2.01 V. However, once activated,
persulfate forms the more powerful sulfate radical (E® = 2.7 V) as seen in Reactions 2.1, 2.2, and
2.3 below [45, 46]. Persulfate activation occurs through metals, especially iron, heat, ultraviolet

(UV) light, acidic conditions, or a combination of these activators.

heat or UV
S2082 ——— 2S04 ~0r SO4" ™+ S04~ 2.1)
S,08% + Me™ > S04~ + Me™D + S0, (2.2)
S208% + 2H* + 2¢" > H,0,+ 2HSO4 (2.3)

Persulfate has also been activated using the Me™?! form of the transition metals manganese and
iron, as shown in Reactions 2.4 [47, 48]. When Fe (1) is used, a persulfate radical and Fe(ll) are
generated. The Fe (11) produced may further react with persulfate anions as shown in Reaction 2.2.
The persulfate anion radical can further oxidize organic contaminants.

S208% + Me(™Y > S,08" "+ Me(™) 2.4)

Under certain conditions, additional oxidants may form. In acidic conditions, hydrogen
peroxide forms as shown in Reaction 2.5. In the presence of iron, hydrogen peroxide (E° = 1.77
V) reacts with the iron (111) to produce a hydroperoxyl radical (E° = 1.44 V) and iron (I1) as shown
in Reaction 2.6. Subsequently, iron (1) reacts with hydrogen peroxide to form the hydroxyl radical,

one of the most powerful oxidizing agents (E° = 2.81 V) as seen in Reaction 2.6 [49, 50].

Fe3* + H,0, > Fe?* + HOO ™ +2H* (2.5)
Fe?* + H,0, > Fed* + HO® +OH™ (2.6)



Several AOPs have shown success in degrading furfural, including UV, UV/H.O,
UV/H202/0,, UV/H,02/ Fe?*, UV/O,/ Fe?*, O3, UV/O3, UV/TIiOz, and electrochemical methods
[51-53]. Of the processes listed, the electrochemical method using 1.23 A of current and four iron
electrodes removed the most furfural in the least amount of time (greater than 95% within 60
minutes) [51]. This process was followed by UV/H20. and UV/TiO2, which both achieved greater
than 95% furfural degradation within 2 hours. The methods used to stimulate hydrogen peroxide
oxidation are similar to activation methods used for persulfate and both are typically activated in
the field [54]. However, there are several advantages to using persulfate over hydrogen peroxide,
including overall greater contaminant removal [54, 55]. Sodium persulfate has a higher oxidation
potential than hydrogen peroxide and can generate a broader range of highly reactive radical
intermediates [55-57]. Persulfate is stable and may be purchased in the solid form, whereas
hydrogen peroxide is liquid and has the potential to explode when heated [40, 58]. Compared to
the hydroxyl radical, which is produced during oxidation via hydrogen peroxide, the sulfate radical
is able to transport greater distances in the sub-surface due to its stability [59]. Groundwater
remediation using persulfate may also be performed without pump and treat methods, whereas

methods requiring UV radiation would require to pump and treat.

The circumstances faced in hydraulic fracturing provide adequate conditions for persulfate
activation. Over the course of a fracture, temperatures exceed 140°C and pressures can exceed
6,000 psi [60]. The dissolved iron content in hydraulic fracturing fluids can range between 0.1 and
and 222 mg L1, while total iron can range between 2.6 and 321 mg L™ [61]. Iron can exist in three
oxidation states, 0, 2+ and 3+. In one study, flowback water quality was examined and determined
to have a total iron content of 16 mg L™ and Fe?* content below the detection limits of the study
(0.2 mg L) [62]. This suggests that, in these flowback fluid samples, the predominant oxidation

state of iron is either Fe (0) or Fe (l1).

Anions, especially carbonate, bicarbonate, and chloride, have been shown to have a
negative impact on contaminant removal via heat-activated persulfate, but this impact is dependent
on concentration and solution pH [63, 64]. Chloride and carbonate species have shown more
pronounced scavenging effects on persulfate oxidation at basic pHs, rather than at pH’s less than

7 [63, 65]. When these ions are present, less contaminant removal is achieved because they
6



compete for the sulfate radical. Chloride ions scavenge radicals by reacting with the persulfate
radical and then with water, as seen in Reactions 2.7, 2.8 and 2.9 [63, 66, 67]. Carbonate species
scavenge sulfate radicals by reacting directly with the sulfate radical as seen in Reactions 2.10,
2.11, and 2.12.

SO4~ +CI'> S0 +CI 2.7)
Cl + H,O - CIHO™ + H+ (2.8)
CIHO~ > HO +CI- (2.9)
SOs ™ + HCO3 > S04~ + HCO3 (2.10)
HCO3 > H* + CO3” (2.11)
S04~ + CO3% > SO42~ + CO3° (2.12)

The presence of hydraulic fracturing brine could exhibit these sulfate radical scavenging
effects and decrease the degree of organic content removal during groundwater remediation using
persulfate. The TDS content of hydraulic fracturing wastewater ranges between 5,000 mg L? to
greater than 200,000 mg L and typically contains bromide, chloride, and metals, such as
strontium and barium [11, 12, 68, 69]. The exact concentration of each brine constituent varies
from one fracture to another; however, the brine may contain 32,000 to 148,000 mg L™ chloride,
720 to 1,600 mg Lt bromide, and 9,100 to 55,000 mg L carbonate species [11, 15, 70-72].

Due to the high levels of halogens, especially chloride and bromide, in hydraulic fracturing
fluids, it is suspected that disinfection byproducts (DBPs), including trihalomethanes (THMs),
haloacetic acids (HAAs) and haloacetonitriles (HANSs), form in flowback fluids [73, 74]. As the
DBPs are carcinogenic, they are regulated by the US Environmental Protection Agency (EPA) in
drinking water [75]. It has also been shown that during disinfection treatment of hydraulic
fracturing fluids diluted as low as 0.03% through chlorination, chloramination, and ozonation that
DBPs form [73].

