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Abstract: Hydraulic fracturing (HF) of shale and other permeable rock formations to
release gas and oil is a water-intensive process that returns a significant amount of
flowback and produced water (FPW). Due to the complex chemical composition of HF
fluids and FPW, this process has led to public concern on the impacts of FPW disposal,
spillage and spreading to regional freshwater resources, in particular to shallow
groundwater aquifers. To address this, a better understanding of the chemical
composition of HF fluid and FPW, as well as the chemical environmental fate properties
such as their persistence, mobility and toxicity, are needed. Such research would
support risk-based management strategies for the protection of regional water quality,
including both the phase-out of problematic chemicals and better hydraulic safeguards
against FPW contamination. This article presents recent strategies to advance the
assessment and analysis of HF and FPW associated organic chemicals.

Keywords: hydraulic fracturing, chemical, pollution, water resources, mobility



43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

Introduction

In many countries advances in horizontal drilling and hydraulic fracturing (HF)
techniques has led to increasing extraction of gas and oil from shales and other low
permeable geological formations L. In China HF industries are playing an essential role
in transitioning away from coal, and thereby reducing emissions of air pollutants
(particulates, SOx, NOx) and greenhouse gas emissions, as well as transitioning to
renewable energy sources 2. However, HF processes pose special concerns on regional
water resources, due to the high-volume consumption of fresh water 3. As demonstrated
in Figure 1, fresh water is mixed with numerous HF chemical additives, which are then
injected into a deep-horizon to fracture low-permeability shale and rocks to facilitate
gas and oil extraction. This process introduces a high pressure environment
underground, and creates fractures, faults and joints through which fracturing fluid
could penetrate along these permeable pathways “. Hydraulic fracturing also produces
a significant amount of wastewater, referred to as flowback and produced water, which
is referred to collectively as FPW. Flowback water is the returned water containing most
of the HF fluids and produced water is that containing the geological water that contains
most of the gas and oil. FPW contains numerous synthetic chemicals, geogenic
compounds and transformation byproducts °. Release of these compounds towards the
surrounding environment may pose risks to regional water resources, in particular to
shallow groundwater aquifers & 7. So far, a detailed chemical characterization of HF
chemicals remains lacking. This hinders constructing environmental emission
inventories of HF-associated organic pollutants. A process-based understanding of

subsurface fate of HF chemicals during gas and oil extraction processes is an essential
3
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task for making risk-based water management strategies, and therefore requiring

guidance through careful chemical analysis.
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Figure 1. Schematic illustration of hydraulic fracturing (HF) processes and possible pathways

of how HF chemicals can impact water quality.

Chemical fingerprint of hydraulic fracturing activities

Identifying hydraulic-fracturing associated chemicals. FPW carries both geogenic
compounds (e.g. PAHSs, hydrocarbons) and HF chemicals of a wide range of
physicochemical properties. Characterizing the organic chemical compositions of FPW
therefore requires sophisticated instrumental efforts. This involves co-deployment of
different analytical tools to analyze this wide variety of substances, ranging from very

mobile polar substances to large hydrophobic oils. So far, information revealed from
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chemical disclosure and compound-specific characterization of flowback water are still
inadequate to complete an emission inventory of HF-associated chemicals. Recently,
high-resolution mass spectrometry such as time-of-flight mass spectrometry (TOF-MS)
coupled to liquid chromatography (LC) or two-dimensional gas chromatography (GC),
is increasingly applied to identify unknown organic compounds and transformation
products 8 °. Additionally, Fourier transform ion cyclotron resonance mass
spectrometry (FT-ICR-MS) is an emerging tool to characterize the elemental
composition of organic components in FPW. For instance, a very recent study revealed
that oxygen-containing compounds such as unsaturated phenols were predominant in
flowback water®. Another recent study applied a reversed phase HPLC coupled to
Orbitrap MS for non-target analysis and semi-quantification of organic compounds in
flowback water samples. Specifically, in total seven series of homologues were
identified at different confidence levels '*. One of the most challenging classes of
contaminants for analysis are water-soluble polymers, like polyacrylamide (PAM), that
are used in large volumes as viscosity enhancers (Xiong et al. 2018). In the subsurface,
these can transform to a complex mixture of oligomers and polymeric fragments that
are difficult to quantify, and therefore to understand their fate and risk ** 3, Only
recently have methods been proposed to measure such substances in water, such as the
use of combining size exclusion chromatography (SEC) with an MS by way of in-
source fragmentation to reduce the number of mass fragments 4. This calls for
implementation and integration of targeted and non-targeted analytical tools for

