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ABSTRACT: Much interest is directed at the chemical
structure of hydraulic fracturing (HF) additives in unconven-
tional gas exploitation. To bridge the gap between existing
alphabetical disclosures by function/CAS number and
emerging scientific contributions on fate and toxicity, we
review the structural properties which motivate HF
applications, and which determine environmental fate and
toxicity. Our quantitative overview relied on voluntary U.S.
disclosures evaluated from the FracFocus registry by different
sources and on a House of Representatives (“Waxman”) list.
Out of over 1000 reported substances, classification by
chemistry yielded succinct subsets able to illustrate the
rationale of their use, and physicochemical properties relevant
for environmental fate, toxicity and chemical analysis. While many substances were nontoxic, frequent disclosures also included
notorious groundwater contaminants like petroleum hydrocarbons (solvents), precursors of endocrine disruptors like
nonylphenols (nonemulsifiers), toxic propargyl alcohol (corrosion inhibitor), tetramethylammonium (clay stabilizer), biocides or
strong oxidants. Application of highly oxidizing chemicals, together with occasional disclosures of putative delayed acids and
complexing agents (i.e., compounds designed to react in the subsurface) suggests that relevant transformation products may be
formed. To adequately investigate such reactions, available information is not sufficient, but instead a full disclosure of HF
additives is necessary.

■ INTRODUCTION

In recent years, few technologies have been discussed in such
controversial terms as hydraulic fracturing (HF) and the
chemicals involved. Contrasting with a long history of small
volume HF in the conventional exploitation of gas and oil,
hydraulic fracturing has reached a new dimension with the
application of multistage HF in long horizontal wells with large
volumes of fracking fluid for the recovery of unconventional
gas,1 that is, gas resources trapped in low-permeable coal,
sandstone and shale.2 For exploitation, vertical drilling to the
target formation−in the case of shale, typically between 1000
and 4000 m deep3 − is followed by horizontal drilling and
(partial) emplacement of a protective well casing. The casing is
perforated in the depth of the target formation and hydraulic
fracturing is applied to stimulate the formation by creating
additional permeabilities for the gas to escape.4,5 From the same
vertical borehole, multiple horizontal drills can be performed in
different directions. They reach up to 3 km into the gas-bearing
formations6 and are fractured in several stages. Vertical drillings
are closely spaced, which results in a considerable area coverage,
which brings fracking activities close to residential areas and can
negatively affect communities.7−10

The share of unconventional gas in total gas output is
projected to increase from 14% in 2012 to 32% in 2035.11 This
development brings about promising economic perspectives

not only for the U.S., where a reference case of the U.S. Energy
Information Administration projects a growth for shale gas of
2.6% per year until 204012but also in 41 other countries on
different continents where shale gas has been found to reside in
a total of 137 formations.13 At the same time, opposition from
homeowners and environmental interest groups is increasing.
Reports of spills, accidents and potential harmful effects of
chemicals released as a result of HF have emerged.14−17

Uncertainty about the potential impacts of HF have led to
moratoria (Quebec, New Brunswick) or bans (Bulgaria, France,
Tunisia, New York State, Vermont).18,19

Particular concern surrounds the chemicals that may return to
the surface as a result of hydraulic fracturing. Both “fracking
chemicals”substances that are injected together with the HF
fluid to optimize the fracturing performanceand geogenic
substances are of relevance. These compounds can emerge in
the flowback (the part of the injected HF fluid that returns to
the surface), in the produced water (the water that emerges
during gas production and originates from the target formation)
or in a mixture of both.20−22 The concentrations of additives
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typically make up between 0.5% and 3% of an injected gel-based
fluid (reported by mass or volume of the fluid, depending on the
source).3,23−25 Given that a typical fracturing operation requires
around 9000 to 29 000 m3 26 of water, this translates into
kilograms to tens of tons of the respective compounds. In 2005,
underground injections of these substances for HF operations
related to oil and gas were exempted from all U.S. federal
regulations aiming to protect the environment (Clean Water
Act, Save Drinking Water Act, Clean Air Act, Super Fund Law,
Resource Recovery and Conservation Act, Toxic Release
Inventory); in Germany, HF operations have been regulated
by the Federal Law of Mining which currently does not require
Environmental Impact Assessments including public disclosure
of these chemicals.27 Knowledge about fracturing chemicals and
geogenic substances, however, is warranted for several
reasons:28

Air emissions are reported to arise from well drilling, the gas
itself or condensate tanks,7,9,15,29 whereas spills and acci-
dents14,16,17,30 pose the danger of surface and shallow
groundwater contamination. Monitoring strategies are therefore
warranted to screen for “indicator” substances of potential
impacts. For such indicator substances, adequate sampling
approaches, and analytical methods need to be developed and
optimized.31−34 Identification and classification of HF chemicals
and their functional groups is further important to assess the
possibility of subsurface reactions in the formation which may
potentially generate new, as yet unidentified transformation
products which resurface with the flowback. For the same reason
chemical knowledge is important for optimized wastewater
treatment strategies: to eliminate problematic substances and to
avoid unwanted byproduct formation.35,36 Knowledge of the
most frequently used HF chemicals is further essential for risk
assessment (environmental behavior, toxicity).24,37 Finally, an
overview of reported HF chemicals can provide unbiased
scientific input into current public debates and enable a Critical
Review of Green Chemistry approaches. Figure 1 (white boxes)

illustrates how recent contributions from different ends have
aimed to close these knowledge gaps.
More and more data on HF chemicals used in the U.S. are

being disclosed by operators38−40 (left-hand side of Figure 1),
however, these reports are not necessarily complete (substances
contributing to less than 0.1% of the chemicals need not be
declared). Also, we experienced that information from
FracFocus 2.039 − the most comprehensive database of
voluntary declarations in the U.S. since 2011−is not easily
extracted (for a summary of restrictions see the Task Force
Report on FracFocus 2.0,41 pages 17, 18). Until recently, the
nonprofit organization “SkyTruth” provided the only quantita-
tive extract of records, and only for the period between January
2011 and May 2013.42 In spring 2015, the U.S. EPA released a
data set extracted independently from FracFocus for essentially
the same time period (2011−2013).43 A recent publication44

extracted data up to Nov 2014, however, only for a sub selection
of U.S. states. Another source of information is the U.S. House
of Representatives Report on chemicals used in HF between
2005 and 200938 (herein referred to as “Waxman List”). In all of
these compilations, compounds are listed alphabetically or by
their CAS-number. This has the disadvantage that the same (or
similar) chemical structures may turn up under different names
and CAS-numbers. If Web sites provide selections of
compounds,45−47 entries are typically listed according to their
function in the HF process (friction reducer, clay stabilizer, etc.)
rather than grouped by chemical structure.45−47

Scientific contributions are starting to mine the information
disclosed by operators and to analyze compounds in actual
samples to assess environmental impacts (right-hand side of
Figure 1). This includes reviews of HF chemicals,48,49

predictions of their environmental lifetime and exposure,44

assessments of toxicity,24,37,50 investigations of reactivity in
water treatment,35,51 choice of adequate analytical methods31−34

and the search for potential indicator compounds.32,52 These
contributions also typically start from alphabetical/CAS-number
lists or classify chemicals by their function in the HF