Like the previously mentioned disinfectants, persulfate is an oxidizing agent and has the
potential to form DBPs in the presence of halogens. During the treatment of humic acid with heat

activated-persulfate in a solution containing bromide ions, bromoform and bromoacetic acid were



detected [76]. When the halogens chloride, bromide, and iodide are all present in solution, UV
activated persulfate oxidation of organic content in groundwater and surface water also resulted in
the formation of THMs, HAAs, and HANs [77]. Brominated DBPs were the most prevalent, even
though the bromide ion concentration was in the 30 to 100 u L* range and the chloride ions
concentration was 4 mg L. While DBP formation is an unintended consequence of water
treatment, they have been associated with cancer, birth defects, cytotoxicity, genotoxicity, and
many more adverse health effects [78]. It is important to assess the potential for DBP formation in
persulfate oxidation using amounts that hydraulic fracturing companies add to the fluids as a
breaking agent and in amounts that would typically be used to treat groundwater pollution from

hydraulic fracturing spills.

This research examines the components of one hydraulic fracturing chemical additive
called “LEB-10X,” a enzyme breaking agent, using gas-chromatography mass spectrometry
(GC/MS). We identified furfural as a contaminant of interest and investigated furfural’s
interactions with sodium persulfate, an oxidizing breaking agent, in hydraulic fracturing and non-
hydraulic fracturing environments. Reactions in ‘“hydraulic fracturing environments” were
performed at conditions mimicking those faced in a fracture — in hydraulic fracturing brine, at
various temperatures, at different pHs, and at elevated pressures. Reaction byproducts in in

hydraulic fracturing and non-hydraulic fracturing environments were also identified using GC/MS.



CHAPTER 3: Research Objectives

The objectives of this work are to:

Identify small organic molecules in an enzyme breaking agent called “LEB-10X,”
Establish the persistence of furfural in water and in hydraulic fracturing brine,
Evaluate the feasibility of heat-activated sodium persulfate for furfural removal,
Determine the optimal conditions for furfural removal through persulfate ISCO,
Identify reaction byproducts of furfural ISCO via sodium persulfate in water,

Assess the impacts of using sodium persulfate as a hydraulic fracturing breaking agent
and as a treatment option for groundwater pollution by hydraulic fracturing spills,
Establish how hydraulic fracturing conditions, including high temperature, pressure,
brine and iron presence, impact furfural ISCO, and

Investigate what furfural transforms into as a consequence of persulfate oxidation in

the presence of hydraulic fracturing brine.



CHAPTER 4: Materials and Methods

4.1. Chemicals

All solutions were prepared using deionized water produced using a Milli-Q Plus water
purification system (Darmstadt, Germany). Furfural was purchased from Sigma Aldrich (St. Louis,
MO 63103). Optima grade hexane and 97% tribromomethane stabilized with ethanol were
purchased from Fisher Scientific (Pittsburgh, PA 15275, USA). Inorganic salts, aluminum sulfate
(>99%), ferric sulfate (99%), hydrochloric acid, potassium bromide (>99%), potassium chloride
(99%), potassium sulfate (99%), sodium bicarbonate (>99%), sodium hydroxide, sodium
persulfate (>98%), and sodium chloride (>99%), were purchased from Fisher Scientific
(Pittsburgh, PA 15275, USA). LEB-10X was obtained from Weatherford International (Houston,
Texas, USA).

4.2. Experimental procedures
4.2.1. Batch experiments at ambient pressure

Furfural solutions were prepared 24 hours prior to starting the experiment and mixed using
a magnetic stir bar. Solution pH was measured with a Fisher Scientific Accumet XL600 benchtop
meter (Pittsburgh, PA 15275, USA) and adjusted to 2.54, 5.4, or 10.4 using sodium hydroxide or
hydrochloric acid. Hydrochloric acid was added so that the volume was equal to 0.07% of the total
volume, as done in the hydraulic fracturing industry [79]. This resulted in a final pH of 2.54, so all
acidic solutions were adjusted to this pH. For experiments in brine solution, the constituents shown
in were added and mixed at least overnight.

All experiments were carried out in triplicate using 125 mL capped amber borosilicate
VOC (volatile organic carbon) bottles with Teflon-lined screw caps containing 100 mL of the
furfural solution. The jars were set in a shaking water bath at 20, 30, 40, 55, and 60 °C at least 12
hours prior to the addition of sodium persulfate (New Brunswick Scientific Co, Inc, Model G76,
Edison, NJ USA). Sodium persulfate stock solutions (1050 mM) were prepared 1 hour prior to the
reaction. The reaction was initiated by spiking each amber jar with the appropriate volume of
sodium persulfate solution at the beginning of the experiment. Oxidation controls, which were not

spiked with sodium persulfate, were prepared in triplicate and furfural concentration stayed
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constant over the course of the experiments. At each sampling time (0, 5, 10, 15, 30, 60, 90, 120,
180, 240, 360, 480 minutes), 4.5 mL of solution was collected using a pipette and placed in
Eppendorf tubes resting on an ice bath. The Eppendorf tubes were placed in the ice bath in order
to quench the oxidation reaction caused by residual persulfate. The samples were immediately

placed in the freezer until further analysis. Samples were analyzed within 12 hours of collection.

Table 1. Chemical composition of hydraulic fracturing brine used in this study.
Concentration

Brine Constituent 1 Reference
(mg L)
Sodium Chloride 1,000 [11, 15, 70, 71]
Potassium Chloride 19.9 [15, 70, 72]
Potassium Sulfate 24.9 [70, 71]
Potassium Bromide 14.9 [11, 70, 72]
Sodium Bicarbonate 15.1 [70-72]
Ferric Sulfate 23.3 [11, 70, 71]
Aluminum Sulfate 14.9 [70-72]
TDS 1,104

4.2.2. Experiments using pressurized reactor

High pressure experiments were conducted using an extra capacity high pressure generator
purchased from HiP (Model 112-5.75-5, Erie, PA 16505 USA). A flow diagram of the
experimental set-up and pictures of the reactor may be found in the Appendix, Figures A 1 and A
2. Reactions were performed in a 500 mL capacity O-ring seal reactor purchased from HiP (Model
OC-9, Erie, PA 16505 USA). A custom-made silicone impregnated fiberglass heating jacket
equipped with a programmable temperature controller purchased from HTS/Amptek was used to
control the temperature of the reactor (Stafford, TX 77497). Experiments were performed at with
no pressure applied to the reactor and 3,000 psi applied pressure. A reservoir was used to feed the
reactor with a concentrated solution of 128 mM sodium persulfate. Each time a sample was
collected the volume removed was replaced with the stock persulfate solution so that the

concentration of persulfate inside the reactor was 5.12 mM. In order to keep the concentration of
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persulfate consistent from experiment to experiment, samples were taken at 0, 5, 15, 20, 25, 30,
40, 50, 60 75, 90, and 105 minutes in 20 mL volumes. For experiments performed at 20°C in the
reactor, the experiments were extended to 2,400 minutes because persulfate activation at this

temperature is very slow.

