The Pennsylvania State University
The Graduate School
Department of Civil and Environmental Engineering

CHARACTERIZATION OF ORGANICS IN THE MARCELLUS SHALE
FLOWBACK AND PRODUCED WATERS

A Thesis in
Environmental Engineering
by
Robert Wolford

© 2011 Robert Wolford

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science

August 2011

The thesis of Robert Wolford was approved* by the following:

Brian Dempsey
Professor of Environmental Engineering
Thesis Advisor

William D. Burgos
Professor of Environmental Engineering
Professor in Charge of Graduate Programs

Michael Arthur
Professor of Geosciences

*Signatures are on file in the Graduate School

ii

ABSTRACT
The objective was to accurately characterize organic matter in flowback and
produced (> 30 days after fracking) water from Marcellus shale gas development.
Flowback and produced waters contain high concentrations of chloride, barium, and
bromide. The Gas Technology Institute also reported that average chemical oxygen
demand (COD) in flowback waters was 8500 mg/L while the average total organic
carbon (TOC) was only 39 mg/L, resulting in an impossibly high COD/TOC ratio of 220.
Thus the motivation was to investigate the accuracy of the COD and TOC analyses. We
also applied a novel organic fractionation strategy to qualitatively identify organic matter,
analyzed for some organics that are added to the fracking solutions, and measured
inorganic constituents.
A sample that apparently contained 19,000 mg/L COD based on conventional
analytical procedures was found to contain only 500 mg/L COD and 80 mg/L TOC,
resulting in a more reasonable COD/TOC ratio. Most of the organic matter was organic
acids, which are also the dominant constituent in extracts of organic shale that have not
been hydrofracked. Analysis of the produced waters by FT-IR also showed the presence
of humic material, however further analysis and low SUVA numbers showed that this is
probably a minor constituent. Analysis by GC/FID and HPLC showed that the waters
contained low amounts of organics that were added to the hydrofracking solution. These
results indicate that flowback waters contain some of the fracking constituents while the
majority of organics in produced waters are natural compounds from the shale.
Keywords: Marcellus Shale, flowback, produced, chemical oxygen demand, natural
organic matter, humic
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1. INTRODUCTION

The Marcellus Shale is large shale formation that covers an area of about 240,000
km2 (Kargbo et al. 2010) below 5 states. Much of this area is contained in the state of
Pennsylvania. Within this shale formation is a large amount of natural gas that can have
major implications for the United States and the economics of Pennsylvania. Through
advances in drilling technology (that will not be discussed here) it is possible to extract
natural gas from the shale formation. The drilling process utilizes large amounts of
water, containing a variety of chemicals to achieve the desired extraction of the gas.
This water is pumped into the well in a process known as hydrofracturing or “fracking”.
Upon completion of the process, the injected water seeps back to surface in the form of
flowback water (down the well less than 30 days) or produced water (down the well
greater than 30 days).
The purpose of this thesis will focus on the characterization of these waters. A
great deal of information is either unknown about these waters or has been deemed
proprietary by the drilling companies. The data that is available shows some results that
do not entirely make sense and require further study to explain. This thesis is formatted
in a journal style with chapter 3 discussing in detail data about the COD and TOC of
these waters. Included in this chapter is data from previous reports that required further
study. This chapter exclusively involves the measurement of COD and TOC and the
interferences that effect these measurements. Chapter 4 deals with the characterization
of organic material contained within these waters as well as a brief description of COD
results. The experiments described in this chapter were designed to understand more
1

thoroughly the composition of the waters. The content from chapter 3 is currently being
developed into a short paper for submission to a peer reviewed journal and chapter 4 will
also be submitted for publication in its entirety.
The topics discussed in this thesis shed light on the composition of the flowback
and produced waters. This knowledge will be useful as treatment processes for these
waters are still under development and will become increasingly needed as more wells
are drilled. Improved knowledge about the organic make up of these waters will increase
effectiveness of the treatment.
The first objective in this work was to accurately determine COD and TOC
concentrations in flowback and production waters from hydrofracking activities in the
Marcellus shale. This objective was motivated by consistent reports of unreasonably high
ratios of COD to TOC. A second objective was to measure the concentrations of some
chemicals, especially glycols and low molecular-weight organic acids that are used in
high concentrations in hydrofracking solutions. The third objective was to identify
important groups or functional moieties of organic matter in flowback and production
waters.
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2. MATERIALS AND METHODS
Samples
Samples were obtained from Terra Aqua Resource Management (TARM) located
in Williamsport Pennsylvania. They are a treatment facility that accepts Marcellus Shale
flowback and produced waters for the purpose of reuse. Upon intake, waters are
separated into large containers (21000 gallons) and mixed with other like waters.
Samples for our tests were taken from these large containers and therefore each sample
studied here could represent a mixture of flowback and produced waters. Identification
of samples as flowback, produced water, or a mixture of the two were based on
information provided by staff at TARM. Samples were taken while holding tanks were
being filled from tanker trucks after the holding tanks had been almost completely
drained of the previous sample and therefore mixing was very good and samples were
fresh from the truck. Volatile chemicals could have been lost and other transformations
could have occurred during flowback, storage on-site, transfer into the tanker truck,
transport to the TARM facility, and transfer into the storage tank. After collection, the
samples were immediately transported to the laboratory and were stored at 4C in
polypropylene bottles.

Chemical Oxygen Demand (COD) Determination
COD is a measure of the equivalent concentration of oxygen that would be
required to oxidize all of the organic matter plus some oxidzable inorganic constituents in
the sample (Kayaalp et al. 2010). The test is performed by exposing the sample to a
strong oxidizer, typically potassium dichromate, under acidic conditions (50% sulfuric
acid solution) and heating for 2hrs at 150°C. The sample is then analyzed by a
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colorimetric (used most commonly) or titration method to determine the amount of COD
in mg/L (APHA, 1995).
Hach COD test kits were used for the COD analysis. High and low range vials
(up to 1500 and 150 mg/L COD respectively) were tried using different dilutions of the
flowback water sample. In most experiments 0.5g of mercuric sulfate was used to bind
chloride, then 2mL of sample was added to the vials and the mixture was digested for 2h
at 150˚C in a heating block. The samples were allowed to cool and then were analyzed
colorimetrically at 620nm (high range) or 420nm (low range) according to Hach Method
8000 or using the titration endpoint.
The titration method is described in Standard Methods 5220. In this method the
residual potassium dichromate in the digestion vial is titrated with 0.05M ferrous
ammonium sulfate (FAS) in the presence of ferroin indicator until the color of the
solution changes from a blue green color to a red brown color. The amount of the FAS
used to achieve the color change is recorded and used in the calculation of COD (shown
below). For this method, the low range Hach COD vials were used with the addition of
0.5g of mercuric sulfate to bind chloride. “Homemade” vials were also used consisting
of 0.025N potassium dichromate, concentrated sulfuric acid, and mercuric sulfate to test
the molarity of the FAS solution. The test is performed by adding 2mL of diluted sample
to the digestion vial and heating to 150°C for 2h. The sample is then cooled to room
temperature. Two drops of ferroin indicator are added and then the sample is titrated
with FAS until the desired color change is seen.
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A = Amount of FAS used in a blank titration
B = Amount of FAS used in sample titration

Chloride Interferences and Addition of Mercuric Sulfate

Chloride ions can interfere with the determination of COD in two ways. The first
is in a reaction with the silver sulfate added as a catalyst. The chloride can react with the
silver sulfate rendering it unavailable to catalyze the oxidation of organic matter. (Belkin
et al. 1992). The second way in which chloride can interfere with the measurement is by
the free chloride ions becoming oxidized leading to results that are biased high (Belkin et
al. 1992). Mercuric sulfate added in a 10:1 weight ratio HgSO4:Cl- can prevent the
interfering effects of Cl- on the COD test up to a Cl-concentration of 5000 mg/L
(Baumann, 1974). The addition of HgSO4 will bind the Cl- in solution to form HgCl2
(Vyrides et al. 2008), preventing it from oxidizing to Cl2 and interfering with the COD
test.

Metal Precipitation
Barium, calcium, and strontium can be removed by precipitation with sodium
sulfate. Adding sodium sulfate in a 1:1 molar ratio with the combined amounts of
barium, calcium, and strontium will facilitate the formation of BaSO 4, CaSO4, and SrSO4,
which will precipitate out of solution. The solution is then filtered under vacuum
through a 0.22μm filter to remove the precipitate.
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Glucose Addition Experiment
An experiment was conducted to determine exactly what is being measured in the
COD test and to determine the accuracy of the colorimetric test.. To accomplish this,
glucose was spiked into COD vials in amounts that represent 25%, 50%, 100%, and 150%
of the amount of COD that the vial can measure. The vials were then digested as per the
method above and analyzed for.
Glucose standards were prepared at concentrations of 4000 mg/L (for the high
range vials and 400 mg/L (for the low range vials) in DI water. Glucose was spiked into
COD vials in amounts that represented 25%, 50%, 100%, and 150% of the oxidizing
capacity of the potassium dichromate in the vial. The vials were then digested as per the
method above and analyzed for COD to test the accuracy of the colorimetric
measurement.