Figure 1. Information on HF additives disclosed by operators (left-hand side) and explored by scientific publications (right-hand side). The structural
classification of the present contribution (gray box) enables understanding of, the chemical purpose in the HF process and may help conceptualize,
resultant reactivity and the physicochemical properties relevant for environmental fate. The quantitative character of the survey (gray box, bottom),
finally, demonstrates to what extent certain chemicals are used and may catalyze the recognition of unexpected (= nondisclosed) analytical findings.
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process.48,49 Some of them include in addition a ranking by
disclosure. However, to understand the environmental chem-
istry of HF chemicals it is not the name or the function in the
HF process that is most informative. Instead, the chemical
structure lends substances the characteristics that make them
attractive as HF chemicals, and which determine the
physicochemical properties that govern environmental behavior
and the choice of adequate analytical methods. Figure 1
illustrates that structure and function are not necessarily
identical: the same chemical structure may serve different
functions, and the same effect may be achieved by different
chemical structures.
Our contribution, therefore, aims to bridge this gap by

bringing forward a comprehensive chemical classif ication of HF
chemicals (gray box in Figure 1). A dedicated Table in each
chapter illustrates the most frequently disclosed and structurally
informative compounds of each class. This enables a discussion
on why a certain substance is used in the HF process and what
possible alternatives exist. This classification by chemical
structure is used to discuss physicochemical properties49

together with environmental fate and toxicity,37 and this insight
is taken to select putative HF indicator substances together with
promising analytical methods. Reference is made to expedient
recent reviews.44,49 In particular, our Supporting Information
(SI) provides octanol−water and Henry’s law coefficients from
the U.S. EPA43 as well as log Koc values, regulatory data and
estimated environmental half-lives from Rogers et al.44 to
catalyze further assessments (see comprehensive list in the SI).
Finally, the categorization by compound class enables a
straightforward search by chemical structure and, therefore,
offers a crucial starting point to interpret analytical findings in
actual flowback and groundwater analyses. Identified substances
may be matched with similar structures from disclosed databases
to decode, on the one hand, the rationale of their putative use,
and to recognize, on the other hand, unexpected (=non-
disclosed) findings.
To make this overview as representative as possible, we relied

on quantitative information (i.e., chemicals are ranked according
to the frequency with which they were reported) from the
Waxman List and FracFocus (in three independent extracts:
SkyTruth, EPA and Rogers et al.42−44) in the United States as
the world’s largest producer of unconventional gas. To fully
exploit this information, we provide our overview in three ways.
The Supporting Information provides the full data set in the
form of an Excel document, where chemicals are listed by
compound class, but can also be searched by name, function,
CAS-number. In addition, available compound-specific informa-
tion (Henry’s law constant, octanol−water coefficient, regu-
latory data, environmental half-lives) and the number of
disclosures in the three databases are provided. A chemical
classification is also provided by Tables in the manuscript which
select the most frequently reported compounds (and some
additional, interesting hits) according to their chemical structure.
Finally, a concluding figure in the manuscript (Figure 3)
illustrates which substances and compound classes were most
frequently reported for each particular purpose in order to link
our contribution to existing literature and to consider which
typical chemicals are disclosed in an average HF operation.

■ MATERIALS AND METHODS
For the years 2005−2009 our overview is based on the Waxman
list, which states in how many commercial products a substance
was reported as ingredient. For the time January 2011 to July

2013 it relies on the FracFocus Chemical Disclosure Registry−
here, the information is on the number of products multiplied by
the times the product was reported. Both databases also differ in
that only substances with a valid CAS number are included from
the FracFocus Registry, whereas all disclosures are included
from the Waxman list. Because of the difficulty in extracting data
from the FracFocus Registryfor a summary of current
restrictions see the Task Force Report on FracFocus 2.041

(pages 17, 18)we made use of three existing data sets from
independent data analysis of FracFocus: by the nonprofit
organization “SkyTruth”,42 by the U.S. EPA43 and by Rogers et
al.44 The data provided by “SkyTruth” and the U.S. EPA are
both extracted from the FracFocus Chemical Disclosure
Registry 1.0. The difference between them is that the
“SkyTruth” extract of our study includes multiple disclosures
in the same fracturing event, whereas the U.S. EPA analysis
states at how many fracturing events an additive was reported,
without counting duplicate disclosures for the same fracturing
event. The same type of information is available from Rogers et
al.44 Here, data were extracted from the FracFocus Chemical
Disclosure Registry 2.0 including disclosures until November
2014, however, only for the U.S. states Colorado, North Dakota,
Pennsylvania, and Texas. Even though the data have, therefore,
different absolute numbers, the combined information from the
different databases allows reconstructing, and reaffirming,
relative trends in the original source (the FracFocus database).
Finally, since all data rely on voluntary disclosure by industry,
they are subject to intrinsic limitations: chemicals may not be
listed if their proportion in the HF additive was below 0.1%, or if
they were considered proprietary. For a summary of all sources
(original source, type of information, comments) see Table S1
in the SI.
After combining the entries from the four databases, we

reviewed the resulting list and grouped chemicals according to
their structure. In addition, identical entries reported under
different names were merged (e.g., Polyethylene glycol
monoundecyl ether, “Poly(oxy-1,2-ethanediyl)-alpha-undecyl-
omega-hydroxy” (CAS-No. 34398−01−1) and “Ethoxylated
undecyl alcohol” (CAS-No. 127036−24−2)). Further, entries of
acids and conjugated bases were merged when they were not
reported for pH control, but instead as complexing agents,
surfactants, etc., such as for “Ethylenediaminetetraacetic acid”
(CAS-No. 60−00−4), “Disodium EDTA” (CAS-No. 139−33−
3), “Disodiumethylenediaminetetra-acetate dehydrate” (CAS-
No. 6381−92−6), “Trisodium ethylenediaminetetraacetate”
(CAS-No. 150−38−9), “Tetrasodium ethylenediaminetetraace-
tate” (CAS-No. 64−02−8). Entries were also merged when the
chemical structure was poorly defined and CAS numbers were
missing, but when−judging by the available information−
compounds were indistinguishable, such as “Alcohol alkoxylate”,
“Alkyl alkoxylate” and “Oxyalkylated alcohol”. This procedure
did not only reduce the number of entries, but it also allowed
breaking down the list into manageable sublists according to
substance classes: “Gases and Non-functionalized Hydro-
carbons”, “Alcohols, Ethers, Alkoxylated Alcohols”, “Carboxylic
Acids” etc. These sublists correspond to the classification
typically found in textbooks53,54 and they allow for an overview
of the chemical functional groups used and why−even if the
same functionality serves different purposes in the HF process.

■ RESULTS AND DISCUSSION
Types of Hydraulic Fracturing Fluids and Required

Properties. All hydraulic fracturing operations require a base
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fluid (carrier medium) which must be of sufficiently low friction
to convey a high hydraulic pressure into the target formation so
that fissures are generated. In the process it must further acquire
sufficient viscosity to prevent loss of the base fluid into the
formation, and to transport proppants to keep the fissures open.
Subsequently, it must become of sufficiently low viscosity to
flow back so that the gas is released through the fissures and can
be recovered at the surface. In addition, the well must not be
plugged, and the well surface must be protected against
corrosion during the operation. Depending on the chemistry
and the depth of the geological formation, different types of HF
fluids can be chosen for these purposes.55,56 In formations of
shallow depth, gas fracks (where proppants are transported in
foamed or gelled gas) or slickwater fracks (where they are
suspended in water with a blend of friction reducers) have the
advantage that they do not require as many additives. For
example, slickwater fracks do not require gels and gel breakers.56