4.2.3. Furfural analysis

Furfural concentration was measured using a UV/Vis spectrophotometer (Thermo Fisher
Scientific, Model Evolution 600 Madison, WI 53711, US), as done in previous oxidation studies
that degrade furfural [80-82]. The maximum wavelength for furfural was 258 nm. Calibration
curves were made by using standards of known furfural concentrations and performing serial
dilutions. Statistical analysis was performed using Microsoft Excel. Standard error (SE) of the data

were represented by error bars in the figures and was calculated using Equation 4.1:

S
SE = N (4.1)

where s is the sample standard deviation and n is the number of observations.

4.2.4. “LEB10-X" and reaction byproduct analysis

Prior to analysis using gas chromatography mass spectrometry (GC/MS), samples were
extracted using liquid-liquid extraction. The liquid-liquid extractions were performed with 3 mL
of sample. The sample was pipetted into scintillation vials, 1 mL of hexane was added, the vials
were vortexed for 30 seconds using a 115V Mini Vortex Mixer (Fisher Scientific, Pittsburgh, PA
15275, USA), and separated using a 6 mL polypropylene syringe (Fisher Scientific, Pittsburgh,
PA 15275, USA). The hexane fraction was placed into a separate scintillation vial and the water
fraction was placed back into the original scintillation vial. This was repeated three times, for a

total of 3 mL hexane used per sample.

Spectra were obtained with a gas chromatograph (Agilent 7890B) equipped with a DB-1
capillary column (30 m x 0.25 mm inner diameter x 0.25 pm film thickness) interfaced to a 5977A
Mass Selective Detector (MSD) (Santa Clara, CA 95051, USA). The NIST08 mass spectral library
database was used for substance analysis. Ultra-high purity helium purchased from Airgas
Corporation was used as the carrier gas and maintained at 1.5 mL min™ (Knoxville, TN 37921,

12



USA). The GC was operated in splitless mode with an injection volume of 2 pL using a 10 puL
syringe. The initial temperature of the GC was 40°C and was held for 2 minutes. The temperature

ramp was 2.5°C/min to 100°C, which was held for 2 minutes. For samples with LEB-10X, the

temperature ramp was extended to 200°C.
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CHAPTER 5: Results and Discussion

5.1. GC/MS analysis of LEB-10X

The gas chromatogram displayed in Figure 1 shows the peak in the chromatogram
identified as furfural and its mass spectrum. As mentioned previously, “LEB-10X" is used as an
enzyme-breaking agent in hydraulic fracturing fluids. Enzyme breakers are added to hydraulic
fracturing fluids to increase flowback. They are typically protein molecules that act as catalysts to
break down the polymer gelling agents at specific sites. The approximate concentration of LEB-
10X added to hydraulic fracturing fluids is 0.025 gallons per 1,000 gallons of water. Other
compounds identified in LEB-10X were 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 hemicelluosic compounds glucopyranose,

galactapyranose, arbutin, and inositol.

5.2. Kinetic modeling and furfural persistence

Overall pseudo first-order rate coefficients by all potential oxidizing agents potentially
produced (S20s%, SO4 ™7, HO', etc.) for the loss of furfural were determined assuming irreversible
first-order Kinetics for all data. The overall pseudo first-order rate constant and half-life data
obtained for all conditions is summarized in Tables 2 and 4. The overall rate constant for furfural

degradation may be expressed as Equation 5.1:
C
Co

where C is the furfural concentration expressed in mole per liter concentration at a specific time

= kops * dt (5.1)

and Kobs is the overall pseudo first-order rate constant in s™.

In addition to the reaction rate constants for furfural degradation, these equations were also
used to determine the persistence of furfural in water as shown in Figure 2. Persistence was
assessed by calculating the furfural half-life using Equation 5.2:

In(2)

t1 =
2 kobs

where ty2 is the furfural half-life in seconds. The abiotic hydrolysis half-life of furfural in water at

(5.2)

14



x107

1.5

0.51

x10 6

+ TIC Scan 13032015a24.d

k™

1 15 20 25

35 40 45 50 55 60 65 70
Coun . Acquisition Time (min)

75

Cpd 3: 3-Furaldehyde: + Scan (10.640-12.011 mi

60.0
1L I .||. yl -

96.0

| 1330

3 Scans) 13032015a24.D

177.0 235.0 2810 355.1

50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475

Counts vs. Mass-to-Charge (m/z)

Figure 1. Gas chromatogram and mass spectrum of LEB-10X.
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pH 5.4 when no persulfate is present was determined to be 84.7 days + 0.34 signifying that furfural
is persistent in water. When hydraulic fracturing brine without iron at pH 2.54 was introduced, the
furfural half-life increased to 188 days + 7.19. The half-life of furfural in brine with 23.33 mg L
of ferric sulfate at pH 2.54 was determined to be 199 days + 7.67. The increased persistence of
furfural in this environment suggests that the presence of inorganic salts and acidic conditions
found in hydraulic fracturing fluids may increase the persistence of the certain organic constituents
[83-85]. The use of sodium persulfate as a means for remediating groundwater could be very
effective in destroying persistent furfural contamination.

Brine with Iron =
Brine | =
Water | )
0 5IO 1(I)0 1I50 2(I)0

Furfural Half-Life (d)

Figure 2. Half-life of furfural in water, hydraulic fracturing brine, and hydraulic fracturing brine with
23.33 mg L ferric sulfate (no sodium persulfate added).