Determination of Bromide Interferences
Potassium bromide solutions were made in concentrations of 500, 1000, 2500,
4000, and 5000 mg/L and then 2mL of each solution was added to a Hach low range
COD vial containing 0.5 g of HgSO4 and digested according the method described above.
The vials were analyzed by the colorimetric and the titration method.
Possible bromide interference was also investigated using a standard addition
method in which 2mL of a 50x diluted flowback water sample was added to each of four
Hach low range COD vial containing 0.5 g of HgSO4and then potassium bromide
solution was added to achieve bromide concentrations of 7.5, 15, and 22.5 mg/L in
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addition to the bromide in the sample dilution. The vials were then digested as described
above and analyzed using both colorimetric and titration endpoints.

Fractionation Technique to Identify Organic Functionalities
An organic fractionation technique was used (Kim and Dempsey, 2008) to
separate and analyze the organic fractions in the flowback and production water. The
resin columns were prepared as previously described. Diluted water samples were pH
neutralized and filtered through a 1μm Whatman glass fiber filter. The samples were
then pumped at 2mL/min through consecutive columns containing DEAE resin (anion
exchanger to remove organic acids) and XAD-4 resin (non-ionic resin to remove
hydrophobic and transphilic, HPO and TPI, base/neutrals). HPI base neutrals are not
removed by the resins and will be contained in the effluent from the XAD-4 column.
Forty mL samples for TOC testing were collected after neutralization, filtration, and after
each resin column after the solution was pumped for 2 h. TOC values in these
experiments represented residual organic matter after each sequential fractionation step,
i.e., the organic carbon that was not removed. Thus the TOC after filtration represented
HPO, TPI, and HPI acids, bases, and neutrals, while the effluent from the XAD-4 column
contained only HPI base/neutrals.

Additional Fractionation to Isolate Organic Acids
An additional fractionation procedure was used in an attempt to quantify the
concentration of organic acids in the sample waters. Samples were adjusted to pH < 2
with HCl. Fifty mL of sample was pumped onto a column containing DAX-8 resin. The
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resin was cleaned and prepared prior to fractionation using successive washes of 0.1N
NaOH (3BV) and 0.1N HCl (5BV) where BV=50mL. The adsorbed organic matter was
back eluted from the column using approximately 2BV of 0.1N NaOH. The extracted
sample was then pH adjusted to approximately 5 using concentrated HCl. The final
extract was analyzed for non-purgable organic carbon (NPOC).

Infrared Spectroscopy Analyses
To determine if flowback and production waters contained humic materials,
samples were acidified to a pH<2 with 1N HCl and was allowed to sit overnight. The
samples were then filtered though a 1μm G/F filter and solids and filters were allowed to
dry in a desiccator for at least one week. The solids were then analyzed by Fourier
transform infrared spectroscopy (FT-IR) with attenuated total reflectance (ATR).
A Nicolet 6700 FT-IR with a Smart Orbit post was used for the analysis of
extracted liquid flowback and production water samples as well as filtered solids from the
waters. The samples were analyzed from 400 – 4000 wavenumbers for absorbance.

SUVA Determination
Samples were analyzed by UV-Vis at 254 nm for the presence of compounds that
absorb light at that wavelength. The purpose of the analysis was to determine the nature
of the components in the sample. Samples that show a high SUVA value ( >2 L/mg M)
contain higher molecular weight compounds that contain aromatic ring structures. The
calculation of the SUVA value is shown below:
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Analytical Procedures
UV-visible spectroscopy
A Shimadzu UV-1601 UV-Visible Spectrophotometer was used for all methods
that needed UV-Vis analysis. Two different modes were utilized including a photometric
method (analyzing at one wavelength) and a scanning mode (analyzing from 650 nm to
300 nm).

Metals Analysis
Metals were analyzed by Penn State University’s Materials Characterization Lab.
A Perkin-Elmer Optima 5300 UV Inductively Coupled Plasma Atomic Emission
Spectrometer (ICP-AES) was used to obtain results. Results were calibrated using
synthetic standards from High Purity Standards.

Total Organic Carbon (TOC) Analysis
A Shimadzu TOC-V CPH/CPN Total Organic Carbon Analyzer was used to
determine the amount of organic carbon in the flowback and produced water samples.
All samples were analyzed for non-purgable organic carbon (NPOC) by acidifying with
1N HCl. Samples used for the fractionation to determine organic functionalities were
acidified to pH<2,followed by a nitrogen purge, digestion in the presence of a Pt catalyst
(supported by Al2O3) at high temperature, and quantitative analysis of the produced CO 2.
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All other samples (samples used for NPOC analysis of raw waters and the fractionation to
isolate organic acids) were pH adjusted to 5 and aerated before analysis instead of pH<2
to prevent precipitation of humic materials in the autosampler vials.

Gas Chromatograph / Flame Ionization Detector (GC/FID)
GC/FID was used to determine if the flowback and production waters contained
any ethylene glycol, 1,2-propanediol, and acetic acid. EPA method 1671 was used for
the determination of ethylene glycol and 1,2-propanediol using a Supelco SPB-1 Sulfur
fused silica column (30m x 0.32mm x 4μm). The GC oven was set for 40°C for 2min
and ramped at 10°C per minute to 180°C. The inlet temperature was set at 200°C and the
FID temperature at 300°C. An injection volume of 2μL was used. Calibration curves
were constructed for both ethylene glycol and 1,2-propandiol from 1mg/L to 150mg/L
and had R2 values of 0.994 and 0.993 respectively. All samples were filtered through a
1μm G/F filter prior to injection.
The acetic acid GC/FID method used a Restek Stabilwax DA column (30m x
0.32mm x 0.50μm). The GC oven was set at 60°C, ramped 20°C per minute to 120°C,
ramped 30°C per minute to 240°C and held for 3 minutes. The inlet temperature was set
at 225°C and the FID temperature was 250°C. The flow rate was 30mL/min with a 10:1
split ratio and a 0.5μL injection. A calibration curve was constructed from 1mg/L to
100mg/L and had an R2 of 0.995. All samples were filtered through a 1μm G/F filter prior
to injection.
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High Pressure Liquid Chromatography (HPLC)
HPLC was used to determine if the flowback and production waters contained
citric acid. An Allure Organics Acids column (250mm x 4.6mm x 5μm) was used with a
temperature program of 30°C for 12min. A 50mM phosphate buffer at a pH of 2.3 was
used as the mobile phase with a 1mL/min flow rate. A injection volume of 25μL was
used and the detector wavelength was 210nm. A calibration curve was constructed from
10mg/L to 150mg/L and had an R2 value of 1.00. All samples were filtered through a
1μm G/F filter prior to injection.
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3. COD AND TOC OF THE MARCELLUS SHALE FLOWBACK AND
PRODUCED WATERS

3.1 Introduction
The Marcellus Shale is located in parts of Pennsylvania, New York, West
Virginia, Ohio, and Maryland (Kargbo et al. 2010). Within the shale formation is an
estimated 489 trillion cubic feet of natural gas (Kargbo et al. 2010). The natural gas from
this shale formation has the potential to produce significant revenue even with the costs
associated with the drilling and hydrofracture processes. These costs can be 3 to $5
million per well (Kargbo et al. 2010).
The development of the Marcellus Shale also represents environmental issues.
Large volumes of water are used for the drilling and hydrofracture process. From 2 – 9
million gallons of water are needed to hydrofracture a horizontal well one time and wells
will be hydrofracked several times in order to maintain gas production (Abdalla et al.
2009). Water can be taken from surface waters, ground waters, or municipal waters and
the large withdrawals can strain available resources (NY DEC). At the location of the
well pad, surface spills caused by tank ruptures, overfill, and accidents can introduce both
fracking solutions and flowback water into the environment where it can contaminate
soils and ground water (NY DEC). Some of the chemical compounds that are added to
fracking solutions are listed in Table 3-1.
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Table 3-1: Chemical components and functions of fracking additives. Table
taken from (Bishop, Delaware Riverkeeper Network)