However, the fluid viscosity of slickwater is typically not
sufficient to keep proppants suspended long enough for HF
operations in greater depths.55,56 For this reason, gel fracks such
as outlined in Figure 2 are commonly applied, where the base
fluid (water in most cases, other fluids if the formation is water-
sensitive) contains a gelling agent that keeps proppants
suspended for a longer time. For optimum HF performance,
the mixture is of low friction at first, then becomes viscous
through the use of polymer cross-linkers, and subsequently
becomes nonviscous again by the use of breakers that cut
polymer (cross-)linkages. Alternatives are viscoelastic Surfac-
tants (VES) which contain surfactant molecules that self-
organize into three-dimensional structures with similar proper-
ties as cross-linked gels, but tolerant to salt content and easier to

break.57,58 Figure 2 illustrates further that a HF fluid must also
contain substances that protect the well surface against
corrosion (corrosion inhibitors), prevent the collapse of clay
structures in the formation (clay stabilizers), and prevent the
clogging of wells by precipitates (scale inhibitors) or biofouling
(biocides).
Figure 2 illustrates how such functional requirements are

related to chemical substance classes and, therefore, provides a
roadmap through this review. Each substance class is treated in a
dedicated chapter. An associated Table links chemical properties
with functionalities in the HF process by listing the most
frequently disclosed (based on FracFocus extracts by the EPA,
SkyTruth, Rogers et al.42−44 and on the Waxman List38), or
structurally most informative compounds of each class. The
same structural properties are subsequently discussed with
respect to environmental fate and monitoring strategies based
on Henry’s law constants/logKow compiled by the EPA43 and
based on logKoc data provided in Rogers et al.44 All data are
included in our comprehensive compilation in the SI. Each
chapter ends by discussing which compounds are likely relevant
based on toxicity24,44 and on environmental persistence44 (this
information is also integrated into the SI), and by identifying
possible indicator compounds and analytical methods. After this
treatment by substance class, the review is concluded by a section
which takes up the perspective of function again. By graphically
ranking the most frequently disclosed additives for the separate
functions in the HF process, an overview is given of which
additives are most likely to be encountered in an “average” HF
operation based on the information on operators and what
chemical alternatives exist.

Figure 2. Requirements of a gel-based HF operation and additives grouped by their technical function and their chemical classif ication (corresponding to
the Tables in the manuscript).
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Table 1. Most Frequently Reported Synthetic Polymers, Biopolymers and Inorganic Cross-Linkers, Together with
Corresponding Reaction Schemesa
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1. Polymers and Cross-Linkers. Chemical Properties
Relevant in the HF Process. Table 1 lists disclosed synthetic
polymers and biopolymers together with inorganic elements
that are conducive to condensation/cross-linking. As illustrated
by the functions and the frequency of disclosure, polymer
propertiesthat is, the linkage of bonds in three-dimensional
structural networksare used as protective layers against
corrosion at the well surface, for proppant coating, but most
prominently for gel formation within the HF fluid. A gelling
agent must first create a low-friction fluid, but provide in
addition functional groups that can be cross-linked at any
desired time to form three-dimensional cross-linkages for
enhanced viscosity. These properties can be provided either

by biopolymers such as guar gum and derivatized cellulose or by
synthetic (co)polymers of polyacrylamides and polyacrylates.
Table 1 illustrates that cross-linking of carbohydrate-based

biopolymers is only possible with hydroxyl groups that are in cis-
position to each other. The scheme in Table 1 illustrates that the
galactose units in guar gum have precisely this orientation
explaining the abundant use of this natural resource as gel-
forming agent. Table 1 further illustrates that polymers without
this cis-orientation of OH groups (such as cellulose) are
sometimes derivatized with hydroxypropyl or carboxymethyl
groups to make them water-soluble and to enable such cross-
linking. To establish cross-links, complexation of −OH groups
can be achieved with either borate or metal ions. Borate has the

Table 1. continued

aDegradation half-lives are from ref 44. A more comprehensive list of compounds together with physicochemical properties is provided in the SI.
n.r.: not representative; n.i.: not included.
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Table 2. Most Frequently Reported Gases, Hydrocarbons and Alcoholsa
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advantage that the complexation can be reversed by adding acid
as a breaker (left scheme in Table 1), but it has the disadvantage
that linkages are not stable at high temperatures.56 Metal ions
have the advantage of temperature stability, but the cross-linking
is not as easily reversed and some metal ions (e.g., ZrIV) form
precipitates when brought into contact with water.56 Until cross-
linking, ZrIV therefore, needs to be kept in an organic solvent by
careful choice of appropriate organic ligands (right scheme in

Table 1). The right choice of ligands may also allow a gradual
release of ZrIV leading to delayed cross-linking.59

Compared to biopolymers, synthetic polyamide/-acrylate
polymers have the advantage that they can be deliberately
designed for a spectrum of functionalities. Without cross-linking
they act as friction reducers and are, therefore, typical additives
in slickwater fracks.56 If the percentage of acrylate-derived
carboxyl groups is increased, these groups can be cross-linked
with metal ions to provide three-dimensional structures of

Table 2. continued

aHenry’s law constants and log Koc constants are taken from EPI Suite,71 degradation half-lives from ref 44, except for 4-nonylphenol.72 A more
comprehensive list of compounds together with physicochemical data is given in the SI. n.r.: not representative; n.i.: not included.
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elevated viscosity. The same carboxyl groups can also scavenge
metal ions from solution and act as scale inhibitor (see chapter
below), an effect that is enhanced by the introduction of
additional phosphinate moieties (Second entry of Table 1).
The frequency of reported guar gum versus polyacrylamide/

acrylate applications suggests that biopolymers, and therefore
gel-based fracks, are at least two to three times preferred over
synthetic polymers in putative slickwater fracks. The listing of
inorganic elements in Table 1 further suggests that low-
temperature gel fracks with borate are twice as frequent as high-
temperature fracks with zirconium. Disclosures, finally, suggest
that zirconium has almost completely substituted the previous
use of more toxic CrVI. Of the synthetic polymers,
polyacrylamide/polyacrylate (co)polmers, phenol/formalde-
hyde epoxy resins and thiourea copolymers are most frequently
disclosed (all about 10%). Epoxy resins are reported for general
use as proppant coatings (Table 1) and thiourea polymers as
corrosion inhibitors (Table 1).
Substances of Concern/Consequences for Environmental

Monitoring. Biopolymers, the listed acrylamides/acrylate and
silicone polymers are all of low toxicity where biodegradability is
better for acrylamides than for silicones.60−63 In water
treatment, the main relevance of these structures is likely their
high oxygen demand. Instead, potential substances of concern
are monomers such as acrylate, acrylamide, epichlorohydrin or
Bisphenol A (see Table 1). These monomers may either leach
out of the polymer, or they are, potentially, even applied
deliberately to conduct polymerization in situ during the HF
process which is a known practice to enable slow gel formation
at elevated temperatures (see, e.g., chapter 8 in Fink (2011)).59

In this context, the polyvinylidene copolymer listed in Table 1
features toxic monomers and is highly resistant to biodegrada-
tion or oxidation.64 Also phenol polymers for proppant coating
are potentially problematic, because unreacted phenolic
monomers can leach over time and the polymer is barely
degradable.65 Specifically, bisphenol A/epichlorohydrin
oligomers are ranked as acutely toxic, long-term aquatoxic and
carcinogenic.66

Of the cross-linkers, finally, borate is of greatest concern.
Although not regulated in North America, this substance is on
the European Chemicals Agency Candidate List of Substances
of Very High Concern because of its reproductive toxicity.67,68