identifying hydraulic fracturing associated chemical fingerprints. Moreover, mobile
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organic pollutants are co-eluting with brines, and the inorganic ions could introduce
matrix-effect by lowering ionization efficiency of the mobile analytes using LC™. Thus,
prior to instrumental analysis proper pretreatment techniques are essential to remove
salts from flowback water samples.

The identification of transformation pathways of chemicals in FPW is key to understand
their ultimate fate and impacts. However, the concentration of chemicals in FPW are
influenced by concurrent downhole processes such as dilution, transformation, and
sorption, which makes the identification of transformation products complex.
Compound specific isotope analysis (CISA) determines stable isotopic compositions in
organic molecules, providing a valuable approach to characterize organic contaminants
subsurface transformation processes 17, Specifically, CSIA could identify geogenic
and anthropogenic sources of a certain organic compound through isotopic
fingerprinting. Moreover, monitoring the specific isotope fractionation of organic
compounds allows to prove the occurrence of subsurface transformation processes,
even when the substrate concentration is variable due dilution by formation water. As
part of this, stable halogen (i.e. 63’Cl and &%'Br) CSIA could potentially serve as a
unique tool to characterize both halogenation and dehalogenation transformations of
different HF chemicals in high-saline environments 1819,

Persistent, mobile and toxic substances. Underground injection of hydraulic
fracturing fluids raises continuous concerns for regional shallow groundwater aquifers,
since fracturing chemicals might cause groundwater contamination. Among the

hundreds of HF chemicals, special attention should be paid to compounds with high
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persistence (P) and aqueous mobility (M), particularly toxic ones (which are referred to
as PMT substances), which are slow to degrade and can rapidly spread in the subsurface
20.21 "Once these are accidentally released into surrounding water environment, they
might potentially pass natural barriers, and finally pollute and accumulate within
drinking water resources 2 2. Besides persistent, bioaccumulative and toxic (PBT)
chemicals, more focus on these chemicals is expected for PMT chemicals, as Europe is
introducing new chemical regulations on this class of contaminant??. The known PMTs
including tetrachloroethene, 1,4-dioxane and 1,2,4-trimethylbenzene, have already
been detected in the HF wastewaters. Some PMT contaminants unique to hydraulic
fracturing could serve as an ‘identifier’ for accidental spill or leakage of wastewater
towards surrounding fresh water environments. Recent advances on chemical
disclosure frameworks, such as FracFocus (https://fracfocus.org/), have substantially
increased the transparency of HF chemicals, providing numerous open-source
databases that are useful for chemical risk assessments and environmental impact
analysis 2*. To predict HF chemicals impact on regional water quality, it is beneficial to
evaluate the chemicals degradability and aqueous mobility based on experimental data.
When the experimental data are unavailable “in-silico” tools are often applied to
identify and to prioritize the associated PMT chemicals 2> 2°. Also, regular monitoring
and chemical analysis of surrounding groundwater and surface water samples should
include specific PMT compounds, in order to provide proof of the extent of spreading/or
contaminant of the substances with the greatest hazard of spreading long distances. This

type of chemical fingerprinting will support oil and gas industries making sound risk-
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based water and wastewater management strategies. More description of fate processes
and simulation studies to base this fingerprinting and management strategies on are

presented in the next sections.