The disposal of flowback water can present another environmental issue. While most
flowback water is recycled for reuse at the current time, additional treatment and disposal
options need to be developed. Treatment processes under consideration are
physical/chemical separation, thermal distillation, reverse osmosis, and ion exchange
(NY DEC). Flowback water contains high amounts of total dissolved solids (TDS) as
well as metals such as barium, strontium, and calcium. Naturally occurring radioactive
materials (NORMs) are also a concern (Kargbo et al. 2010). Other environmental issues
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involve the preservation of wetlands and issues with constructing and maintaining
roadways.
High concentrations of chemical oxygen demand (COD) have been reported in
flowback waters. COD is the measure of the amount of O2 needed to oxidize organic
matter in the sample (Kayaalp et al. 2010). The test is performed by exposing a sample
containing organic matter to a strong oxidizer, typically potassium dichromate, under
acidic condition (50% sulfuric acid solution) and heating for 2hrs at 150°C. The sample
is then analyzed by a colorimetric endpoint (used most commonly) measuring either
residual dichromate or the reduced product Cr(III) or by a titration method in which
residual dichromate is reacted with Fe(II). Either method identifies the COD in mg/L of
O2 that would be required to achieve similar oxidation of some inorganic and all organic
matter in the sample (APHA, 1995).
COD can be partially due to reduced inorganic species such as sulfide or nitrite
resulting in higher COD (Lu et al. 2005). Nitrite has been reported in flowback waters at
concentrations as high as 77.4 mg-N/L however most samples were very low or nondetect (Hayes, 2009). Other reports show that nitrite is not present in significant
concentrations in flowback (NY DEC) and is not considered to be a significant
contributor of COD for Marcellus samples. Sulfide has been found in some flowback
waters (Bishop, Delaware Riverkeeper Network) but Marcellus gas is generally "pipeline
ready" due to very low concentrations of hydrogen sulfide. Sparging samples with
nitrogen produced no reduction of COD compared to unsparged samples and there was
no smell that would indicate hydrogen sulfide in samples analyzed for this study,
indicating that sulfide is not a significant contributor of COD in these samples. Other
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reduced inorganic species such as manganous, ferrous, or sulfite can produce COD.
Manganese and iron were present at very low concentrations (as seen in Table 3-4) and
will not produce significant interference. Sulfite is also present in these waters at low
concentrations (Table 3-4, Hayes, 2009). All samples used in this study were continually
in contact with air and reduced inorganic species are not expected to persist in the
samples. Thus it is likely that most of the COD in these samples was due to organic
matter.
Several compounds are known to cause interferences during COD measurements.
The most commonly observed interference is chloride. Chloride can be oxidized by
dichromate during the COD test to produce Cl2, which will give erroneously high results.
Chloride can also react with AgNO3 that is added to catalyze oxidation of volatile
hydrocarbons and this can result in negative interference (Belkin et al. 1992). The
addition of mercuric sulfate in a weight ratio of 10:1 HgSO 4:Cl- can prevent interferences
for chloride concentrations up to 5000 mg/L (Baumann, 1974) by forming a mercuric
chloride complex that will not interfere with the COD measurement (Dobbs et al. 1963,
Belkin et al. 1992). Bromide can also be oxidized during the COD test to produce Br 2 or
it can precipitate with AgNO3. Addition of mercuric sulfate does not prevent interference
by bromide (Belkin et al. 1992). Chloride and bromide interferences occur during the
digestion procedure and will affect both the colorimetric and the titration endpoints.
Although not reported in the literature, to our knowledge, metals that form
precipitates with sulfate during the COD test could also result in positive interference, as
will be shown in this chapter. The precipitates can scatter light and therefore can cause
interferences in the COD test when the colorimetric endpoint is used. Metals of
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particular interest in Marcellus Shale flowback water are barium, strontium, and calcium.
These metals will react with sulfuric acid, which is present during the COD test, and
precipitate as metal sulfate compounds.
The Gas Technology Institute reported that average COD from 17 wells sampled
14 days after hydrofracture was 8530 mg/L while the TOC was only 38.7 mg/L (Hayes,
2009). This result produces an unreasonably high COD/TOC ratio of 220. Unusually
high ratios of COD to TOC can indicate inaccuracy in either or both COD and TOC
measurements. The theoretical COD to TOC ratio is highest for methane at 5.33 from the
following formula: CH4 + 2O2 = CO2 + 2H2O. Since flowback and production water
from the Marcellus Shale are exposed to air and methane is volatile, therefore these
samples should be free from methane and the ratio of COD to TOC should be lower than
5.33.
Therefore the first objective of this part of the study was based on the hypothesis
that previously reported COD values were incorrect due to positive interference
associated with precipitation of alkaline earth sulfate precipitates; the objective was to
determine what interferences are present in these waters and how they affect the
measurements of COD and TOC to produce an unreasonably high COD/TOC. The
second objective was based on the hypothesis that the reported ratios of COD to TOC for
Marcellus shale flowback were in error; the objective was to accurately determine COD
and TOC values in samples of the Marcellus Shale flowback and produced waters.
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3.2 Materials and Methods
Samples
Samples were obtained from Terra Aqua Resource Management (TARM) located
in Williamsport Pennsylvania. They are a treatment facility that accepts Marcellus Shale
flowback and produced waters for the purpose of reuse. Upon intake, waters are
separated into large containers (21000 gallons) and mixed with other like waters.
Samples for our tests were taken from these large containers and therefore each sample
studied here could represent a mixture of flowback and produced waters. Identification
of samples as flowback, produced water, or a mixture of the two were based on
information provided by staff at TARM. Samples were taken while holding tanks were
being filled from tanker trucks after the holding tanks had been almost completely
drained of the previous sample and therefore mixing was very good and samples were
fresh from the truck. Volatile chemicals could have been lost and other transformations
could have occurred during flowback, storage on-site, transfer into the tanker truck,
transport to the TARM facility, and transfer into the storage tank. After collection, the
samples were immediately transported to the laboratory and were stored at 4C in
polypropylene bottles.

Chemical Oxygen Demand (COD)
COD was analyzed by a colorimetric (used most commonly) or titration method
to determine the amount of COD in mg/L (APHA, 1995). Hach COD test kits were
used for the COD analysis. High and low range vials (up to 1500 and 150 mg/L COD
respectively) were tried using different dilutions of the flowback water sample. In most

17

experiments 0.5g of mercuric sulfate was used to bind chloride, then 2mL of sample was
added to the vials and the mixture was digested for 2h at 150˚C in a heating block. The
samples were allowed to cool and then were analyzed colorimetrically at 620nm (high
range) or 420nm (low range) according to Hach Method 8000 or using the titration
endpoint.
The titration method is described in Standard Methods 5220. In this method the
residual potassium dichromate in the digestion vial is titrated with 0.05M ferrous
ammonium sulfate (FAS) in the presence of ferroin indicator until the color of the
solution changes from a blue green color to a red brown color. The amount of the FAS
used to achieve the color change is recorded and used in the calculation of COD (shown
below). For this method, the low range Hach COD vials were used with the addition of
0.5g of mercuric sulfate to bind chloride. “Homemade” vials were also used consisting
of 0.025N potassium dichromate, concentrated sulfuric acid, and mercuric sulfate to test
the molarity of the FAS solution. The test is performed by adding 2mL of diluted sample
to the digestion vial and heating to 150°C for 2h. The sample is then cooled to room
temperature. Two drops of ferroin indicator are added and then the sample is titrated
with FAS until the desired color change is seen.

A = Amount of FAS used in a blank titration
B = Amount of FAS used in sample titration
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Total Organic Carbon (TOC)
A Shimadzu TOC-V CPH/CPN Total Organic Carbon Analyzer was used to
determine organic carbon concentrations. Samples were analyzed for non-purgable
organic carbon (NPOC) by acidifying with 1N HCl to a pH of 5, followed by a nitrogen
purge.
Mercuric Sulfate Addition for Neutralization of Chloride
Mercuric sulfate was added in various HgSO4:Cl- ratios to evaluate the possibility
that chloride caused interferences that were not compensated by the suggested amount of
mercuric sulfate.
Glucose Addition Experiment
Glucose standards were prepared at concentrations of 4000 mg/L (for the high
range vials and 400 mg/L (for the low range vials) in DI water. Glucose was spiked into
COD vials in amounts that represented 25%, 50%, 100%, and 150% of the oxidizing
capacity of the potassium dichromate in the vial. The vials were then digested as per the
method above and analyzed by UV-Vis and also for COD to test the accuracy of the
colorimetric measurement. Table 3-2 shows the results of this experiment.
Table 3-2: Comparison of measured versus theoretical COD values for glucose standards.
Colorimetric COD (mg/L)
Colorimetric COD (mg/L)
Low range method
High range method
Measured COD
Theoretical COD
Measured COD
Theoretical COD
(mg/L)
(mg/L)
(mg/L)
(mg/L)
0
35
73
149
201
“-“ values were over range

0
38
78
154
232

0
402
826
-

0
380
780
NA
NA
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The results show that the colorimetric results are accurate compared to the theoretical
value expected.
Determination of Bromide Interferences
Potassium bromide solutions were made in concentrations of 500, 1000, 2500,
4000, and 5000 mg/L and then 2mL of each solution was added to a Hach low range
COD vial containing 0.5 g of HgSO4 and digested according the method described above.
The vials were analyzed by the colorimetric and the titration method.
Possible bromide interference was also investigated using a standard addition
method in which 2mL of a 50x diluted flowback water sample was added to each of four
Hach low range COD vial containing 0.5 g of HgSO4 and then potassium bromide
solution was added to achieve bromide concentrations of 7.5, 15, and 22.5 mg/L in
addition to the bromide in the sample dilution. The vials were then digested as described
above and analyzed using both colorimetric and titration endpoints.

Analytical Procedures
UV-vis
A Shimadzu UV-1601 UV-Visible Spectrophotometer was used for the
colorimetric endpoints. . In some cases samples were analyzed only at 420nm or 620 nm,
but in other cases the samples were analyzed in scanning mode at wavelengths from 310
– 650 nm and a range of -0.5 to 3.99 A.
Metals Analysis
Metals were analyzed by Penn State University’s Materials Characterization Lab
using a Perkin-Elmer Optima 5300 UV Inductively Coupled Plasma Atomic Emission
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Spectrometry (ICP-AES). Results were calibrated using synthetic standards from High
Purity Standards.