Chromate has been of concern in the past, but is disclosed only
once in the Waxman List, and not on FracFocus, indicating that
its use has been discontinued.
To capture the potential influence of polymers and cross-

linkers on the environment, monitoring efforts should, there-
fore, focus on dissolved organic carbon and borate, ideally
complemented by analysis for inorganic metals such as Zr or Cr.
In addition, routine monitoring by gas chromatography or liquid
chromatography is recommended for organic monomers of
particular concern such as bisphenols, acrylamide and acrylate.33

2. Hydrocarbons, Alcohols. Chemical Properties Rele-
vant in the HF Process. Gases and hydrocarbon structures of
Table 2 are largely void of chemical functional groups, which
makes them suitable as either hydraulic f racturing base f luids or
as solvents. The high disclosure frequency of water-based
polymers (see previous chapter), however, indicates that oil-
based fracks or foam fracks are rare and that hydrocarbons are
primarily applied as solvents for the gelling agent in water-based
fracks. The use of petroleum hydrocarbons likely reflects the
necessity of supplying the gel forming agent (guar gum, etc.)
and additional additives (e.g., organic zirconium complexes) in a

medium that dissolves them in high concentrations, yet is to
some extent miscible with water so that the gel ends up in a
homogeneous water-based hydraulic fracturing fluid. In
addition, these hydrocarbons may also be present in the
formation and come up in the HF wastewater as geogenic
substances.69

Next to hydrocarbons, alcohols are the most frequently
disclosed solvents, in particular methanol and isopropanol
(Table 2). The distinguishing feature of alcohols is their −OH
group, which makes them miscible with water. Short-chain
alcohols, as well as alcohols with numerous alkoxy groups inside
their structure (“polyethylene glycol”, “alkoxylated alcohol”,
“Poly(oxy-1,2-ethanediyl)”) make for very polar organic
solvents to keep water, polymers and less polar hydrocarbons
together in homogeneous solution (“non-emulsifiers”). Polyols
with numerous −OH groups can act as complexing agents to
keep metal ions for cross-linking dissolved (“crosslinker”,
“crosslink control”) or to prevent geogenic precipitates (“scale
inhibitor”). Propargyl alcohol serves as corrosion inhibitor
because of its unsaturated bond which allows in situ polymer-
ization to form a protective polymer coating at the well
surface.70 Alkoxylated nonylphenols, finally, are used as solvents,
surfactants, and nonemulsif iers (Table 2).

Substances of Concern/Consequences for Environmental
Fate and Monitoring. Of the disclosed petroleum hydro-
carbons, many are notorious groundwater contaminants from
oils spills or leaking underground storage tanks at gasoline
stations. These compounds are both of concern because of their
acute toxicityin the case of occupational exposure of workers
and residentsand because of their persistence in the
environment. For example, benzene is classified as toxic in the
EU. It is regulated as water pollutant with a maximum
contaminant level (MCL) of 5 μg/L by the US-EPA and is
known to be rather persistent in the absence of oxygen. (For
degradation scenarios, we assume here that anaerobic
degradation and anoxic conditions are a likely scenario for
compounds in HF fluids, because the high organic carbon load is
expected to quickly use up any available oxygen.) Similar
concerns exist for BTEX (benzene, toluene, ethylbenzene,
xylenes), naphthalene or other alkylated aromatic and
polyaromatic hydrocarbons (PAH).
Many alcohols are primarily of concern because of their acute

toxicity during exposure. In contrast, they are more quickly
biodegraded in the environment. For example, methanol is
classified as toxic in the EU, but it is rapidly metabolized and not
expected to persist in the environment over longer time scales.73

Propargyl alcohol in pure form is toxic to humans, highly toxic
to aquatic organisms74 and was found to be carcinogenic in
rats.75,76 However, propargyl alcohol is further transformed in
the subsurface (1,3-hydroxyl shift and tautomerization to 1-
propenal,77 subsequent polymerization or oxidation) and is
readily biodegradable according to OECD criteria.74 It is,
therefore, expected to persist in the environment for weeks
rather than months after application, similar to other reactive
monomers (see acrylamide, epichlorhydrin, etc., in Table 1).
Alkoxylated alcohols (=polyglycol alkyl ethers) are not harmful
and their alkoxylated side chain tends to be readily biodegraded.
However, in the case of alkoxylated nonylphenolswhich,
together with Tergitol, are disclosed in 50% of all operations
such degradation leads to octyl- or nonylphenols.78−80 These
compounds are both persistent in the environment and of
ecotoxicological concern because they can act as endocrine
disruptors.81 Therefore, even though nonylphenols are seldom
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directly reported as hydraulic fracturing additives (Table 2) they
are nonetheless likely to form as a result of HF operations.
The abundant disclosure of BTEX hydrocarbons and

nonylphenol-based alcohols raises ecotoxicological concerns.
Also, these compounds may serve as potential tracers of
fracturing operations. Both aspects put a focus on their
partitioning in the environment and on adequate analytical
methods. Table 2 illustrates that, because of their high organic
carbon/water constants, hydrocarbons are expected to be
retained to some extent in the case of groundwater
contaminations. Also, Table 2 illustrates that most petroleum
hydrocarbons, as well as some (short chain) alcohols are
distinguished by their high volatility. Of all HF additives, these
compounds are therefore of greatest concern as air pollutants for
workers and nearby residents, and they should be target
compounds for air monitoring. Because of their high volatility,
these compounds can also be easily targeted by gas
chromatography-based analytical methods in both air and
groundwater monitoring. Liquid chromatography-based anal-

yses are the method of choice for alkoxy- and polyalcohols32

which are highly water-soluble, difficult to extract and have low
volatility, but whose limited half-life can make them convenient
short-term tracers for recent impacts of HF operations.

3. Inorganic Compounds. Chemical Properties Relevant
in the HF Process. Table 3 distinguishes between inorganic
compounds with an obvious chemical function (oxidants,
reductants, acids, bases) and those that are nonreactive/inert.
Among the inert insoluble minerals, SiO2 stands out by the
number in which its various formsquartz, cristobalite, in
microcrystalline form or as sandare reported as proppants.
Less frequent proppants are silicates, aluminum oxides, titanium
oxides, and iron oxides. These proppants are in addition often
coated by a synthetic phenol/formaldehyde epoxy polymer
(Table 1). Inert soluble salts (mostly alkali metal chlorides)
serve mostly for ionic strength control and, in small part, for clay
stabilization (by K+ exchange into clay interlayers,82 see section
below). Of the reactive inorganic chemicals, finally, most frequent
listings are pH control reagents (HCl and other acids/NaOH,

Table 3. continued

aA more comprehensive list of compounds together with physicochemical data is given in the SI. n.r.: not representative; n.i.: not included.
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KOH, and other bases) as well as oxidants ((NH4)2(S2O8),
Na2SO5, NaClO, NaClO2). Both pH control and oxidation
capability are crucial properties of breakers. Strong oxidizing
agents ((NH4)2(S2O8), Na2SO5, NaClO, NaClO2) effectuate

oxidative breakdown of the sugar backbone of biopolymer
structures (Table 1). Acids can remove borate-based cross-links
by shifting the equilibrium from borate to boric acid (Table 1).
An additional benefit of acids is the dissolution of precipitates

Table 4. continued

aHenry’s law constants and log Koc constants are taken from EPI Suite,71 degradation half-lives from ref 44. A more comprehensive list of
compounds together with physicochemical data is given in the SI. n.i.: not included.
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(scale inhibition), and oxidants may in addition serve as biocides.
Ammonia, finally, can complex iron and, thereby, avoid
precipitation of iron oxides and prevent uncontrolled cross-
linking83 (see role of FeIII as cross-linker in Table 1).
Potential Substances of Concern/Consequences for