5.3. Furfural oxidation via sodium persulfate in water

5.3.1. Temperature effects

Furfural (Ci= 120 mg L%, 1.25 mM) oxidation with 21 mM sodium persulfate increased as
temperature increased from 20 to 60°C (pH initial = 5.4). Figure 3a shows the decrease in furfural
concentration from 30 to 60 °C with no ferric sulfate present, while Figure 3b displays the decrease
in furfural concentration with 23.33 mg L ferric sulfate. As seen in these figures, minimal furfural
degradation occurred at 30 and 40 °C, suggesting that the persulfate anion is not responsible for
furfural oxidation. Rather, the sulfate radical is responsible for furfural removal once adequate
temperatures are achieved to activate the persulfate. In both cases, furfural oxidation by thermally
activated sodium persulfate followed pseudo-first order rate models. The resulting values of Kobs
are given in Table 2.
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As seen in Figure 4 , an Arrhenius model was used to determine the activation energy (Ea)
of furfural oxidation with and without the presence of ferric sulfate at pH 2.54 and 5.4. Activation

Energy was calculated using Equation 5.3:

Eq
Inky,ps =InA — RT (5.3)

where A is the frequency factor in s, R is the universal gas constant in JK *mol™ , and T is
absolute temperature in Kelvin. For furfural oxidation by thermally activated 21 mM sodium
persulfate at pH 5.4, the activation energy was determined to be 107.3 kJ mol* (R2= 0.97). In the
presence of 23.33 mg L™ ferric sulfate at pH 5.4, the activation energy of furfural oxidation was
107.6 kJ mol™* (R?=0.99). At a lower pH of 2.54, the activation energy was determined to be 74.3
kJ mol™ (R? = 0.99) without ferric sulfate and 75.2 kJ mol™ (R? = 0.99) with ferric sulfate. Due to
difference in activation energy, this suggests that, in the presence of an organic contaminant, low
pH is a stronger catalyst than Fe (111) for furfural oxidation via persulfate because it significantly
lowers the energy barrier by inducing a different reaction pathway [86, 87]. The addition of Fe
(1) also induces a different reaction pathway; however, the frequency of reaction collisions varies
depending on the pseudo-first order reaction rate constant. Consider Equation 4.3 in the form of
Equation 5.4.

—Eq
kops = AeRT (5.4)

When two different reactions with the same activation energy are considered, the remaining
variables in this equation are shown in Equation 5.5.

kobs,l — kobs,z
A, A, (5.5)

For reactions with ferric sulfate in solution, higher pseudo-first order reaction rate constants are

observed. For these higher reaction rate constants, a larger frequency factor will also be observed,
which is the case for these reactions as shown in Table 3. The frequency factor is independent of
temperature and relies on the frequency of furfural to radical collisions and on a steric factor — the
relative orientation of molecules during collision [88]. The reaction rate constants are proportional
to the frequency factors. In the presence of Fe (111), the frequency of radical-to-furfural collisions
increases, but it is proportional to the pseudo-first order rate constant; thus, the activation energy

remains constant.
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Figure 3. The decrease in furfural concentration over the course of 480 minutes with (a) 0 mg Lt (b)
23.33 mg L ferric sulfate. The initial pH was 5.4 and the initial dose of sodium persulfate was 21 mM.
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Figure 4. Arrhenius plots for the oxidation of furfural by sodium persulfate with 0 and 23.33 mg L-1
ferric sulfate with an pH of a) 2.54 and b) 5.4.
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Table 2. Pseudo first-order reaction rate constants for furfural oxidation via activated persulfate.

[Naz2S20s]i  [Fe2(SOa)s)i T K, tar &
(mM) (mg L) ‘C) ") (d)

Varying temperature
21 0 5.4 20 8 70510" 9.13 0.95
21 0 5.4 30 353x10° 2.27 091
21 0 5.4 40 6.53x10° 1.23 0.93
21 0 5.4 55 9 19x10° 0.0879 0.98
21 0 5.4 60 1 49x10™ 0.0542 0.94
21 23.33 5.4 20 0.46x10" 8.48 0.93
21 23.33 5.4 30 5 20x10° 1.54 0.97
21 23.33 5.4 40 L 24x10° 0.647 0.96
21 23.33 5.4 55 | 59x10™ 0.0504 0.91
21 23.33 5.4 60 Lex1o™ 0.0496 0.93
21 0 2.54 20 3205 10° 2.44 0.96
21 0 2.54 30 Lo2x10” 0.788 0.92
21 0 2.54 45 [ 53x10° 0.525 0.89
21 0 2.54 55 9 64x10° 0.0864 0.96
21 0 254 ¢ Lsox10™ 0.0528 0.95
21 23.33 2.54 20 | 184107 0.679 0.91
21 23.33 2.54 30 428x10° 0.187 0.89
21 23.33 2.54 45 L70x10™ 0.473 0.95
21 2333 254 55 447x10" 0.0179 0.93
21 23.33 2.54 60 6.80x10™ 0.0116 0.98

Varying pH
5 0 2.54 55 7.26x10” 0.110 0.97
5 0 5.4 55 1.58x10° 0.508 0.97
5 0 10.4 55 4.95x10° 0.162 0.95
10 0 2.54 55 8.87x10" 0.0904 0.94
10 0 5.4 55 3.69x10° 0.218 0.98
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Table 2. Continued.

[Naz2S20s]i  [Fe2(SOa)s]i T K, ti ,
mv)  mgLy PR e ) (@) R
10 0 10.4 55 4.92x10° 0.163 0.95
15 0 2.54 55 9.18x10” 0.0874 0.95
15 0 5.4 55 6.67x10" 0.120 0.97
15 0 10.4 55 9.07x10" 0.0883 0.98
5 23.33 )54 55 321x10% 0.0250 0.95
5 23.33 54 55 8 21x10° 0.0979 0.98
10 23.33 2.54 55 3.93X10'4 0.0204 0.94
10 23.33 54 55 L 4dx10™ 0.0558 0.94
15 23.33 )54 55 A 11x10% 0.0195 0.96
15 23.33 54 55 | sox10™ 0.0529 0.96
Varying persulfate dose
0.6 0 5.4 55 5 24x10° 1.53 0.98
5 0 5.4 55 | 58¢10° 0.508 0.97
10 0 5.4 55 306¢10° 0.203 0.98
15 0 5.4 55 6.67x10° 0.120 0.97
21 0 5.4 55 9 12x10" 0.0879 0.98
0.6 23.33 5.4 55 5 01x10° 0.399 0.95
5 23.33 5.4 55 eo1x10°  0.0977 0.98
10 23.33 5.4 55 Laaxio® 00557 0.94
15 23.33 5.4 55 L52x10™ 0.0528 0.96
21 23.33 5.4 55 1 59x10" 0.0505 0.91
Varying ferric sulfate concentration

15 5 5.4 55 L 30x10° 0.0617 0.93
15 10 5.4 55 L56x10™ 0.0514 0.95
15 )5 5.4 55 Leax10™ 0.0489 0.99
15 50 5.4 55 1.40 10 0.0573 0.99




Table 3. Arrhenius parameters for furfural removal.
[Fe2(SO4)s]i Ea A

2

(mg L) pH (kJ mol) (s R
0 54 107.3 9.52 x 107 0.97
23.33 5.4 107.6 1.83 x 10%2 0.99
0 2.54 74.3 5.78 x 10’ 0.99
23.33 254 75.2 4.07 x 10° 0.99