3.3 Results and Discussion
COD of Flowback and Produced Waters
COD was measured using the Hach High Range COD vials with added HgSO 4.
Samples were investigated using a range of dilutions. Samples were usually diluted 50x
which kept TDS concentrations below 5000mg/L but still resulted in high enough COD
to provide precise results. Table 3-3 shows COD results for the samples that were
collected from TARM. The results using the colorimetric endpoint were in the same
range as previously reported COD results, e.g., average COD in flowback from 17 wells
and 14 days after hydrofracture was 8530 mg/L (Hayes, 2009) and average COD of 29
Marcellus Shale wells in New York was 5500 mg/L (NY DEC). Those and other studies
have used the colorimetric endpoint. COD results in this study were much lower when
the titration endpoint was used and this will be discussed below.
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Table 3-3: Average COD in high range tubes (colorimetric) and low range tubes
(titration). All samples are 50x dilution unless otherwise noted and all COD vials contain
0.5g HgSO4 added.
Sample Dilution
Average Colorimetric
Average Titration COD
COD (mg/L)
(mg/L)
Flowback A
19417 ± 126
509 ± 61
Flowback B

13050 ± 180

1111 ± 8

Flowback C

1350 ± 90

1069 ± 16

Production A

19480 ± 130

597 ± 70

Production B

26600 ± 130

481 ± 70

Production C

13917 ± 130

1386 ± 37

Production D

10933 ± 126

649 ± 8

Prod/Flow A

14100 ± 87

443 ± 49

Prod/Flow B*

3993 ± 12

855± 33

Prod/Flow C*

4450 ± 10

716 ± 9

Treated

483 ± 29

775 ± 29

* = 10x dilution

The COD values varied depending on the dilution used when the colorimetric
endpoint was used. Dilutions from 5x to 100x showed increasing COD results from low
to high dilutions. As will be shown later, this is due to concurrent dilution of inorganic
sample components that can cause significant interferences in the colorimetric analysis.
It is apparent that significant interferences are seen when analyzing these samples
colorimetrically (except for flowback C which has lower interferences as seen in Table 34) and the interferences in colorimetric analysis are not seen during the titration analysis.
The results in Table 3-2 show that for samples with no interferences (glucose test), the
22

colorimetric analysis was accurate when compared to the theoretical value. This adds
further proof that something is interfering with the measurement. To determine how the
measurement is being interfered with, glucose standards were analyzed by UV-Vis to
understand what is being measured to calculate COD in the colorimetric test. The results
of this test are shown in Figure 3-1.

Figure 3-1: Description of how the colorimetric test measures COD. All measurements
are compared to the blank sample, which contains no organic material. Absorbance
lower than the blank in the low range vials (left) produces COD result. Absorbance
higher than the blank in the high range vials (right) produces COD result.
Interferences
Potential interfering compounds were identified by elemental analysis of the
samples. Chloride and bromide are known interferences. Barium, calcium, strontium,
and magnesium were identified as possible interferences due to the high concentrations
and tendency to form sulfate precipitates. Results of the elemental analysis can be seen
in Table 3-4.
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Table 3-4: Elemental analysis by ICP-AES. All values are reported in mg/L.
Flowback Flowback Flowback Produced
A
B
C
A

Produced Produced Produced Flow/Prod Flow/Prod Flow/Prod
Treated
B
C
D
A
B
C

Aluminum

2.24

3.26

17.2

2.71

3.26

2.77

2.64

4.55

2.87

15.5

1.53

Barium

3631

4623

723

8137

8863

2031

5182

5806

472

709

763

Calcium

7549

8476

2224

13816

13555

5856

5370

9504

1414

1024

7751

Iron

22.1

38.0

35.4

50.0

78.6

19.2

137

72.2

13.5

48.9

34.0

Potassium

285

215

75

322

287

80

117

172

22

31

115

Magnesium

671

671

187

1138

1765

513

528

1058

146

103

781

Manganese

1.69

2.39

6.30

2.91

3.36

2.19

5.57

3.20

0.88

3.40

3.68

Sodium

22000

21969

5588

33016

34166

17147

21500

24182

4582

4324

25674

Silica

13.6

17.3

32.2

14.5

16.2

6.0

17.0

12.7

3.7

18.4

7.0

Strontium

-

2219

421

3833

3451

1342

1505

2426

332

271

1457
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Solutions of barium chloride, strontium chloride, magnesium chloride, and calcium
chloride were prepared at 5000 mg/L. Two mL of each solution was added to separate
low and high range COD vials and digested according to the method above. These
samples were analyzed by UV-Vis, colorimetric, and titration methods to determine if
these compounds would in fact cause interferences. Figure 3-2 shows the absorbance of
these samples compared to a blank for low (420nm) and high (620nm) range COD tubes
respectively.

Blank
--- Barium
... Calcium
Strontium
Figure 3-2: Effect of alkaline earth metal interferences on the COD test. Analysis of
interferences in the low range (left) and high range (right) COD vials.
The results in Figure 3-2 show that the alkaline earth cations interfered with the
colorimetric analysis. All compounds show a higher absorbance than the blank at 420
nm except magnesium (not included in the figure). Higher absorbance in the low range
COD vials results in negative interference, since the method is designed to measure the
residual concentration of the reactant dichromate, the blank sample should show the
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highest absorbance. Since the presence of metal sulfates results in elevated absorbance
(absorbance greater than in the blank), the low-range colorimetric analysis will have a
negative interference.
Precipitation of metal sulfates also results in higher absorbance with the high
range COD vials as shown in Figure 3-2. The product Cr(III) is measured in the highrange COD colorimetric procedure and therefore an elevated absorbance in the high
range vials causes a positive interference and erroneously high results. The colorimetric
and titration analyses of these interferences are shown in Table 3-5.

Table 3-5: COD analysis of interfering compounds. Each samples contains 2mL of 5000
mg/L standard solution. This corresponds to 10 mg of interfering salt per vial.
Colorimetric COD Analysis (mg/L)
Titration COD Analysis
(mg/L)
Sample
High Range
Low Range Vials
Low Range Vials
Vials
Blank
0
0
0
Calcium Chloride

1046

Under Range

1.9

Barium Chloride

over range

Under Range

3.5

Strontium
538
Under Range
0.6
Chloride
Magnesium
48
7
0
Chloride
The barium, calcium, and strontium contribute significant positive interference in the
high range vials and significant negative interference in the low range vials. Magnesium
does not interfere as much as the others due to magnesium not bonding with sulfate in
solution as readily, and therefore not causing significant light scattering effects. The
titration results in Table 3-5 show that no significant interference is seen.
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Correlations can be seen when comparing the amount of excess COD (defined as
the titration COD results subtracted from the colorimetric COD results) to the
concentrations of alkaline earth metal interferences. Another correlation is seen when
comparing the excess COD to the amount of total dissolved solids (TDS). The
correlations are shown below in Figures 3-3 and 3-4.

Figure 3-3: Correlation of concentration of interfering compounds vs. excess COD.
Concentrations of interferences determined by elemental analysis shown above. Excess
COD calculated by subtracting the titration COD results from the colorimetric COD
results.
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Figure 3-4: Correlation of TDS and alkaline earth metal interferences vs. excess COD.
TDS R2 = 0.9145 and Ba + Ca + Sr R2 = 0.87498.

All correlations show similar trends. As the concentration of interfering compounds goes
up, so does the amount of excess COD. This trend agrees with the hypothesis that
interferences contribute to inaccurate colorimetric COD measurements and that higher
concentrations of these compounds will cause greater interference. Another trend shows
that the amount of TDS in the samples will also contribute to inaccurate COD
measurements.
The other interferences of interest are chloride and bromide. Interferences due to
chloride are not a concern due to the addition of HgSO4 as long as at least a 10:1 weight
ratio of HgSO4:Cl- is maintained and the concentration of chloride stays under 5000 mg/L
(Baumann, 1974). The interferences due to bromide were investigated and are shown in
Table 3-6.

28

Table 3-6: COD analysis of possible bromide interferences. Standard solutions were
prepared as described above and all vials contained 0.5 g of HgSO 4. Bromide
concentrations are shown as the amount of bromide in the potassium bromide solution.
Bromide conc. (mg/L)

Low Range Colorimetric
Analysis COD (mg/L)

COD Titration Analysis
(mg/L)

0 (blank)
335
670
1675
2680
3350

0
4.0
0.3
Under Range
Under Range
Under Range

0
23.4
41.6
66.6
88.6
90.6

The interference due to bromide become significant at higher concentrations for both
colorimetric and titration analyses. The interference at concentrations seen in flowback
waters, an average of 704 mg/L bromide (Hayes, 2009), however shows no significant
interference. A standard addition test was also done as described above to observe the
effects of bromide on the COD tests. The results are shown in Table 3-7.
Table 3-7: COD analysis of bromide standard addition test. All samples were 50x
dilutions before the addition of bromide and all vials contain 0.5 g of HgSO 4. Potassium
bromide added to sample to achieve the bromide concentration shown.
Sample
Low Range Colorimetric
COD Titration Analysis
Analysis COD (mg/L)
(mg/L)
Blank
0
0
Flowback B
Under Range
1466
Flowback B + 7.5mg/L
Under Range
1591
Flowback B + 15mg/L
Under Range
1591
Flowback B + 22.5mg/L
Under Range
1482
The standard addition test shows that no significant interference from bromide can be
seen in the titration analysis at the concentrations that are expected in the flowback water.
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Precipitation of Metals
Sodium sulfate was added to a flowback A sample in amounts that equaled 0, 50,
100, and 200% the amount of sodium sulfate needed to precipitate the amount of barium
in solution. UV-Vis absorbance results show that interfering metals can be precipitated
out of solution with sodium sulfate. All samples were filtered through a 0.22 μm filter
prior to analysis. Results of precipitation experiments are shown in Figure 3-5.
2.5

Absorbance

2.0
Blank
No Sodium Sulfate
50% Sodium Sulfate
100% Sodium Sulfate
200% Sodium Sulfate

1.5
1.0
0.5
0.0
380

430

480

530

580

630

Wavelength (nm)

Figure 3-5: UV-Vis absorbance analysis of precipitation experiment. Flowback A
diluted 15x before the addition of NaSO4 and digested in the low range COD vials.