Environmental Fate and Monitoring. Table 3 illustrates that
elements with long-term toxicity such as heavy metals are not
reported in disclosed HF additives. The greatest concern
deriving from additives can, therefore, be expected to lay in their
short-term reactivity, as well as in the change that these
inorganic additives induce in environmental conditions such as
salinity, redox potential and pH value. In contrast, inorganic
species that are naturally present in the formation water of many
shales are reported to bring heavy metals24,84,85and natural
radioactivity21,86 into HF wastewater, and formation water may
often have a higher salt content than typical HF fluids.87−89

With regard to inorganic species, formation waters can,
therefore, be expected to be of equal or even greater concern
compared to the HF fluid itself.
Besides the concerns of high salinity, heavy metals, and

radioactivity, the expected processes when components of HF
fluids and substances from the formation are brought together is
an important consideration. From a biological point of view,
microbial communities are affected by strong oxidants, whereas
the simultaneous presence of ammonium, phosphate, and high
DOM may cause eutrophic conditions in the HF wastewater. In
addition, ammonium features cytotoxic effects,90 as reported for
plants (Britto91 and references therein), bacteria,90 humans,92

and fish where acute LC50 values can start at 2 mg/L.93 From a
chemical point of view, experience from oxidative water
treatment shows that the application of oxidants in highly saline
water94some of them even consisting of reactive chlorine
species (NaClO, NaClO2)can form problematic halogenated
organics (“disinfection by-products”).35 Considering that most
formation waters are highly saline, and that, on average, four out
of five HF operations apply strong oxidants (see Table 3) the
possibility of similar byproduct formation must also be
considered in the course of HF operations.
Since many of the inorganic HF additives are either inert

solids (proppants) or chemicals of immediate reactivity (acids,
bases), not many of them are likely candidates as tracers for
hydraulic fracturing activities. However, the effect of salinity,
acids/bases and oxidants/reductants can easily be captured by
inexpensive monitoring for hydraulic conductivity, pH, and
redox potential. Such basic measurements are, therefore,
attractive as an early indicator of potential HF impacts on
groundwater. To further confirm the presence of formation
water, additional measurements may target radioactivity, organic
compounds by GC/LC-based methods, and screens for
geogenic heavy metals by ICP-MS (inductively coupled
plasma-mass spectrometry).
4. Amines and Quaternary Ammonium/Phosphonium

Salts. Chemical Properties Relevant in the HF Process. Table
4 shows that, though some amines are used as solvents
(isopropylamine) and surfactants (ethoxylated fatty amines),
the main use of amines relates to the buildup and cross-link
control of polymers. Hexamethylenetetramine (HMT)the
most frequently reported compoundis used as cross-linker in
phenolic resins for proppant coating (see “Phenol/Form-
aldehyde/Epoxy Polymers” entry in Table 1) and it greatly
enhances the performance of propargyl alcohol as corrosion
inhibitor.59 Diethylenetriamine, as well as mono-, di-, and
triethanolamine, are reported as cross-link control and activators

of cross-linking. This indicates that they are used as complexing
agents of ZrIV in order to control the rate and timing of guar
gum cross-linking. Since they are also reported as breakers,
ethanolamines appear to be able to shift the cross-linking
equilibrium in both directions, thereby enabling a reversibility in
the scheme “Metal Ions as Crosslinkers” in Table 1 that would
otherwise not be possible and which lends these substances their
property as breakers. Table 4 further includes 2,2′-azobis-2-
(imidazolin-2-yl)-propane dihydrochloride, a radical initiator for
polymerization, even though this compound was reported only
twice. This substance may either be an impurity of applied
polymers, left as a radical initiator of the polymerization process,
or used to initiate in situ radical polymerization directly in the
HF process, for example to enable slow gel formation at elevated
temperatures (see, e.g., ref 95 chapter 8). The second
interpretation would be consistent with the disclosure of
acrylate and acrylamide monomers in Table 1.
The low number of hits for amine oxides, finallywhich are

typical surfactants in VES applications96−98confirms our
earlier conclusion that viscoelatic surfactant-based fracks seem
to play a minor role in comparison to gel or slickwater fracks.
In contrast to amines, quaternary ammonium salts are used as

clay stabilizers, biocides, or corrosion inhibitors (see Table 1). Clay
stabilizers are necessary, because hydraulic fracturing can lead to
swelling of clays resulting in the collapse of permeabilities.
Short-chain quaternary ammonium salts (tetramethylammo-
nium chloride, choline chloride)also in oligomeric or
polymeric form or as fatty acid quaternary ammonium
compoundscan intercalate into clay interlayers because of
their positive charge and stabilize the clay in the formation82

(see entries in Table 4). Further, quaternary ammonium
compounds with long-chain hydrophobic alkyl chains (e.g.,
didecyl dimethylammonium chloride, DDAC) are lipophilic
cations. In this property, they may disrupt lipid bilayers and act
as a broad spectrum biocide to prevent microbial growth.48,99

Finally, aromatic N-heterocyclic ammonium compounds
(pyridine or quinolone-based) sorb to surfaces forming a
protective layer on the well surface against strong acids in the
fracturing process.

Potential Substances of Concern/Consequences for
Environmental Fate and Monitoring. The substances of
Table 4 are of concern either because of their acute toxicity
(alkyl amines) or because of their lipophilic/cationic character
that lends them biocidal properties (quaternary ammonium
compounds). Of the alkylamines, alkanolamines100 are more
biodegradable than diethylenetriamine101 or tertiary amines,102

and their aquatic toxicity is lower than of diethylenetriamine
which is ecotoxic and a suspect teratogen.103 Nevertheless,
alkanolamines are on the ECHA candidate list of chemicals of
concern in Europe.67 Quaternary ammonium compounds in
general can be toxic to susceptible species and moderately
persistent in the environment; despite their tendency to
sorption they are known to exit wastewater treatment plants
and reenter the environment.104 Tetramethylammonium
chloride is very toxic to aquatic organisms, toxic to humans
and not prone to biodegradation105,106.107 In contrast,
quaternary ester compounds are less toxic and more easily
biodegradable.107 Quaternium-18 Bentonite is chemically,
physically, and biologically inert with little or no toxic effects,108

and choline is of very low acute toxicity, even occurring naturally
in microorganisms, animals and humans.24 These differences in
toxicity indicate further potential of present-day HF operations
to reduce potential environmental impacts.
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Essentially all chemicals of Table 4 are not volatile. They are
positively charged and, thus, water-soluble at circumneutral pH.
Further, practically all compounds show a potential for sorption

to organic matter (long chain amines/quaternary compounds)
or into clay minerals (long and short chain quaternary
compounds). If released into the environment, these com-

Table 5. continued

aHenry’s law constants and log Koc constants are taken from EPI Suite.71 A more comprehensive list of compounds together with physicochemical
data is given in the SI. n.i.: not included.
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pounds are, therefore, expected to stay in receiving waters where
some of them may strongly sorb to sediments. Based on these
properties, liquid chromatography/ion chromatography-based
methods are most promising for chemical analysis. For
monitoring, compounds should be targeted that are indicative,
relevant, potentially persistent and not strongly retained. Based
on these criteria, tetramethylammonium and short-chain akyl/
alkanol amines are likely candidates.
5. Organic Acids, Esters and Amides. Chemical Proper-

ties Relevant in the HF Process. Table 5 lists frequently
reported organic acids (carboxylic, sulfonic/sulfuric, phos-
phonic/phosphoric) including esters and amides. While the
distinguishing feature of carboxylic acids is their −COOH
group, the rest of the molecule determines their function in the
HF process. Short-chain carboxylic acids like formic and acetic
acid are reported to serve as pH control, whereas the
hydrophobic tail of long-chain fatty acids or sulfonates enables
them to form protective surface layers as corrosion inhibitors on
surfaces and lends them properties as negatively charged
surfactants. Also carboxylic amides and esters are primarily
reported as solvents and surfactants (fatty acid esters and
diethanolamides) and f riction reducers (sulfamic acid). Specifi-
cally, even though formamide and dimethylformamide are
reported in corrosion inhibitor products, they actually represent
inert solvents for the contained active additives of Figure 3.109