Subsurface attenuation of hydraulic fracturing chemicals

Transformation and products. Under elevated temperature, pressure, and halide
concentrations, fracturing chemicals can undergo various (bio)chemical reactions in
subsurface environment. So far, most studies have focused on abiotic reactions of HF
chemicals. For instance, one recent study analyzed alkyl ethoxylate (AEO) surfactants
in fracturing fluid and produced water; the study suggested that the absence of AEOs
in produced water was due to the subsurface transformation of AEOs to polyethylene
glycols (PEGS) by cleaving the ethoxylate chain from the alkyl group 26. Hydrolysis
processes occur for putative acids such as alkanoyl anhydrides, alkanoyl chlorides, and
chloromethyl alkanoates. These chemicals were introduced as “breakers” to destruct
water-based guar gum to facilitate gas and fluid transport in subsurface fractures ’.
Although some chemical additives are non-toxic and have short half-lives, their
subsurface transformation processes still might release various problematic byproducts.
For example, 2,2-dibromo-3-nitrilopropionamide (DBNPA), a frequently disclosed
fracturing biocide, could form different toxic halogenated PM(T) transformation
products, including dibromoacetonitrile, trihalomethanes (THMs) and haloacetonitriles
28 Moreover, subsurface formation water contains high-levels of halide ions (i.e.

chloride, bromide and iodide) that could be incorporated into organic molecules via



168 halogenation reactions 27 2°. In the presence of strong oxidants such as ammonium
169  persulfate and sodium chlorite as breakers, halide ions can form molecular halogens
170 that would elevate the yield of halomethanes in the subsurface & 2”. Thus, an improved
171 understanding of these relevant transformation mechanisms is required to avoid
172 formation of unwanted organohalides in flowback water.

173 Simulation studies. Downhole conditions in shale wells are featured by higher
174  temperature and pressure. Specifically, the well temperatures typically range from 40 °C
175  t0l100 °C, and the bottom hole pressure depends on well depth and could vary from
176 1800 psi to 4500 psi *°. To help overcome the difficulty in characterizing transformation
177 products of HF chemicals in-situ, controlled experiments using high-pressure reactors
178  could be utilized to simulate the transformation of chemicals in complex subsurface
179  environments. High-pressure reactors have been recently designed for this purpose. For
180 instance, stainless steel reactors were designed to simulate the subsurface chemistry of
181  one HF chemical biocide, glutaraldehyde (GA) 3. The reactor could elevate reaction
182  pressures up to 3000 psi (i.e. 207 bars) and temperatures up to 350 °C. Their results
183  indicated that GA undergoes polymerization reactions, forming dimers and trimers as
184  byproducts, and precipitates out at ~140 °C and/or at higher pH values 1. Notably, the
185  temperature plays a more vital role on GA transformations, rather than the applied
186  pressure 3. However, the low throughput hinders experimental simulations of multiple
187  organic compounds. To overcome this shortcoming, one high- throughput reactor was
188  developed that consists of 15 independent reactors equipped with pressure pumps and

189  atemperature-control system that is based on an external thermal bath . The individual
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reactors could be operated simultaneously at a maximum pressure of 5000 psi (345
bars), where the maximum temperature was dependent on the boiling point of liquids
filled in the external thermal bath. By utilizing this simulator, different HF chemicals'
transformation pathways and the formation of specific reaction products have been
better characterized. For instance, this study revealed that ammonium persulfate, one
frequently used oxidative breaker, could halogenate cinnamaldehyde. Specifically, they
found that halide ions are first oxidized to hypohalogenic acids such as HOCI, HOBt,
HOI, and then are attached to a,B-unsaturated molecular bonds. Moreover, they also
reported that ammonium persulfate could directly react with cinnamaldehyde to form
benzene derivatives (Sumner and Plata, 2018b). New halogenation mechanisms were
also revealed by which epichlorohydrin undergoes ring-opening pathways via chloride
and hydroxide addition processes. Another recent experimental study indicated that
citric acid could trigger the formation of THMSs, when it is in contact with cross-linked-
gel matrix, especially in the presence of high-level chemical breakers 2°.