As the amount of sodium sulfate added increases and the amount of precipitation
increases, the absorbance during the COD colorimetric test decreases. This shows that
the interference is reduced as the metals are removed before the COD test. Table 3-8
shows COD results for both colorimetric and titration analyses on flowback A with
sodium sulfate added.
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Table 3-8: COD results of precipitation experiment.
COD (mg/L)
% Sodium Sulfate added
Colorimetric
Titration
0
Under Range
576
50
Under Range
539
100
Under Range
438
200
510
391
With the proper sodium sulfate additions interference can be reduced in the colorimetric
test. From titration results it can be seen that some organic carbon is lost with the
precipitation of the metals.

Total Organic Carbon (TOC) Analysis
The determination of TOC is the second measurement needed to calculate the
COD/TOC. To minimize the effect of chloride, which can interfere with the TOC
measurement, the samples were diluted 10x. To prevent the precipitation of suspected
humic materials, the samples were pH adjusted to about 5 prior to analysis. The results
of this analysis are shown in Table 3-9.
Table 3-9: NPOC results and COD/NPOC ratio.
Sample
NPOC (mg/L)
Flowback A
78
Flowback B
303
Flowback C
551
Produced A
27
Produced B
12
Produced C
473
Produced D
213
Flow/Prod A
59
Flow/Prod B
40
Flow/Prod C
43
Treated
254

COD/NPOC
6.5
3.7
1.9
22.1
41.3
2.9
3
7.5
21.6
16.6
3.1

These results show several things. First all of COD/TOC ratios are more reasonable than
the ratio of 220 that was originally reported. A large part of this is that the COD results
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are much lower than were originally reported due to the interferences talked about
previously. The second aspect is that the TOC results are equal to or higher than results
previously reported in Table 3-2. Produced waters A and B and Flow/Prod waters B and
C all have low results for TOC and therefore show higher COD/TOC. Some future work
may still be needed to determine why the ratios for these four samples are still higher
than they should be. The COD/TOC results for all samples are still more reasonable than
previously reported.

3.4 Conclusions
COD values of Marcellus Shale waters were much lower than previously reported.

COD values of Marcellus Shale flowback and production waters were much
lower than previously reported due to elimination of interference caused by the very high
concentrations of barium, strontium, and calcium. For example, the COD for flowback
sample A was 500 mg/L based on the titration endpoint but appeared to be 19,000 mg/L
when the standard colorimetric COD analysis was used.

Colorimetric COD test should not be used for Marcellus shale waters.
It appears that the colorimetric COD test has been used in all prior COD analyses
for Marcellus flowback and production waters. The colorimetric method is recommended
by the chemical vendors and is used by contract laboratories. However due to
interferences, the standard colorimetric analysis of COD cannot be used for
characterization of flowback waters from the Marcellus shale. Using the titration
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analysis eliminated interferences due to formation of alkaline earth sulfate precipitates
and produced more reasonable COD to TOC ratios.
Chloride and Bromide interferences are not a big concern despite very high TDS.
Chloride did not result in significant interference after diluting samples and using
at least a 10 to 1 weight ratio of HgSO4 to chloride. Bromide interferences were also
negligible as demonstrated using standard additions of bromide.

Corrected COD analysis resulted in more reasonable COD/TOC ratios.
Using proper techniques to measure COD the COD/TOC were  3.7 for all
samples with TOC  100 mg/L. The lower ratio is theoretically reasonable for samples in
which most COD is due to organic matter. These COD/TOC ratios were much lower than
previously reported and the result supports the contention that the titration method
provided more accurate COD measurements. TOC tests produced higher results than the
average value reported in Hayes 2009, which made the COD/TOC but it is likely that
TOC measurements reflect a negative bias in these samples. Further works needs to be
done to improve methods for TOC measurements.
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4. CHARACTERIZATION OF ORGANICS IN THE MARCELLUS SHALE
FLOWBACK AND PRODUCED WATERS

4.1 Introduction

Gas and oil production has increased in the continental US during the last few
years due to application of directional drilling and hydrofracking technologies. The
Marcellus Shale is the largest known reserve of natural gas in the U.S. with an estimated
489 trillion cf of natural gas and is located in parts of Pennsylvania, New York, West
Virginia, Ohio, and Maryland (Kargbo et al. 2010). Development of shale gas fields can
result in important economic and national security benefits but there are environmental
and health threats due to hazardous and toxic chemicals used in hydrofracking and also
high concentrations of total dissolved solids (TDS), radioactive materials, and other
chemicals released from the shale (NY DEC, Kargbo et al. 2010).
On average from 1 to 9 million gallons of water are used for drilling and
hydrofracking each well (Kargbo et al. 2010, Marcellus Education Fact Sheet 2009).
About 25% of the injected water is returned to the surface within 30 days and is called
flowback. Return flow after 30 days is usually called produced water. Hydrofracking
chemicals and return flow can be released to the environment via several routes: (1)
transportation accidents; (2) spillage or evaporation of chemicals prior to or after making
up the hydrofrack solutions; (3) escape from the cased well or the formation during well
development and upon return of water to the surface (NY DEC). Several options are
available for dealing with flowback and production waters including the following: (1)
treatment to remove scalants or even desalination and blending the treated water with
fresh water for subsequent hydrofracking in other wells; (2) deep-well injection (this
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requires transport out of Pennsylvania); (3) disposal at municipal or industrial wastewater
treatment facilities although (the availability of this option has been significantly
decreased due to state regulations (NY) or voluntary compliance with state requests (PA).
Some chemical characteristics of hydraulic fracturing solutions are shown in
Table 4-1 and concentrations of some parameters of interest in flowback are summarized
in Table 4-2. TDS values are very high due to dissolution of salts from the hypersaline
Marcellus formation (Kargbo et al. 2010). Salts are dominantly NaCl but Br -, Ca+2, Mg+2,
Ba+2, and Sr+2, concentrations are also very high. For example Ba+2 and Brconcentrations are orders of magnitude higher than drinking water maximum contaminant
levels (MCL) (Hayes et al. 2009). Naturally occurring radioactive materials (NORMs)
are quite high in some samples and also exceed MCLs by orders of magnitude. Some
reported values for radioisotopes are summarized in Table 4-3. A more complete list of
chemicals in the frac water and in flowback can be seen in Appendix B.
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Table 4-1: Chemical characteristics of hydraulic fracturing solution. Selected
compounds from DEP Frac List that are most commonly used. Sample
concentrations in frac solutions were calculated based on data for individual frac
solutions. Concentrations will vary from well to well.
Ingredient

Application Stage

Concentration in Frac Solution
Within Application Stage (ppm)

Methanol
Propargyl alcohol
Acetic Acid
Citric Acid
Acetic Anhydride
Hydrochloric Acid
Sodium Bicarbonate
Monoethanolamine
Ethylene Glycol
Propylene Glycol
Boric Acid
Ammonium Bisulfate
Glutaraldehyde

1
1
1
1
1
1
2
2
2
2
2
3
3

1100
180
1200
3500
2200
17000
1100
520
570
450
610
380
1100

Table 4-2: Flowback water parameters of interest. Results from Hayes, Thomas.
“Sampling and Analysis of Water Streams Associated with the Development of
Marcellus Shale Gas.” Gas Technology Institute Report, 2009.
Parameter
Range (mg/L)
Average Value (mg/L)
Chemical Oxygen Demand
228-21,900
8530
Total Organic Carbon
1.2-509
38.7
Total Dissolved Solids
3,010-261,000
120,000
pH
4.9-6.8
6.2
Chloride
1,670-181,000
78,100
Bromide
15.8-1,600
704
Barium
21.4- 13,900
686
Strontium
345-4,830
1,080
Calcium
1,440-23,500
4,950
Magnesium
135-1,550
559
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Table 4-3: Radioisotopes concentration. Table from NY DEC.

There are uncertainties about the nature and concentrations of specific and total
organic constituents in Marcellus flowback waters. In some cases specific compounds
have been identified but the origin is unclear. For example, 4-nitroquinoline-1-oxide is a
carcinogen that was reported to be present in flowback waters (NY DEC) but this
compound is not used as a fracking solution additive, is not known to be naturally
occurring, and no mechanisms have been proposed to explain possible formation during
hydrofracking (Bishop, The Delaware Riverkeeper Network). Other sources (Personal
communication, Bob Titler, DEP) believe this compound is not present and may have
been misidentified.
Chemical oxygen demand (COD) is an analytical parameter that summarizes O2
demand during wastewater treatment or upon release of the wastewater to a river or lake.
COD is also used as a surrogate measurement for total organic matter in wastewaters.
Typical COD in sanitary wastewater influent is 500 mg/L and in wastewater effluent
about 50 mg/L. Average COD in flowback waters has been reported to be 8,530 mg/L
(Hayes et al. 2009). Reported values for total organic carbon (TOC) are relatively low
compared to COD values resulting in COD/TOC ratios of > 100 compared to maximum
theoretical COD/TOC ratio for non-volatile organic matter of less than 4. The very high
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reported COD/TOC ratios in the absence of significant concentrations of oxidizable
inorganic matter suggests a measurement bias in COD or TOC measurements.
Concentrations of volatile and semi-volatile chemicals in flowback waters were
relatively low for most compounds as shown in Table 4-4 compared to either COD or
TOC values. Ethylene glycol, 1,2-propanediol, acetic acid, and citric acid are used in
relatively high concentrations in some hydrofracking solutions (DEP Frac listing) and can
be present in flowback water. Some results will be presented later in this paper.
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Table 4-4: Values from a PA Bureau of Oil and Gas Management study showing detectable compounds from the EPA priority
pollutant list from 41 wells. Potential hazards are based on information in MSDS for each chemical component.
Volatile Organic Acids
Max
n (41
Description
Avg (ug/L)
Hazards from MSDS
(ug/L)
total)
1,4-Dioxane
14700
3641.6
5
Probable carcinogen; Toxic.
Acetone
10000
1414.3
20
Flammable, causes irritation
Carcinogen, damage to kidneys, nervous
Bromoform
561
561.0
1
system, liver, respiratory tract
m/p-Xylene
1900
373.2
17
Toxic; harmful by inhalation
n-Butylbenzene
1040
366.8
3
Harmful; Irritant
Benzene
1570
362.2
9
Carcinogen; Toxic to liver
1,2,4-Trimethylbenzene