Cocamidopropyl betainestypical viscoelastic surfactantsare
reported in only relatively small number. Table 5 further
illustrates that the presence of additional −OH, −COOH, or
−PO3H groups in compounds such as erythorbic acid, lactic
acid, glycolic acid, citric acid, ethylenediaminetetraacetic acid
(EDTA), nitrilotriacetic acid (NTA), or aminotrimethylene-
phosphonic acid lends these substances properties as complexing
agents. On the one hand, they can bind ZrIV and FeIII to avoid
premature cross-linking, (“crosslinker”, “iron control”), on the
other hand they form complexes with Ca2+ or other geogenic
cations to prevent precipitates (“scale inhibitors”).
A less obvious function of organic acids and esters is indicated

for benzoic acid, which is reported to serve as diverting agent,
alongside with such different chemical substances as phthalate
esters (Table 5), paraffin (Table 2) or collagen (Table 1). These
diverting agents are used as water-soluble plugs (“perf ball =
perforation ball sealers”)110 to seal conductivities in order to
divert the fluid to other parts of the target zone.111 These sealers
are used to minimize fluid loss into the formation and to enable
multistage HF.112 Their common feature is a solid, waxy
consistency which poses a physical resistance to the fracking
pressure, yet allows their gradual dissolution.
Finally, acids are expected to play a crucial role also as

breakers, by reversing borate-based cross-linking (see Table 1).
Considering that optimized hydraulic fracturing requires an
exact timing of cross-linking and breaking, much industry
research is reported59,113,114 to focus on delayed cross-linkers and
breakers, substances that are added to the original hydraulic
fracturing fluid, but develop their action only at a given time
after injection. Since such information is likely proprietary,
Table 5 may not give the full picture of available acids. In this
context, the following compounds of Table 5 are interesting
even though they do not rank among most frequently reported
additives: acetyltriethyl citrate (“breaker”), di(2-ethylhexyl)-
phthalate (“diverter”), diesters of sulfosuccinic acid (“scale
inhibitors”) and triethyl phosphate (“corrosion inhibitor”).
These substances have in common that hydrolysis of their ester
bonds converts them into active compounds. The importance of

such “masked” additives becomes clear when considering that
the effect of breakers can be a mixed blessing in the course of the
HF process. Citrate is beneficial when it complexes metal ions in
order to break cross-links (see Scheme in Table 1), but it may be
detrimental if the breaking occurs too early so that fluid loss
occurs into the formation and proppants are not well
transported. Elsewhere, in a similar strategy, polyglycolic acid
is reported to serve as a retarded acid59 for delayed breakage of
borate cross-links.

Potential Substances of Concern/Consequences for
Environmental Fate and Monitoring. Most substances of
Table 5 are not primarily of concern because of their inherent
toxicity, but they may become problematic because their
molecular design allows them to undergo specific reactions.
Complexing agents are of concern due to their potential
persistence and chelating effect which may cause mobilization of
metals,115 among them potentially geogenic radioactive
elements. Table 5 shows a variety of substances with different
environmental persistence. Whereas erythorbic acid, citric acid,
lactic acid or NTA are nontoxic and readily biodegradable,116

EDTA is significantly more persistent.117,118 Phosphonates are
even more persistent, but show strong sorption and, hence, low
concentrations in aqueous solution.119 Sulfonic acids are
generally of low toxicity, but poor biodegradability.120 Among
the diverters, finally, phthalate esters have received attention as
problematic plasticizers in childrens’ toys due to their gonadal
toxicity and hormone-active effects.121,122 In oligotrophic or low
oxygen environments, phthalate esters can remain in the
environment up to several months.123 In addition to these
disclosed substances, proprietary substances of presently
unknown structure potentially serve as retarded acids, bases or
complexing agents, as discussed above. These substances are
likely important for environmental assessments because, by
definition, they are designed to be transformed in the subsurface,
bringing about a potential for as yet unknown transformation
products.
Table 5 illustrates that most disclosed organic acids, esters

and amides have low volatility, but high water-solubility. With
the exception of phosph(on)ates, which strongly sorb to mineral
surfaces,124 these compounds are, hence, expected to be mobile
when present in groundwater. They are, therefore, of interest
both because of their environmental fate and because they may
be potential indicator substances of hydraulic fracturing
activities. While esters, amides and monocarboxylic acids may
be analyzed by either gas chromatography or liquid chromatog-
raphy-based methods, (poly)carboxylic acids are less volatile so
that liquid chromatography or ion exchange chromatography
are preferable. In addition, because polydentate acids can
complex heavy metals, analysis by LC-MS/MS (liquid
chromatography-tandem mass spectrometry) may be comple-
mented by inorganic analysis by LC-ICP-MS (liquid chroma-
tography-inductively coupled plasma-mass spectrometry). Fi-
nally, as discussed above, the possibility exists that some ester
structures are proprietary, because they represent “hidden”
delayed acids or complexing agents. This raises a particular need
for nontarget analysis: to detect, on the one hand, relevant
nondisclosed compounds and to discover, on the other hand,
potential transformation products of environmental rele-
vance.125

6. Electrophilic Compounds. Chemical Properties
Relevant in the HF Process. Electrophilic compounds can
form covalent bonds to nucleophiles like sulfur, nitrogen or
oxygen-based species. They, therefore, act as alkylating agents.
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Besides the electrophiles in Table 6, some monomers listed in
Tables 1 and 2, such as acrylamide, acrylate, epichlorohydrin or
propargyl alcohol, also belong to this compound class. Table 6
illustrates that electrophilic properties are used in different ways.
Benzyl chloride is used as in situ alkylation agent to ensure

complete quaternization of N-heterocyclic compounds for
improved corrosion inhibition (see Table 4). Cinnamaldehyde
and other monomers of Tables 1 and 2 serve as monomers for
polymerization. The majority of disclosed electrophilic com-
pounds in Table 6, however, are applied as biocides. Their use,

Table 6. Most Frequently Reported Electrophilic Compoundsa

aHenry’s law constants and log Koc constants are taken from EPI Suite,71 degradation half-lives from ref 44. A more comprehensive list of
compounds together with physicochemical data is given in the SI.
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environmental fate and toxicity have recently been treated in an
excellent comprehensive review.48 The toxicity of electrophilic
biocides relies on their reaction with −SH or −NH2 groups in
amino acids. Specifically, the CO double bond in aldehydes
(glutaraldehyde) reacts with −NH2 groups to form diamine
cross-links which lead to protein coagulation.126 C−Br bonds in
DBNPA undergo rapid reaction with − SH groups of cysteine or
glutathione127 so that proteins are damaged. The same is true
for the P atom in tris(hydroxymethyl)phosphine which is
formed from THPS in alkaline solution.127 These reactions have
in common that their toxic action can affect different
microorganisms in the same way leading to broad band
specificity. In this function compounds are tailored to meet
both the need for sufficient reactivity and rapid (bio)-
degradation on the one hand, and the need for a sufficient
persistence to support their toxic action, on the other hand.
Short-lived biocides are suitable to kill sulfate-reducing bacteria
during the HF process and, thus, to avoid corrosion by hydrogen
sulfide (biofouling). In contrast, more persistent biocides are
needed to sustainably prevent the growth of microorganisms so
that pipes are not clogged during gas production (bioclog-
ging).128 This different design is reflected in the half-lives of the
different compounds as illustrated in the selection of
compounds of potential concern at the bottom of Table 6.
Substances of Concern/Consequences for Environmental