5.3.2. Effect of pH

As observed in Figure 4, the activation energy is significantly impacted by the solution pH.
Therefore, the effect of pH (2.54, 5.4, 10.4) on furfural degradation with and without the presence
of ferric sulfate for three different sodium persulfate concentrations (5, 10, 15 mmol L) was
further investigated. The decrease in furfural concentration over time for each pH and sodium
persulfate dose is shown in the Appendix Figure A 3, a through f . Figure 5 displays the effect of
pH on the pseudo first-order rate constant without the presence of ferric sulfate when the persulfate
dose is 5, 10, and 15 mM. Whether iron was present or not, at all persulfate concentrations, the
highest degradation rate constant was achieved when the pH tested was 2.54. Elevated pH (10.4),
also known as alkaline activation [49], was only tested without ferric sulfate in solution. In basic
conditions, the rate constant was higher than in neutral pHs, but not as high as the acidic conditions.
This suggests that low pHs are preferable for the oxidation of furfural using heat activated sodium
persulfate [46, 89].

At both acidic and neutral pHs, Reaction 2.1 occurs in oxidation using heat activated
sodium persulfate. At acidic pHs, sulfate radical rate production is increased due to additional
breakdown of the persulfate anion as shown in Reactions 5.1 and 5.2 [90, 91]. The increased
production of radicals raises the probability for radical-to-contaminant reactions and causes the
higher observed pseudo first-order reaction rate constant for furfural removal.

S,08% + H* = HS,08~ (5.1)

HS20s™> SO4 ™+ SO42~ + H* (5.2)
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Figure 5. Influence of pH on the reaction rate constant of furfural degradation with 0 mg L ferric sulfate
and at 55°C.
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At basic pH, the sulfate radicals form less selective hydroxyl radicals, as shown in Reaction
5.3 [50, 65]. The production of the hydroxyl radical may decrease contaminant removal efficiency
because very fast radical-to-radical reactions may be favored over radical-to-contaminant
interactions [54, 89]. When this occurs, the persulfate source is depleted without removing furfural.
The radical-to-radial reactions cause the observed pseudo first-order reaction rate constants to be

lower than those observed in acidic conditions.

S04+ ™+ OH = S042” + OH (5.3

5.3.3. Effect of initial persulfate dose

Five persulfate doses were tested, 0.6, 5, 10, 15, and 21 mM, at 55°C and pH of 5.4. The
decrease in furfural concentration over time is shown in Figure 6. With 23.33 mg L™ ferric sulfate,
more than 90% removal was achieved after 120 minutes with initial sodium persulfate doses of
10, 15, and 21 mM. Without the addition of ferric sulfate, the greatest removal, 97%, was not
obtained until 480 minutes of reacting with a persulfate dose of 21 mM. Figure 7 displays the
effect of persulfate doses on the observed pseudo first-order rate constant with both 0 and 23.33
mg L ferric sulfate. In both cases, the relationship between initial persulfate concentration and
the pseudo first order rate constant is linear (R = 0.99 for the solution without ferric sulfate, R? =
0.96 for solutions with 23.33 mgL* ferric sulfate). Higher initial persulfate concentrations led to
higher furfural degradation rates.

5.3.4. Effect of iron concentration

The effect of ferric sulfate concentration on furfural degradation with an initial persulfate
dose of 15 mM may be seen in Figure 8. The greatest amount of furfural removal (95%) was
achieved when the concentration of ferric sulfate was 5, 10 and 25 mg L within 480 minutes.
When 25 mg L ferric sulfate was in solution, 95% removal was achieved within 160 minutes,
whereas 10 mg L™ ferric sulfate took 250 minutes and 5 mg L™ ferric sulfate took the whole 480
minutes to achieve the same removal. The overall furfural removal achieved with 50 and 100 mg
L ferric sulfate was 88 and 80%, respectively. Figure 9 displays the effect of ferric sulfate
concentration on the pseudo first order reaction rate constant. The highest observed rate constant
was determined to be 1.65x10* with 25 mg L ferric sulfate in solution. The rate constant

gradually increases until the ferric sulfate concentration reached 25 mg L™ ferric sulfate.
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Figure 6. Effect of persulfate dose on the concentration of furfural at 55°C at pH 5.4 with (a) 0 mg L

ferric sulfate and (b) 23.33 mg L™ ferric sulfate.
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Figure 7. Relationship between the initial concentration of persulfate and the reaction rate constant at

55°C and pH 5.4 with 0 and 23.33 mg L™ ferric sulfate.
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Figure 8. Effect of iron concentration on furfural degradation over time at 55°C, pH 5.4, and initial
persulfate dose of 15 mM.
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= 55°C, initial persulfate dose = 15 mM).
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At ferric sulfate concentrations greater than 25 mg L™, the pseudo first order reaction rate
constant begins to decrease. This indicates that there is a maximum iron dose that may be used for
ISCO of furfural for every persulfate dose. When the initial persulfate dose is 15 mM and the ferric
sulfate concentrations was greater than 25 mg L™, the reaction between SO,  ~and excess iron may

consume SO4" ~faster than SO4" ~can react with furfural [92].

The effect of ferric sulfate versus ferrous sulfate (FeSO4) dosing on furfural degradation is
also displayed in Figure 9. As shown, whether the iron was Fe (I1) or Fe (I11) has very little effect
on the pseudo-first order reaction rate constant. The maximum iron sulfate dose remains at 25 mg
L-1. At the highest concentration of Fe (I1), 100 mg L™, 80% furfural removal was achieved within
15 minutes, but only 84% total removal was achieved after 480 minutes. This suggests that Fe (I1)
was in excess and most of the persulfate was activated within the first 15 minutes. For 5 and 50
mg L Fe (11), the overall furfural removal (86%) was achieved after 120 and 30 minutes of
reacting, respectively. The greatest furfural removal was 90% and was achieved using a Fe (1)
dose of 25 mg L™ after 60 minutes. For both Fe (1) and Fe (111), the optimal concentration was 25
mg L. The results show that using Fe (11) or Fe (lll) for furfural degradation by activated
persulfate has little effect on the reaction rate constant, which agrees with the findings of Rodriguez
et al [87].