3700

315.9

21

Harmful by inhalation; Irritant to skin and eyes

Toluene
Carbon Disulfide
t-Butyl alcohol

2160
676
305

289.8
235.4
199.3

12
6
3

Irritant
Poison; Fatal if inhaled or swallowed
Not Found

1,3,5-Trimethylbenzene

1560

136.8

20

Harmful if inhaled or swallowed

Naphthalene
o-Xylene
4-Isoproplytoluene
Sec-Butylbenzene

1300
353
326
130

118.1
90.0
70.0
68.2

13
14
12
2

Ethylbenzene

112

41.7

5

1,2-Dichloroethane

55.3

41.5

11

Harmful if swallowed or inhaled; Irritant
See xylene above
Not found
Not Found
Hazardous in case of eye contact (irritant),
ingestion, and inhalation; Possible carcinogen
Toxic by inhalation; Carcinogen

41

MIBK

25

25.0

1

1,2-Dibromo-3-chloroporopane

23.6

23.6

1

n-Propylbenzene
MEK
Styrene

40.2
25
10.3

19.1
16.9
10.3

6
2
1

Harmful if inhaled
Poison. Harmful if inhaled, swallowed or
absorbed through the skin.
Harmful if swallowed. Respiratory irritant.
Extremely flammable
Toxic; Carcinogen; Mutagen

Methylene Chloride

12.4

10.1

9

Harmful if swallowed or inhaled.

Chloroform
Tert-Butylbenzene

12
9.1

9.9
9.1

4
1

Tetrahydrofuran

8.1

8.1

1

Isopropylbenzene
tert-Butyl Acetate

6.4
2.5

6.3
2.5

3
1

Suspected carcinogen
Not Found
May be harmful by inhalation, ingestion or
skin absorption.
May act as an irritant.
Degreases skin.

Bromodichloromethane

1.6

1.6

1

Harmful

Dibromochloromethane

0.54

0.5

1

Harmful if swallowed

Semi-volatile Organic Acids
Description

Max
(ug/L)

Avg (ug/L)

n

Hazards

Dibenzo(A,H)Anthracene

53727

53715.5

24

Harmful if swallowed or inhaled

Phenol

757

431.0

2

Pyridine

404

404.0

1

Naphthalene

2560

385.8

7

Systemic poison and constitutes a serious
health hazard.
Harmful by ingestion, inhalation and if
absorbed through skin.
See VOAs
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2-Methylnaphthalene

1120

146.2

8

Di-N-Butylphthalate

46.8

46.8

1

Bis-(2-Ethylhexyl)Phthalate

69.5

30.1

3

Endrin

24.5

24.5

1

Acetophenone

20

13.0

2

2-Methylphenol

12.5

12.5

1

Phenanthrene

5.98

6.0

1

Harmful if swallowed. Skin, eye and
respiratory irritant.
Harmful if swallowed. May cause
reproductive harm.
Confirmed carcinogen
Respiratory depression; Elevated body
temperature
Harmful if swallowed.
Highly toxic; May be fatal if inhaled,
swallowed or absorbed through skin.
Harmful if swallowed; May be harmful if
inhaled or absorbed through the skin.
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Some organic matter is likely extracted from the formation during hydrofracking
and subsequent gas production. Some studies have found that organics in oil shale retort
water (Dobson et al. 1985; Harvey et al. 1984; Leenheer et al. 1982) or in other high
temperature water extracts of organic shale (Kronholm et al. 2004) are dominantly nonpolar hydrocarbons. Humic or kerogen-like organic matter may be in flowback and
production waters because those groups of organic matter are found in organic shale
(Dobson et al. 1985). The concentrations of specific organic chemicals are usually low in
natural organic matter (NOM) or wastewater effluent organic matter (EfOM). Most NOM
or EfOM is the result of biodegradation and spontaneous polymerization reactions
resulting in a broad range of chemical structures. It seems likely that flowback and
production waters might also contain a broad spectrum of organics. NOM and EfOM are
often described using operational fractionations that split TOC into sub-groups of organic
matter based on hydrophilic/hydrophobic or acid/base/neutral behavior. Similar
fractionations may be useful for characterizing the nature of organics in flowback and
production waters.
Therefore the first objective in this work was to accurately determine COD and
TOC concentrations in flowback and production waters from hydrofracking activities in
the Marcellus shale. This objective was motivated by consistent reports of unreasonably
high ratios of COD to TOC. Details of that study were reported in Chapter 3 of this thesis
and are briefly reviewed in this chapter. A second objective was to measure the
concentrations of some chemicals, especially glycols and low molecular-weight organic
acids that are used in high concentrations in hydrofracking solutions. The third objective
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was to identify important groups or functional moieties of organic matter in flowback and
production waters.

4.2 Materials and Methods
DI Water and Chemicals
DI water was used for all dilutions. Water was first distilled and then deionized in
our laboratory to assure high purity. All chemicals used were of analytical grade or better
and were purchased from commercial suppliers.
Samples
Samples were obtained from Terra Aqua Resource Management (TARM) located
in Williamsport Pennsylvania. They are a treatment facility that accepts Marcellus Shale
flowback and produced waters and performs treatment for the purpose of reuse for other
hydrofracking operations. Upon intake, waters are separated into large containers and
mixed with other like waters. Samples for our tests (sampled in 1L bottles) were taken
from these large containers (21000 gallons) and therefore each sample studied here could
represent a mixture of flowback and produced waters. Identification of samples as
flowback, produced water, or a mixture of the two, was based on information provided by
staff at TARM. Samples were taken while tanks were being filled from tanker trucks after
having been almost completely drained of the previous sample and therefore mixing was
very good and samples were fresh from the truck. Volatile chemicals could have been
lost and other transformations could have occurred during flowback, storage on-site,
transfer into the tanker truck, transport to the TARM facility, and transfer into the storage
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tank. After collection, the samples were immediately transported to the laboratory and
were stored at 4C in polypropylene bottles.

Chemical Oxygen Demand (COD)
COD is a measure of the equivalent concentration of O2 that would be required to
oxidize all of the organic matter plus some oxidizable inorganic constituents in the
sample (Kayaalp et al. 2010, Dobbs et al. 1963, Belkin et al. 1992). The test is performed
by exposing the sample to a strong oxidizer, typically potassium dichromate, under acidic
conditions (50% sulfuric acid solution) and heating for 2hrs at 150°C. The sample is then
analyzed by a colorimetric (used most commonly) or titration method to determine the
amount of COD in mg/L (APHA, 1995).
Hach COD test kits were used for the COD analysis. High and low range vials
(up to 1500 and 150 mg/L COD respectively) were tried using different dilutions of the
flowback water sample. In most experiments 0.5g of mercuric sulfate was used to bind
chloride, then 2mL of sample was added to the vials and the mixture was digested for 2h
at 150˚C in a heating block. The samples were allowed to cool and then were analyzed
colorimetrically at 620nm (high range) or 420nm (low range) according to Hach Method
8000 or using the titration endpoint.
The titration method is described in Standard Methods 5220. In this method the
residual potassium dichromate in the digestion vial is titrated with 0.05M ferrous
ammonium sulfate (FAS) in the presence of ferroin indicator until the color of the
solution changes from a blue green color to a red brown color. The amount of the FAS
used to achieve the color change is recorded and used in the calculation of COD (shown
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below). For this method, the low range Hach COD vials were used with the addition of
0.5g of mercuric sulfate to bind chloride. “Homemade” vials were also used consisting
of 0.025N potassium dichromate, concentrated sulfuric acid, and mercuric sulfate to test
the molarity of the FAS solution. COD tests were performed by adding 2mL of diluted
sample to the previously added reagents in the digestion vial. For the titration procedure
two drops of ferroin indicator were added to the digested and cooled sample followed by
titration with FAS until the desired color change was seen.