Fate and Monitoring. Electrophiles are, by definition, of
potential concern because they may serve as alkylating agents of
proteins and DNA and are, therefore, designed to have an
adverse effect on organisms. Whether they are problematic in
the long run is determined by their persistence. For example,
even though glutaraldehyde (to the left in the box of Table 6) is
highly toxic, it is highly biodegradable so that it is commonly
considered an environmentally friendly biocide.128 In contrast,
compounds with longer half-lives (to the right of the box in
Table 6) are more persistent. However, even if parent
compounds are broken down, the properties of transformation
products must also be considered. For example, 2,2-dibromo, 3-
nitrilo propionamide (DBNPA) can form dibromoacetonitrile,
which is a more toxic and more persistent biocide than DBNPA
itself.129−132

With the exception of benzyl chloride, the compounds of
Table 6 are not volatile and they are all water-soluble. Because of
their toxicity they are also relevant for environmental
monitoring, even though some are short-lived and may not be
detected long after a HF operation. Based on their
physicochemical parameters, they can be targeted by a
combination of liquid chromatography and gas chromatography.
Typical Chemicals of an “Average” HF Operation. Even

though it is frequently stated that hundreds of HF chemicals
exist, and that general conclusions are difficult because the
choice of substances is site-dependent, our overview shows that
some general patterns nevertheless emerge with regard to the
use and chemical structure of additives. We may, therefore,
consider what chemicals are disclosed in an “average” HF
operation (Figure 3). Gel-forming Agents. One fourth to 50% of
all operations relies on guar gum, whereas specific acrylamides/-
acrylates are disclosed in only 10% of the cases (Table 1).
Solvents. Practically every operation relies on a combination of
methanol, isopropanol, ethanol, and petroleum distillates to
bring gel and cross-linkers into solution. Surfactants/Non-
emulsif iers. Most frequently disclosed compounds are ethylene
glycol derivatives, whereas the share of disclosed fatty acid
derivatives (sorbitan monooleate, about 20%) and sulfonic acids

(about 10%) is minor. Ethoxylated nonylphenols and Tergitol,
which may be degraded to problematic nonlyphenol, are
disclosed in a remarkable 50% of all operations. Cross-linkers.
Borate and Zr are reported in 30% or all operations, in a
proportion of about 2:1. Other compounds are marginal.
Breakers. On average, more than 50% of all operations report
oxidation agents as breakers such as peroxodisulfate, persulfate,
perborate, or chlorite. Acids may also function as breakers, but
do not show up in this ranking, since they are typically reported
as pH control. Disclosures of other substances (triethanolamine,
cellulase) are below 5% for each additive. Corrosion Inhibitors.
The vast majority of disclosuresthat is, every third
operationrelies on toxic and highly reactive propargyl alcohol,
followed by thiourea polymer and quaternized N-heterocyclic
(quinoline-based) derivatives (each about 10%). Tall oil acids,
inorganic thiosulfate and triethyl phosphate account for about
5% each. Clay Stabilizers. This functional class is reported in only
a fraction of operations. Nonproblematic choline chloride
dominates (about 15% of all operations), followed by KCl and
toxic tetramethylammonium chloride (each 5%). Scale Inhib-
itors/Complexing Agents. Biodegradable agents dominate: citric
acid (30% of all operations), ammonia (15%), erythorbate
(10%), and nitrilotriacetic acid (5%). Persistent EDTA was
disclosed in only about 5%, and inorganic phosphonic acid in
about 3% of all operations. Biocides. Electrophilic biocides
(orange bars) are more frequently disclosed than quaternary N/
P compounds (pink bars) and oxidants (see chlorite under
“Breakers”). Biodegradable glutaraldehyde (over 30%) domi-
nates, but also more persistent DBNPA (about 20%) and
quaternary ammonium compounds such as didecyl dimethy-
lammonium chloride (about 10%) are frequent.
The ranking of Figure 3 may now be compared to a summary

of HF chemicals that is provided on the FracFocus Web site
itself (https://fracfocus.org/chemical-use/what-chemicals-are-
used, accessed on December 17, 2015). The summary there
does not provide quantitative information in terms of
disclosures, but claims to contain the chemicals used most
often, and it provides an alphabetical list where chemicals are
grouped by function. While many compounds agree, several
important (and most frequent) chemicals are missing, among
them some of the most problematic substances: ethoxylated
nonylphenols, propargyl alcohol, DBNPA, sodium chlorite,
potassium chloride, and ammonium. The critical evaluation of
Figure 3, therefore, illustrates the importance of this present
overview, since available lists may not be complete, and it
suggests that the use of HF chemicals may presently not yet be
optimized for potential environmental impacts. Potentially
problematic compounds continue to be used, even though
environmentally friendly alternatives may exist. Aromatic
hydrocarbons and petroleum distillates may serve as example.
They are substances of toxicological concern, but are nonethe-
less used in practically every HF operation. The question arises
whether these compounds are truly indispensable and represent
the best choice of solvent. (For example, guar gum likely
dissolves equally well in more polar, less toxic organic solvents.)
A possible explanation is that these substances may have been
developed for HF of oil reservoirswhere their use seems
intuitive, given that the same aromatic hydrocarbons are already
present in the formationand that these blends may simply
have been adapted to the exploitation of gas resources without
looking for alternatives. A telling indication is the fact that even
though diesel was the one explicit additive that still required an
underground injection control (UIC) permit when the US
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congress exempted all other additives from the Safe Drinking
Water Act (“SDWA”), in 2005,133 diesel was still heavily used
between 2005 and 2009.134 After three congress members put a
particular focus on this additive in 2011,134 the use of diesel was
discontinued in subsequent years: Table 2 shows that the
Waxman List discloses that no less than 51 HF products with
diesel before 2009, whereas less than 0.2% of all operations used

this additive after 2011. An open, constructive discussion about
HF additives and equally effective alternatives may, therefore,
play a catalytic role in steering industry design toward more
environmentally friendly HF additives.128 Such a discussion
must in addition not only consider how of ten a HF chemical was
used (as discussed here) but also in what quantities/
concentrations. This aspect is not covered by this review, but a