5.3.5. Byproduct identification and pathway discussion

The reaction pathway was investigated using GC/MS to identify the reaction by-products
of furfural oxidation via persulfate. Generally, free radicals attack the nearest stable molecule and
generate a radical intermediate or another reaction byproduct. The degradation pathway for
furfural oxidation is suggested as shown in Figure 10 based on the reaction by-products identified
in samples taken at different time points in the experiment. The detection of 2-methylbutanoic acid
and ethyl-3-furoate after 5 minutes occurred prior to the detection of 3-furancarboxylic acid at 15
minutes. After 15 minutes, 3-furancarboxylic acid was detected for the remainder of the
experiment. 2-methylbutanoic acid and ethyl-3-furoate were detected until 30 minutes and were
not detected any time after this point.

29



OH —0 0
/ \ - / \ OH
—_—
@) 0]
3-Furancarboxylic acid Furfural 2-Methylbutanoic acid
0}

7 O/\—’/\)ko/\

Ethyl-3-furoat
yi-e-iiroate Ethyl butyrate

—_—— e e e e e e e e e o — —

Figure 10. Proposed reaction pathway.
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When radicals attack furfural, the electron dense locations, the aromatic ring and the
aldehyde functional group, are targeted. Upon attack of electron dense oxygen atom on the
aromatic ring, 2-methylbutanoic acid is produced via ring opening. Upon the attack of the aldehyde
functional group, ethyl-3-furoate and 3-furancarboxylic acid are produced. The slightly acidic
reaction conditions are suitable for the oxidation of the aldehyde group into a carboxylic acid. It is
most likely that furfural first transforms into the hydrate form and is subsequently attacked very

rapidly by the persulfate oxidizing agent to form 3-furancarboxylic acid.

These initial byproducts are also susceptible to further oxidation. Ethyl butyrate
formation is likely due to the radical attack of both ethyl-3-furoate and 2-methylbutanoic acid.
Ester formation can occur when a carboxylic acid is in the presence of an alcohol and an acid.
While no alcohols were detected using GC/MS, it is possible that ethanol may be present in

solution as a reaction byproduct allowing for the formation of ethyl butyrate.

5.4. Furfural degradation via sodium persulfate in hydraulic fracturing conditions
5.4.1. Effect of temperature and Arrhenius model

Pseudo first-order reaction rate constants for all batch experiments performed in hydraulic
fracturing brine are displayed in Table 4. Figure 11 displays the effect of temperature on furfural
degradation in the presence of hydraulic fracturing brine (pH 2.54, 21 mM initial sodium persulfate
dose). Figure 11a shows the decrease in furfural concentration over time in acidic hydraulic
fracturing brine when no iron is present at different temperatures, while Figure 11b shows the same
conditions, but contains 23.33 mg L of ferric sulfate. With or without ferric sulfate, as
temperature increases, greater furfural removal is achieved in a shorter amount of time. Without
ferric sulfate at 60°C in hydraulic fracturing brine (pH 2.54), 97% furfural removal is not achieved
until 480 minutes of reacting. In non-hydraulic fracturing conditions without ferric sulfate (pH
2.54, 60°C), the overall removal, 98%, was achieved after 360 minutes. When ferric sulfate is
present in hydraulic fracturing conditions, 97% furfural removal is achieved after 120 minutes at
60°C (pH 2.54). In non-hydraulic fracturing conditions at the same pH, temperature, and iron
concentration, 94% furfural removal was achieved after 120 minutes. Anions, including chloride,

nitrate, and bicarbonate, have been shown to have an impact on contaminant removal by persulfate
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Table 4. Pseudo first-order reaction rate constant of furfural degradation in the presence of hydraulic
fracturing brine.

[Naz2S;0s];i [Fe2(SO4)s]; T Kk tu )
1 pH 0 N R
(mM) (mg L™) (C) s) (d)

Varying temperature
21 0 2.54 20 1.19x10° 6.74 0.95
21 0 2.54 30 3.27)(10'5 2.45 0.90
21 0 2.54 40 9.96X10-6 0.806 0.95
21 0 2.54 55 1.11)(10'4 0.0723 0.99
21 0 2.54 60 1.80X10_4 0.0446 0.98
21 23.33 2.54 20 2.69X10_6 2.98 0.96
21 23.33 2.54 30 197%10° 0.407 0.93
21 23.33 2.54 40 4.14x10° 0.194 0.98
21 23.33 2.54 55 seexio’ 00218 0.92
21 23.33 2.54 60 cooxigt  0.0154 0.95

Varying pH
5 23.33 2.54 55 8.87x10° 0.0904 0.96
5 23.33 5.4 55 5.72x10° 0.140 0.93
10 23.33 554 55 176x10"  0.0456 0.95
10 23.33 5.4 55 6.89x10° 0.116 0.97
15 23.33 2.54 55 2.68x10 0.0299 0.98
15 23.33 5.4 55 1.05x10% 0.0764 0.97

Varying persulfate dose
0.6 0 2.54 55 8.40X10-6 0.955 0.92
5 0 2.54 55 3.33)(10'5 0.241 0.99
10 0 2.54 55 7.05)(10'5 0.114 0.94
15 0 2.54 55 2 50x10° 0.106 0.95
21 0 2.54 55 11110 00723 0.99
0.6 23.33 2.54 55 2 60x10° 1.06 0.92
5 23.33 2.54 55 g87x10°  0.0904 0.96
10 23.33 2.54 55 176x10"  0.0456 0.95
15 23.33 2.54 55 2 68x10™ 0.0299 0.98
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Figure 11. The effect of temperature on furfural degradation in the presence of hydraulic fracturing brine.
Experimental conditions: pH 2.54, 21 mM dose of sodium persulfate, and a) 0 mg L* ferric sulfate and b)
23.33 mg L ferric sulfate.
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oxidation by scavenging the radicals in solution [93, 94]. The presence of hydraulic fracturing
brine had little impact on the degree of furfural removal at pH 2.54 compared to the impact it has

on the time it took to achieve maximum removal.

Activation energy for furfural degradation in the presence of 0 and 23.33 mg L ferric
sulfate was determined with an initial sodium persulfate dose of 21 mM (pH = 2.54). As seen in
Figure 12, activation energy was determined using the Arrhenius model. For experiments with O
mg L ferric sulfate, the activation energy in hydraulic fracturing brine was determined to be 105.6
kJ mol? (R?=0.99). With 23.33 mg L™ ferric sulfate, the activation energy was determined to be
105.1 kJ mol* (R?=0.99). While very different pseudo-first-order reaction rate constants and
furfural removals were achieved for the solutions with and without iron, the activation energy was
not affected. As discussed earlier, the presence of iron does impact that frequency at which furfural
molecules comes into contact with radical molecules. However, this frequency is proportional to
the pseudo-first order reaction rate constant and does not change the activation energy of furfural
removal. Reactions with iron have higher pseudo-first order reaction rate constants and thus, higher
frequency factor values as shown in Table 5. Therefore, Fe (111) does not follow the true definition
of acting as a catalyst for furfural removal even in the presence of hydraulic fracturing brine.