A = Amount of FAS used in a blank titration
B = Amount of FAS used in sample titration

Total Organic Carbon (TOC)
A Shimadzu TOC-V CPH/CPN Total Organic Carbon Analyzer was used to
determine the amount of organic carbon in the flowback and produced water samples.
All samples were analyzed for non-purgable organic carbon (NPOC) by acidifying with
1N HCl. Samples used for the fractionation to determine organic functionalities were
acidified to pH<2,followed by a nitrogen purge, digestion in the presence of a Pt catalyst
(supported by Al2O3) at high temperature, and quantitative analysis of the produced CO 2.
All other samples (samples used for NPOC analysis of raw waters and the fractionation to
isolate organic acids) were pH adjusted to 5 and aerated before analysis instead of pH<2
to prevent precipitation of humic materials in the autosampler vials.
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Analytical Procedures
Fractionation Technique to Identify Organic Functionalities
An organic fractionation technique was used (Kim and Dempsey, 2008) to
separate and analyze the organic fractions in the flowback and production water. The
resin columns were prepared as previously described. Diluted water samples were pH
neutralized and filtered through a 1μm Whatman glass fiber filter. The samples were
then pumped at 2mL/min through consecutive columns containing DEAE resin (anion
exchanger to remove organic acids) and XAD-4 resin (non-ionic resin to remove
hydrophobic and transphilic, HPO and TPI, base/neutrals). HPI base neutrals are not
removed by the resins and will be contained in the effluent from the XAD-4 column.
Forty mL samples for TOC testing were collected after neutralization, filtration, and after
each resin column after the solution was pumped for 2 h. TOC values in these
experiments represented residual organic matter after each sequential fractionation step,
i.e., the organic carbon that was not removed. Thus the TOC after filtration represented
HPO, TPI, and HPI acids, bases, and neutrals, while the effluent from the XAD-4 column
contained only HPI base/neutrals. .

Additional Fractionation to Isolate Organic Acids
An additional fractionation procedure was used in an attempt to quantify the
concentration of organic acids in the sample waters. Samples were adjusted to pH < 2
with HCl. Fifty mL of sample was pumped onto a column containing DAX-8 resin. The
resin was cleaned and prepared prior to fractionation using successive washes of 0.1N
NaOH (3BV) and 0.1N HCl (5BV) where BV=50mL. The adsorbed organic matter was
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back-eluted from the column using approximately 2BV of 0.1N NaOH. The extracted
sample was then pH adjusted to approximately 5 using concentrated HCl. The final
extract was analyzed for non-purgable organic carbon (NPOC).

Infrared Spectroscopy Analyses
To determine if flowback and production waters contained humic materials,
samples were acidified to a pH<2 with 1N HCl and was allowed to sit overnight. The
samples were then filtered though a 1μm G/F filter and solids and filters were allowed to
dry in a desiccator for at least one week. The solids were then analyzed by Fourier
transform infrared spectroscopy (FT-IR) with attenuated total reflectance (ATR).
A Nicolet 6700 FT-IR with a Smart Orbit post was used for the analysis of
extracted liquid flowback and production water samples as well as filtered solids from the
waters. The samples were analyzed from 400 – 4000 wavenumbers for absorbance.

Gas Chromatography Analyses
Gas chromatography (GC) using a flame ionization detector (FID) was used to
measure concentrations of ethylene glycol, 1,2-propanediol, and acetic acid in flowback,
production, and treated water samples. EPA method 1671 was used for the determination
of ethylene glycol and 1,2-propanediol using a Supelco SPB-1 Sulfur fused silica column
(30m x 0.32mm x 4μm). The GC oven was set for 40°C for 2min and ramped at 10°C
per minute to 180°C. The inlet temperature was set at 200°C and the FID temperature at
300°C. An injection volume of 2μL was used. Calibration curves were constructed for
both ethylene glycol and 1,2-propandiol from 1mg/L to 150mg/L and had R2 values of
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0.994 and 0.993 respectively. All samples were filtered through a 1μm G/F filter prior to
injection.
The acetic acid GC/FID method used a Restek Stabilwax DA column (30m x
0.32mm x 0.50μm). The GC oven was set at 60°C, ramped 20°C per minute to 120°C,
ramped 30°C per minute to 240°C and held for 3 minutes. The inlet temperature was set
at 225°C and the FID temperature was 250°C. The flow rate was 30mL/min with a 10:1
split ratio and a 0.5μL injection. A calibration curve was constructed from 1mg/L to
100mg/L and had an R2 of 0.995. All samples were filtered through a 1μm G/F filter prior
to injection.

High Pressure Liquid Chromatography Analyses
High pressure liquid chromatography (HPLC) was used to measure
concentrations of citric acid in flowback, production, and treated waters. An Allure
Organics Acids column (250mm x 4.6mm x 5μm) was used with a temperature program
of 30°C for 12min. A 50mM phosphate buffer at a pH of 2.3 was used as the mobile
phase with a 1mL/min flow rate. An injection volume of 25μL was used and the detector
wavelength was 210nm. A calibration curve was constructed from 10mg/L to 150mg/L
and had an R2 value of 1.00. All samples were filtered through a 1μm G/F filter prior to
injection.
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4.3 Results and Discussion
COD/TOC
Published results for the COD of flowback and production waters were based on
COD analyses using the high-range colorimetric endpoint. The average reported COD
from 17 wells and 14 days after hydrofracture was 8530 mg/L (Hayes, 2009) and another
study on flowback water from 29 Marcellus Shale wells in New York reported an average
COD of 5500 mg/L (NY DEC). Vendors of COD supplies have indicated that the highrange colorimetric method should be used for Marcellus shale flowback samples. All
laboratories that were contacted were using the high-range colorimetric method for COD.
COD results using the high-range colorimetric endpoint (Hach High Range COD
vials with additional HgSO4 at a 50x dilution) and also using the titration endpoint are
shown in Table 4-5, where “Prod/Flow” is used to identify samples that represented a
mix of flowback and production waters as identified by the TARM staff.
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Table 4-5: Average COD of 50x diluted samples in high range tubes (colorimetric) and
low range tubes (titration) with 0.5g HgSO4 added.
Average Colorimetric
Average Titration COD
Sample Dilution
COD (mg/L)
(mg/L)
Flowback A

19417 ± 126

509 ± 61

Flowback B

13050 ± 180

1111 ± 8

Flowback C

1350 ± 90

1069 ± 16

Production A

19480 ± 130

597 ± 70

Production B

26600 ± 130

481 ± 70

Production C

13917 ± 130

1386 ± 37

Production D

10933 ± 126

649 ± 8

Prod/Flow A

14100 ± 87

443 ± 49

Prod/Flow B*

3993 ± 12

855± 33

Prod/Flow C*

4450 ± 10

716 ± 9

Treated

483 ± 29

775 ± 29

* = 10x dilution

The colorimetric endpoint results ranged from 1,350 to 26,600 mg/L. The average
high-range colorimetric COD values were 11,272 mg/L for flowback waters, 17,733
mg/L for produced waters, and 7,514 mg/L for the Prod/Flow samples. All of the
flowback and prod/flow high-range colorimetric results were within the range of CODs in
flowback water samples from the Hayes study.
Titration endpoint COD results were generally much lower than the high-range
colorimetric COD results. Along with the unrealistically high reported ratios of
COD/TOC, the COD results indicated that the high-range colorimetric method was
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subject to significant positive interferences. The most commonly reported positive
interferences in COD are caused by chlorides that are not complexed with sufficient
HgSO4 and oxidizable inorganic species such as sulfides, nitrite, Fe(II) or Mn(II).
However sufficient HgSO4 was added to tie up chloride in the diluted samples and none
of the inorganic interferences were present at high enough concentrations to cause
significant interference. Bromide can also result in positive or negative interferences and
this will be discussed below. None of the typically reported interferences came into play
in this study.
Results reported in Chapter 3 demonstrated that the major source of positive
interference using the colorimetric COD endpoint was due to the alkaline earth metals.
Ba(II), Sr(II), and Ca(II) were present at very high concentrations in many samples.
Those metals can react with sulfuric acid that is added in the COD digestion to produce
sulfate precipitates. The precipitates scatter light and this results in elevated absorbance.
Scattered light does not interfere with the titration endpoint for the COD test. The sulfate
precipitates also produced negative interference in the low range colorimetric endpoint
and this resulted in apparently negative COD values.
NPOC analysis at pH 5 was also performed on these samples as described above.
The results are shown in Table 4-6.
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Table 4-6: NPOC results and COD/NPOC ratio.
Sample
NPOC (mg/L)
Flowback A
78
Flowback B
303
Flowback C
551
Produced A
27
Produced B
12
Produced C
473
Produced D
213
Flow/Prod A
59
Flow/Prod B
40
Flow/Prod C
43
Treated
254

COD/NPOC
6.5
3.7
1.9
22.1
41.3
2.9
3
7.5
21.6
16.6
3.1

These results show that the COD/TOC ratios were more reasonable than the ratios that
were reported by Hayes 2009 and by other reports about flowback water quality.
Samples with TOC > 100 mg/L had COD/TOC ratios ranging from 1.9 to 3.7. These
ratios seem reasonable, e.g., the theoretical COD ratio for hexoses or acetic acid are both
2.67. Produced waters A and B and Flow/Prod waters B and C had higher COD/TOC
ratios and this could be associated with low TOC that could have been due to incomplete
recovery of organic carbon, e.g., due to precipitation of humic materials in the
autosampling tube after addition of acid, volatilization during the NPOC procedure, or
adsorption onto the alumina support material during high-temperature combustion in the
TOC analyzer. COD associated with inorganic materials could also have a larger impact
on the COD/TOC ratio when TOC is low. Some future work may still be needed to
determine why the ratios for these four samples are still higher than they should be, but it
is significant that all of the COD/TOC ratios were lower than previously reported.
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Specific Chemical Analyses
Organic Functionalities
Organic fractionation was performed on flowback waters. The purpose of the
fractionation was to determine the main classes of compounds that were present in the
waters. The discharge from each column was analyzed for NPOC and from that analysis
the amounts of NPOC in each fraction was determined. Figures 4-1 and 4-2 show the
results of this analysis for Flowback A and B samples.