Figure 3. Ranking of chemicals that may be expected in an average HF operation, based on number of disclosures on FracFocus (as evaluated by EPA
(ref 43) and Rogers et al. (ref 44)).
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comprehensive survey in a recent EPA report43 is easily available
for further considerations.
Environmental Significance. Our review offers a system-

atic overview of what has been a daunting number of reported
hydraulic fracturing chemicals. By classifying compounds
according to their chemical structure, meaningful subsets were
obtained which allow extracting recurrent features, critically
assessing hydraulic fracturing chemical use and discussing
alternatives. Combining this information with first insight on
flowback composition,32,69,78,86,135−138 we can attempt to
summarize potential impacts on human and ecosystem health
and derive consequences for monitoring schemes. Further, we
attempt to consider what chemicals may be of relevance that are
not yet contained in disclosed lists, what consequences this has
for future disclosure by operators and what research needs this
brings about in environmental chemistry.
Impacts on Human and Ecosystem Health. To assess

toxicological impacts in the course of HF operations, two
exposure scenarios are particularly relevant: occupational
exposure of workers and long-term exposure in the environ-
ment. For occupational safety our review identifies a number of
substances of particular concern based on their acute toxicity.
Electrophilic monomers that are used for polymerization such as
propargyl alcohol are expected to have the highest acute toxicity
and carcinogenicity. Also biocides may show effects even at low
concentrations. Microcrystalline silica is carcinogenic on
inhalation (Table 3). Petroleum hydrocarbons, citrus terpenes,
alcohols (methanol, isopropanol, Table 2) or alkylamines
(Table 4) are toxic and volatile so that their exposure may
also be relevant for nearby residents. Strong oxidants (Table 3),
borate (Table 1) tetramethylammonium chloride (Table 4) or
sodium metabisulfite (Table 3) can also become hazardous
when handled inappropriately.
For environmental exposure, on the other hand, our review

identifies relevant chemicals based on their ecotoxicity and
persistence. Biocides stand out, because they are designed to
have an adverse effect on organisms. N-heterocyclic corrosion
inhibitors (Table 4) have a structure related to some biocides
and are expected to show a similar toxicity and persistence.
Tetramethylammonium chloride and alkyl amines are additional
problematic N-containing compounds (Table 4), whereas
petroleum hydrocarbons (Table 2) are well-known, notorious
groundwater pollutants. Nonylphenols are endocrine disruptors
which can be formed by degradation of ethoxylated non-
ylphenols (Table 2). Finally, recent publications on geogenic
substances78,85,86,139−141 suggest that aromatic hydrocarbons,
mercury, arsenic, heavy metals and radioactive elements can
surface with the formation water and that they may be more
toxic than the actual HF additives themselves.24 Together with
the elevated salinity of formation water, they pose as yet
unresolved challenges to wastewater treatment. Even though
much interest is currently directed at HF additives, it is therefore
essential that also such geogenic substances are considered,
since they will play a crucial role in research efforts to minimize
environmental impacts of hydraulic fracturing.
Consequences for Monitoring Schemes/Chemical Analysis.

For air monitoring,7 our survey suggests that volatile hydro-
carbons (Table 2) are most relevant, possibly together with
volatile halogenated hydrocarbons as potential transformation
products.35 Practically all other reported HF additives are highly
water-soluble and/or nonvolatile. For water monitoring,
analyses of methane concentrations and 13C/12C ratios−in
combination with ethane and propane concentrations and noble

gas isotope ratios−have previously been brought forward as
strategy to characterize sources of abiogenic methane close to
fracturing operations.142−144 To detect not only gases, but to
also trace fracturing fluids and formation water, additional
measurements of salinity, lithium and boron isotope values have
been recommended.36,145 Our survey suggests that such
monitoring schemes could be complemented with organic
indicator substances, whichwhen detected togethermay
provide a chemical fingerprint of HF activities: (aromatic)
hydrocarbons (Table 2), (nonyl)phenols, (polyalkoxylated)
alcohols (Table 2), (polyalkoxylated) amines (Table 4),
quaternary ammonium compounds (Table 4), complexes of
metal ions with complexing agents (Table 5), biocides (Table 6)
and different sorts of surfactants (Tables 2, 4, 5). In particular,
analysis of the relative proportion of easily degradable
compounds (polyalkoxylated alcohols and amines, certain
complexing agents and surfactants) versus persistent substances
(certain hydrocarbons, nonylphenols, tetramethylammonium,
EDTA) may give information about the age of the flowback
fluid, and the potential for natural attenuation. Indeed, first
investigations of flowback,135,146,147 produced water,69,78,136

residual gas wastewater,138,148 and contaminated ground-
water149 consistently report detection of aliphatic and aromatic
hydrocarbons, further putative detects of (nonyl)phenols,78,147

fatty acid and amine surfactants,78 phosphate esters,136

polyalkoxylated alcohols,32,78,138 butoxyethanol,149 chlorinated
hydrocarbons,136,146 and phthalate esters.78,136,147 These initial
reports give a promising glimpse on the potential of chemical
fingerprints as tracers of HF activities. Further careful
investigations will be necessary to confirm these findings in a
larger number of studies including more locations, and applying
high resolution analytical methods (regarding both, peak
resolution and mass resolution) with confidence assignments
to pinpoint the chemical identity of putative detections.

Potential for Additional Chemicals of Relevance. Based on
our assessment we furthermore postulate that the lists of
compounds from FracFocus and the Waxman report are not
sufficient for environmental assessments. Instead, additional
compounds may be relevant which are presently not disclosed
or even known. (i)Not disclosed. As discussed above, some of the
substances which are currently claimed proprietary are likely
designed to form active agents in situ by deprotection reactions.
Because of this built-in reactivity the substances are by definition
relevant for environmental assessments, even if they are not
toxic in the first place. (ii)Not known. In particular, substances of
significant abiotic and biotic reactivity in the subsurface bring
about the potential for new transformation products. In the case
of some highly reactive and toxic monomers (propargyl alcohol,
Table 2; acrylate, epichlorhydrin, Table 1) or alkylation agents
(benzyl chloride, Table 6) transformations are expected to be
beneficial and to result in products of lower toxicity. In contrast,
degradation of alkoxylated nonylphenols (Table 2) may yield
nonylphenols as persistent, problematic metabolites. Of
particular concern is the possibility that halogenated hydro-
carbons may be formed, because they are known as notorious
groundwater contaminants from applications of high-volume
industrial organohalogens such as chlorinated solvents,
brominated flame retardants, etc. Our survey shows that hardly
any organohalogens are reported for use in HF operations (see
SI). However, halogenated hydrocarbons may be formed when
strong oxidants (Table 3) are applied to organic compounds in
the presence of highly saline formation water, as recently
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demonstrated for oxidative treatment of hydraulic fracturing
wastewater.35

These considerations illustrate the need for two kinds of
future actions. On the one hand, there is the need for
environmental chemists to perform further research into the
possibility of subsurface transformation reactions. Knowledge
about potentially problematic substances is important for
environmental assessments as well as for wastewater treatment,
and the possibility exists that these compounds presently
constitute a blind spot in assessments. Monitoring schemes
should therefore involve nontarget analysis to screen for such
substances, and mechanistic hypotheses of product formation
should be further investigated in laboratory experiments.
On the other hand, since reaction of proprietary compounds

can form new substances of unknown structure and toxicity, a
full disclosure of all HF additives is the prerequisite of this
much-needed research. Indeed, initiatives in this direction are on
the way−both the Secretary of Energy Advisory Board Task
Force Report on FracFocus 2.0 in the U.S.41 and a current Draft
Legislation on Fracking in Germany27 advocate the establish-
ment of professionally maintained and easily accessible
databases with full disclosure of all chemical hydraulic fracturing
components. The present review supports these initiatives and
emphasizes the need to set up a registry which facilitates a quick
overview as provided in this review: what chemicals are used in
what frequency, in what quantity, for what reason and what
alternatives exist. Such a complete set of easily accessible
information is crucial to adequately inform the public, to assess
fate and toxicity of the compounds in environmental impact
assessments and to initiate academic research to close urgent
research gaps. As advocated in the Energy Advisory Board Task
Force Report on FracFocus 2.0, the benefits of full disclosure
that is, the possibility of raising societal acceptance by making
the use of chemicals better and more transparentmay
outweigh, in the long run, any intellectual property value.
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