Table 5. Arrhenius parameters in the presence of hydraulic fracturing brine.
[Fe2(SO4)s]i Ea A

2
(mg L) pH (kJ mol) (s R
0 254 105.6 5.99 x 10 0.99
23.33 2.54 105.1 1.77 x 1013 0.99

5.4.2. Effect of brine pH

Figure 13 displays the change in persulfate concentration over time at different pHs
(55°C). Figure 13a displays the changes in concentration at pH 5.4 and Figure 13b displays the
changes at pH 2.54. At low pHs, furfural degradation via sodium persulfate is much less affected

by persulfate dose than at neutral pH. As seen in Figure 13b, at pH 2.54, maximum furfural
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Figure 12. Arrhenius plot of furfural degradation in the presence of hydraulic fracturing brine with and
without ferric sulfate (pH 2.54, initial sodium persulfate dose of 21 mM).
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Figure 13 . Effect of initial pH — a) 5.4, b) 2.54 — of the hydraulic fracturing brine at different doses of
sodium persulfate (55°C).
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removal (93%) is achieved after 480 minutes of reacting with 5, 10, and 15 mM sodium persulfate.
By 120 minutes, 84% removal is already achieved with sodium persulfate doses of 10 and 15 mM
while 75% furfural removal is achieved with 5 mM sodium persulfate. At pH 5.4, maximum
removal achieved at 480 minutes by sodium persulfate doses of 5, 10, 15 mM are 85, 89, and 95%,
respectively. Furfural removal occurs more gradually at pH 5.4 than at pH 2.54. At 120 minutes
of reacting, 10, 21, and 32% of furfural has been removed with 5, 10, and 15 mM sodium

persulfate, respectively.

5.4.3. Effect of initial persulfate dose

Figure 14 displays the five doses of persulfate, 0.6, 5, 10, 15, and 21 mM, which were
tested at 55°C and pH of 2.54. Figure 14a displays the furfural removal over time with 0 mg L*
ferric sulfate and Figure 14b displays the removal with 23.33 mg L ferric sulfate. Without ferric
sulfate, more furfural removal is achieved with higher doses of sodium persulfate in shorter time
periods. After 480 minutes of reacting, the higher doses of sodium persulfate, 10, 15, and 21 mM,
95% furfural removal is achieved. With 23.33 mg L™ ferric sulfate, the difference between furfural
removal with 5, 10, 15, and 21 mM doses of sodium persulfate is less distinct. However, the pseudo
first-order reaction rate constant increases very linearly with the persulfate dose (R?=1.00) as seen
in Figure 14c. Reactions without ferric sulfate also follow this linear trend (R?=0.97). Despite the
presence of hydraulic fracturing brine, higher doses of persulfate led to higher pseudo first-order

reaction rate constants.

5.4.4. Overall impact of hydraulic fracturing brine on kinetics

The presence of ions, especially chloride and bicarbonate, in solution has been shown to
have a quenching effect on contaminant removal in heat-activated persulfate. However, the degree
of scavenging by ions is highly dependent on the temperature at which the reaction is performed
[89, 90, 95]. Higher temperatures, such as 100 °C, have a lower tolerance for ion presence than
lower temperatures, such as 20°C [89]. Figure 15 displays the difference in furfural removal at pH
2.54 between water and hydraulic fracturing brine at 30, 45, 55, and 60°C. Figure 15 a and b are
in water with 0 and 23.33 mg L ferric sulfate, respectively. Figure 15 ¢ and d are in hydraulic

fracturing brine with 0 23.33 mg L ferric sulfate, respectively. It is observed that hydraulic
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Figure 14. The initial dose of persulfate has an effect on furfural removal with a) 0 mg L ferric sulfate

and b) 23.33 mg L* ferric sulfate. The effect of persulfate dose on pseudo-first order reaction rate
constant is shown in ¢) with and without ferric sulfate.
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Figure 15. Furfural removal (pH 2.54) in water and a) 0 and b) 23.33 mg L ferric sulfate and in hydraulic
fracturing brine with ¢) 0 and d) 23.33 mg L ferric sulfate at different temperatures.

39



fracturing brine does have a quenching effect on furfural removal at both the higher and lower
temperatures tested in this study. The quenching effect on contaminant removal by hydraulic
fracturing brine is most noticeable in the solutions that contain ferric sulfate. The ferric sulfate
activates persulfate very rapidly, which encourages radical-to-radical and radical-to-anion

interactions to occur in place of some of the radical-to-furfural interactions.

The radical-to-anion interactions also have an impact on the pseudo-first order reaction rate
constant at pH 2.54 and 5.4 and initial sodium persulfate doses of 5, 10, and 15 mM as seen in
Figure 16 (55°C, 23.33 mg L ferric sulfate). At lower pH, the difference between the pseudo first-
order reaction rate constants at all sodium persulfate doses are more pronounced than at neutral
pH. Again, this is likely due to the increase in persulfate activation as discussed in section 4.3.2.
and, therefore, an increase in radical-to-radical or radical-to-anion interactions.

Figure 15 displays how the activation energy of furfural degradation via persulfate in
hydraulic fracturing brine compares to the activation energy of furfural degradation in water. The
activation energy in water with a pH of 5.4 and the activation energy in hydraulic fracturing brine
with a pH of 2.54 are within 2.5% of each other. In acidic water, the activation energy is 30 kJ
mol™? less than the other two. This suggests that solution pH and hydraulic fracturing ions impact
the minimum energy that must be available for the chemical reaction between furfural and the
generated radicals to occur. In Figure 17, the impact of the presence of iron on activation energy
may also be observed. As discussed earlier, the presence of ferric sulfate does impact the observed
pseudo first-order reaction rate. However, the presence of ferric sulfate has little influence on the
activation energy. This suggests that lower pH, rather than the addition of ferric sulfate, is a more
effective catalyst for the oxidation of furfural via persulfate by providing an alternative route for

the reaction with lower activation energy.