FPW wastewater reuse and treatment

Wastewater reuse. Underground fracturing consumes vast amounts of fresh water
resources, and later returns high-volume wastewater to the surface. So far, deep-well
injection and reuse as fracturing fluids are the two common ways to dispose the FPW
wastewater. However, deep-well injection is limited by the availability of suitable wells,
and is often avoided due to the pressure from local regulations and permits. When oil
and gas industries are located in (semi) arid regions, reuse of hydraulic fracturing
wastewater is a practical solution for onsite wastewater reuse, since this could

10



212

213

214

215

216

217

218

219

220

221

222

223

224

significantly reduce fresh water consumption and the cost for water treatment 2.
Generally, wastewater is recycled and often mixed with fresh water in arid regions for
both internal and external use 3. For internal reuse, the flowback water is collected and
mainly treated by adding fracturing chemical additives in order to maintain the
fracturing efficiency. It is worth noting that PMT substances used for this purpose might
accumulate in the wastewater during the fracturing and chemical re-feeding processes
3 This might increase the risk of groundwater contamination by fracturing chemicals,
particularly PMT substances. Externally, the wastewater that is treated intensively can
be re-used for irrigation, livestock drinking and/or surface discharge. However, external
reuse of this wastewater requires expensive, efficient treatment techniques to deal with
high-saline composition in addition to numerous organic and inorganic solutes (Table
1); leaving desalination processes, like reverse osmosis, a requirement for effective

external water treatment, as described in the next section.

11



225  Table 1 Example of basic and advanced water treatment techniques used for the removal of organic contaminants from hydraulic fracturing wastewater.

Removal fr

Treatment  techniques Description Target compounds Sample location ) Refs.
action

basic filtration Benzene Wattenberg field in northeast Colorado 95% %
treatment Toluene 97%
Ethylbenzene 97%
membrane ultrafiltration-reverse osmosis Dimethylbenzylamine Weiyuan in Sichuan Basin, China 78.3% 0
treatment Indoline 96.3%
6-methyl-quinoline 100%
adsorption granular activated carbon naphthalene sulfonate a Baltic shale gas basin in Poland - 36
hexaethyleneglycol -
octaethyleneglycol -
decaethyleneglycol -
hodecaethyleneglycol -
advanced oxidation processes Fe%persulfate/O3 propanoic acid a shale gas well in southwest China - 87
isobutyric acid -
isovaleric acid -
butanoic acid, 2-methyl- -
4-methylhexanoic acid -
benzenemethanethiol -
ethyl nonyl ester -
1-pentadecanamine,  n,n-dimethyl- -
1-phenyl-2-benzylaminopropane -

ozonation 2-(2-Butoxyethoxy) ethanol a Baltic shale gas basin in Poland - 3

12
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oxidative

treatment

microwave-activated persulfate proc

€ss

benzene
hexamethyldisiloxane
methylbenzene
3,4-dihydrogen-2 h-pyran
2,2,4,6,6-pentmethyl heptane
chloriso-octane

myristic acid

diisobutyl phthalate
palmitic acid

oleamide

antioxidant 2246
2-ethylhexyl hydrogen phthalate

erucic acid amide

shale gas field in

southwest China

0.61%
100%
29.96%
100%
40.66%
100%
100%
100%
45.65%
100%
54.86%
61.15%
26.13%

38

*, . .
information not available

13
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Wastewater treatment. The basic treatment technologies, including centrifugation,
hydrocyclones, flotation, medium filtration, coagulation/flocculation, and evaporation,
are often applied for wastewater pretreatment to remove suspended solids and oil .
Current advanced water treatment techniques are membrane separation, thermal
distillation, adsorption using activated carbon or ionic resins, and advanced oxidation
for the removal of dissolved organic compounds. An overview of different treatment
techniques is summarized in Table 1.