5.4.5. Byproduct identification in hydraulic fracturing brine

Furfural oxidation via sodium persulfate in the presence of furfural brine produced the
same reaction byproducts as presented earlier without brine. Compounds produced in the absence
of hydraulic fracturing brine were observed in experiments conducted in the brine. In hydraulic
fracturing brine, 2-methylbutanoic acid, ethyl furoate, and 3-furancarboxylic acid were detected

within the first 5 minutes of the reaction. Figure 18 displays the reaction pathway and the additional
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compounds produced in the presence of hydraulic fracturing brine. Bromoform was detected as
early on as five minutes and persisted throughout the remainder of experiment. Bromoform was
verified with a standard and the mass spectrum of the standard compared to the mass spectrum of
the bromoform detected in the 480-minute sample may be found in the Appendix, Figure A 4.
Additional halogenated compounds detected and their time of appearance were dibromo-methyl
ester acetic acid at 240 minutes, 1,1-dibromopropanone at 480 minutes, and trichloro-ethyl ester

acetic acid at 480 minutes.

The halogenated compounds detected are DBPs. Their formation stems from rapid radical-
to-halogen interaction with subsequent attack on furfural or any one of the furfural degradation
byproducts. Bromoform is a THM that has been regulated in the US since 1979 [96]. The current
drinking water standard for total THMs is 0.08 mg L1 [97]. 1,1-dibromopropanone is a haloketone
(HK), which are not currently regulated by the US EPA. This may be attributable to the lack of
toxicity data on HKs - they have been shown to cause oxidative stress in human cells, but have not
been studied enough to be classified as carcinogens [96, 98]. Dibromo-methyl ester acetic acid and
trichloro-ethyl ester acetic acid have similar structures to HAAs. Due to the high pH of hydraulic
fracturing brine and the probability of alcohols present in solution from furfural oxidation,
esterification may occur as explained earlier with ethyl butyrate. This suggest that it is likely that
the HAAs parent compound are also present in solution, but not detected using GC/MS. Current
methods used to detect HAAS require sample derivatization using acidic conditions and liquid-
liquid extraction with methyl tertiary butyl ether or pentane, which are similar to extraction
conditions used in this study [99]. However, it is unclear whether these compounds are byproducts
of furfural oxidation or derivatization from the extraction method. Of these DBPs, bromoform is
the only one to have been detected in hydraulic fracturing produced fluids [100].

5.6. Furfural degradation at elevated pressure

Experiments were conducted at without pressure applied (14.7 psi) and with 3,000 psi
pressure applied because persulfate is continuously added to the reactor so that the concentration
within the reactor was 5 mM. Furfural removal in hydraulic fracturing brine (pH 2.54) over time
is displayed in the Appendix in Figure A 5 without pressure applied and in Figure A 6 with 3,000
psi applied at different temperatures. The reaction rate constants were calculated for each

44



temperature and tested. Using these rate constants, activation energies were calculated and plotted
based on the Arrhenius model as shown in Figure 19. In experiments performed in the reactor with
no pressure applied, the activation energy was 150.15 kJ mol™* (R?=0.97). With 3,000 psi applied
to the reactor, activation energy was 81.7 kJ mol™ (R?= 0.96). The activation energy difference
suggest that a pressure increase can act as catalyst for contaminant removal via activated
persulfate. While theoretical studies have been performed to simulate the kinetics of high pressure
atmospheric OH-initated oxidation, this is the first experimental work to investigate the impact of
pressure on ISCO. Reaction byproducts in the high pressure experiments were examined and the
same compounds were detected in the batch experiments. One additional compound, a

halgoentated keto acid, 3,3-dimethyl-5-bromo-levulinic acid was detected.
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Figure 19. Activation energy for furfural removal with 0 and 3,000 psi applied to the reactor.
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CHAPTER 6: Conclusions

Many compounds were identified in the hydraulic fracturing enzyme breaking LEB-10X.
One compound of particular interest, furfural, was chosen to be studied because it is a well-known
pollutant in many industries and has not been examined for oxidative remediation via activated
persulfate. The main goal of this study was to assess the environmental risk of the interactions
between hydraulic fracturing fluid components and sodium persulfate and help determine what
chemical changes are taking place over the course of a fracture.

Furfural degradation was achieved by using sulfate radicals produced from persulfate
activation through heat, iron, and acidification. The reaction rates were influenced by the solution
temperature, initial pH, sodium persulfate dose, and iron concentration. The type of iron, Fe (Il)
or (111), added to solution had less of an impact of on reaction rate than these other factors. The
results were promising, indicating that furfural pollution may be oxidized via persulfate and
optimized for rapid 1ISCO. Adjusting solution pH to 2.54 decreased the activation energy of this
reaction by at least 30%. The optimal conditions for ISCO of furfural using any dose of sodium
persulfate are elevated temperatures, low pH, and ferric sulfate concentration up to 25 mg L. The

reaction byproducts were also identified and their transformation mechanisms were suggested.

Furfural degradation was further investigated in hydraulic fracturing fluids. It was shown
that the presence of hydraulic fracturing brine increases the amount of time it takes to achieve a
certain percentage of furfural removal. However, the reaction was still very dependent of solution
temperature, pH, iron concentration, and persulfate dose. Furthermore, elevated pressure was
determined to have an impact on furfural degradation via persulfate. Elevated pressures nearly
halved the activation energy observed without any applied pressure. The changes in the reaction
byproducts formed have important significance for environmental applications. Different types of
DBPs were formed. Some of the byproducts are not very well studied, but others, such as
bromoform, are known carcinogens and regulated by the EPA for drinking water treatment.
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Figure A 1. Flow diagram of the pressurized reactor used in this study.

56



Figure A 2. Pressurized reactor set-up. |
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Figure A 3. The influence of varying pH on the degradation of furfural via persulfate oxidation with (a) 0 mg L ferric sulfate and 5 mM sodium
persulfate, (b) 0 mg L ferric sulfate and 10 mM sodium persulfate, (c) 0 mg L™ ferric sulfate and 15 mM sodium persulfate, (d) 23.33 mg L
ferric sulfate and 5 mM sodium persulfate, (e) 23.33 mg L* ferric sulfate and 10 mM sodium persulfate, and (f) 23.33 mg L* ferric sulfate and 15
mM sodium persulfate.
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Figure A 4. Mass spectra of a bromoform standard and the bromoform detected in a hydraulic fracturing

fluid sample.
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Figure A 6. Furfural removal over time in the high pressure reactor with 3,000 psi applied.
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