Membrane based techniques, including reverse osmosis membranes and ultrafiltration,
have been applied for HF wastewater treatment *°. Efficient removal of specific organic
contaminants from HF wastewater often requires combination of different membrane
techniques. For instance, ultrafiltration was coupled with reverse osmosis membranes
in order to treat wastewater collected from Weiyuan extraction field in China °. The
results showed that the targeted organic contaminants, dimethylbenzylamine, indoline
and 6-methyl-quinoline, were removed from the water by 78.3%, 96.3%, and 100%,
respectively °. Notably, the membrane-based water treatment systems could produce
concentrated residual waters, rather than break down the organic contaminants. In order
to prevent further environmental pollution, careful disposal and treatment schemes are
definitely required to manage the membrane concentrates*.

Adsorption is a practical approach to remove various organic contaminants from HF
wastewater 1. Activated carbon (AC) is the most common sorbent in adsorbent based
systems, and these have been applied to successfully remove polyaromatic
hydrocarbons (PAHs) from HF wastewater, but no satisfactory removal was obtained

14



249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

268

269

270

for phthalates *2. This might be due to weaker sorption of phthalates in comparison with
PAHs. Granular activated carbon has also been added to flowback water to sorb
dissolved organic contaminants. The results showed that heavy organic molecules such
as hexaethyleneglycol and dodecaethyleneglycol are preferentially removed from the
water 3. Very recently, novel green sorbents such as porous biochar aerogel was also
applied for HF wastewater treatment, leading to a higher removal efficiency for
hydrophobic organic compounds .

Advanced oxidation processes (AOPs), including ozonation, Fenton-based techniques
and heterogeneous photocatalysis, have been increasingly applied for the removal of
organic contaminants in HF wastewaters %. For instance, a micro-scale
Fe®/Persulfate/Os treatment approach was developed to treat flowback water, and it was
observed that different organic compounds were successfully reduced via
transformation processes *’. Organic contaminant removal efficiency by AOPs might
be greatly influenced by water chemistry such as halide ion concentrations in HF
wastewaters *°, potentially leading to persistent, mobile byproducts. Thus, desalination
of HF wastewater will be a crucial step for sustainable AOP treatment. On the other
hand, AOPs could be introduced as a pretreatment method and combined with other
treatment techniques such as bioactive filtration to obtain higher removal efficiencies
for dissolved organic contaminants in HF wastewaters “¢. Given that removal of
different organic contaminants from wastewater is technically challenging, evaluation
of different wastewater treatment strategies should be well guided by compound
specific chemical analysis. Moreover, a combination of different water treatment

15
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techniques would be beneficial for an organic-contaminant targeted wastewater
treatment strategy. The additives that are ultimately added to water used for shale gas
extraction should be ideally chosen for their ease in removal in the water treatment
processes occurring on site.
Conclusions
Adequate chemical characterization involving an assessment of the persistency,
mobility and toxicity of hydraulic fracturing chemicals and their transformation
products is helpful to prioritize compounds of concerns to water resources for risk-
based decisions and to establish a reasonable monitoring program for surrounding
water quality.
Understanding the fate and transport of hydraulic fracturing chemicals in the
subsurface environment will support the optimization of gas extraction operations
to avoid unwanted byproducts such as halogenated methanes and other toxic HF
chemicals brought to the surface.
A chemical-based water management strategy is necessary for reuse and treatment
of hydraulic fracturing wastewaters. Special attention should be paid to PMT and
PBT chemicals to prevent their release toward regional environment.
High-quality experimental data on HF chemicals persistency, bioaccumulation,
mobility and toxicity are needed to identify high-volume PMT and PBT substances.
Particularly, our knowledge on toxic effects of HF chemicals remains limited due
to the lack of the toxicity data as well as relevant studies demonstrating toxicity of
the identified HF chemicals. This will support source reduction of the prioritized

16
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hazardous organic pollutants, and also will promote further development of
environmentally friendly chemical substituents, and lower the cost of treatment

operations needed to protect regional water resources and surrounding environment.
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