Figure 4-1: Distribution of compound classes for Flowback A found from the organic
fractionation experiment and based on NPOC results.
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Figure 4-2: Distribution of compound classes for Flowback B found from the organic
fractionation experiment and based on NPOC results.

The results were similar except for the amount of NPOC in the solids fraction. Flowback
B had more solids than Flowback A. It is possible that the solids fraction contained
additional organic acids. Neither of the samples contained any HPO base neutrals, based
on preliminary experiments using DAX-8 resin. These results were consistent with
previous analyses of organic matter in oil-shale retort water (Leenheer et al., 1982) where
hydrophobic acids constituted 28% and hydrophilic acids 39% TOC, i.e., a cumulative 67%
of TOC. Acetic acid alone contributed 16% of TOC in the retort water. Those results are
consistent with the 69% organic acids found in flowback A and the 40% organic acids
found in flowback B, noting again that the solid fraction could have contained additional
organic acids.
Fractionation of production water was also performed however consistent
fractionation data was not obtained due to low COD and TOC in those samples.
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Acids and Alcohols
The flowback and produced waters were analyzed for ethylene glycol, 1,2propanediol, acetic acid, and citric acid. All of these chemicals are added in some
hydrofrac waters, as noted above, acetic acid can also be extracted from organic shales.
Table 4-7 shows the results.

Table 4-7: Analysis of organics by GC/FID and HPLC. All samples were analyzed in
duplicate except for citric acid due to instrument usage issues. * Estimated Value.
Sample
Average Concentration (mg/L)
Ethylene
1,2-Propanediol
Acetic Acid
Citric Acid
Glycol
Flowback A
ND
ND
53.2
18.0 ± 8.7
Flowback B
9.10
7.75 ± 2.32
14.7 ± 4.8
38.2 ± 20.7
Flowback C
70.2
*6.70 ± 0.64
8.94 ± 0.03
*429.8 ± 91.4
Production A
ND
ND
ND
9.68 ± 4.88
Production B
ND
ND
ND
4.40 ± 3.74
Production C
ND
ND
ND
28.2 ± 9.3
Production D
ND
15.85 ± 1.84
9.18 ± 0.05
101.6 ± 36.5
Prod/Flow A
ND
ND
ND
37.1 ±14.0
Prod/Flow B
ND
<1
ND
*4.93 ± 6.97
Prod/Flow C
ND
ND
12.39 ± 0.23
28.6 ± 0.2
Treated
ND
ND
ND
38.3 ± 30.2
Acetic acid was discovered in all of the tested waters and was present at higher
concentrations than the other three chemicals except for Prod/Flow B. Five of the 11
samples had only acetic acid. Two of the flowback waters contained all four of the tested
chemicals. Produced waters contained little or none of these compounds with only
acetic acid being present with regularity. No citric acid was found in produced waters
and only one produced water sample (produced D) showed concentrations of ethylene
glycol and 1,2-propanediol at concentrations of 15.85 and 9.18 mg/L respectively.
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All samples also showed significant peaks areas corresponding to unidentified
compounds. Seven samples showed peaks for unidentified organic acids (Flowback A,
flowback B, flowback C, produced D, prod/flow A, prod/flow B and the treated sample)
and all samples contained unidentified peaks that could be either alcohols or glycols.
The majority of the peaks associated with unknown alcohols or glycols showed peak
areas that were lower than peak areas seen for ethylene glycol and 1,2-propanediol
except for where these known compounds were not detected.

Overall Organic Composition
At least 69% of TOC in Flowback A was organic acids, 13% of the TOC was
acetic acid, and 37% was due to citric acid. Only 19% of the organic acids in Flowback
A were unidentified. At least 40% of TOC in flowback B was organic acids, 13% of
TOC was acetic acid and 3% was citric acid. This accounts for all but 24% of organic
acids in Flowback B. Flowback B also consisted of 18% hydrophilic base/neutrals,
including 6% of TOC due to ethylene glycol and 13% due to 1,2-propanediol. This
accounts for that entire fraction with a slight error due to rounding.
Another fractionation strategy using a DAX-8 resin was used to further
characterize HPO and HPI acids as well as hydrophobic neutrals as described in the
methods section. These results combined with the organic functionality determinations
shed light on the compound classes beyond studies that have looked for the presence of
compounds from the priority pollutant list (BOGM Study). Of the results in Table 4-8,
produced B shows a result of -24% for the percentage of TOC that is attributed to
unknown compounds. The discrepancies in this result may be due to the low amount of
TOC in the sample (12 mg/L). Knowledge of the makeup of these waters can aid in the
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development of treatment processes. The treatment processes can be developed to deal
with the most problematic of compound classes. All results are reported in Table 4-8.

Table 4-8: Organic Acids of Marcellus waters from DAX-8 fractionation.

Sample

Acids and
Glycols TOC
(mg/L)

Organic Acids
TOC (mg/L)

Acids and
Glycols
(%)

Organic Acids
(%)

Other
Organics
(%)

Flowback A
Flowback B
Flowback C
Produced A
Produced B
Produced C
Produced D
Flow/Prod A
Flow/Prod B
Flow/Prod C
Treated

28.2
28.8
206
3.87
1.76
11.3
51.1
14.8
1.91
11.3
15.3

36.8
34.6
293
17.8
12.7
172
118
26.7
24.0
172
146

36
10
38
14
15
2
24
25
5
2
6

47
12
53
66
109
36
56
45
61
36
57

17
79
9
20
-24
61
21
30
34
61
37

Suspected humic material was found in all but one sample by FT-IR analysis.
Results can be seen in Figure 4-3.
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Figure 4-3: Humic material FT-IR Spectra. Top: Humic Material Reference Spectra
(Stevenson et al.) Bottom: Produced water solids IR spectra.
The FT-IR spectra of this sample is an example spectra for all samples that showed a
humic material spectra and the results match the reference spectra very well. However
SUVA values for the samples produced low values that suggest the majority of the
sample is not humic material but either much higher concentrations of low MW organic
acids or significant concentrations of hydrophobic neutral compounds. Figure 4-4 below
shows the two samples that did not show a humic material spectrum.
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Figure 4-4: FT-IR spectra for samples that did not show a humic material spectrum.

Except for what is identified above, the identity of the rest of the NOM is
unknown and further work is needed to determine the identity of these compounds.
Studies from Leenheer et al. and Dobson et al. identify compounds found in retort water
from oil shale however more needs to be known about the organics found in the shale
before further identification of compounds can be completed.

4.4 Conclusions
1. COD is much lower than previously recognized and these waters should always
be measured using the titration endpoint.
2. Glycol , propanediol, acetic acid, and citric acid concentrations are sometimes
high in flowback. The source is likely hydrofrack solutions. These chemicals are
biodegradable, have low toxicity, and are relatively easy to remove by biological
treatment or by natural remediation processes.
61

3. Semi-volatile and volatile chemicals on the priority pollutant list are present at
low concentrations. If needed these chemicals could also be removed using
conventional stripping, adsorption, and/or oxidation treatment processes.
4. It is likely that other more toxic volatile chemicals, e.g., propargyl alcohol, are
present at the drill site and could result in occupational or near-by residential
toxicity.
5. Humic matter was identified by FT-IR in the production and flowback waters,
however low SUVA values suggest this is a minor component.
6. Fractionation studies showed that organic acids were the dominant fraction of
organic matter, in agreement with previous research of shale extractions.
7. SUVA values were low compared to typical humic matter, indicating either much
higher concentrations of low MW organic acids or significant concentrations of
hydrophobic neutral compounds.
8. It appears that organic matter in flowback comes from both hydrofrack solutions
and from the shale itself due to identification of fracking chemicals in the
flowback water as well as unknown constituents.
9. Concentrations of known hydrofrack organics were much lower in production
waters than in flowback waters.
10. The next step should be more detailed identification of organic matter in flowback
and production water with attention paid to the source, type of hydrofracking
solutions, and time after hydrofracking. Toxicity tests and treatability tests should
also be performed.
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5. CONCLUSIONS
The first objective of the study was to accurately measure the COD and TOC of
the Marcellus Shale flowback and produced waters.


It was determined that the colorimetric COD test cannot be used due to
interferences. Using the titration endpoint to measure COD the COD
values were considerably lower than previously reported (or than
measured in this study using the colorimetric endpoint) and the COD/TOC
ratios were more reasonable which adds confidence to the accuracy of the
measurements.



Barium, strontium, and calcium were found to be a major cause of
interference in the colorimetric COD measurement due to precipitation but
did not affect the determination using the titration endpoint.



Chloride and bromide interferences were not significant in the samples
that were analyzed. Chloride interference was eliminated with proper
sample dilution and the addition of HgSO4 while bromide interferences
were insignificant at the reported concentrations in the sample waters.
TOC tests produced equal to or higher results than the average value
reported in Hayes 2009, which made the COD/TOC even more reasonable.
Further works needs to be done to determine why some samples have low
TOC values. Salt concentrations that are too high and samples containing
organics that can volatilize could both lead to TOC values that are lower
than they should be.
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The second objective was to measure the concentrations of some chemicals,
especially glycols and organic acids that are used in high concentrations in
hydrofracking solutions.


Ethylene glycol, 1,2-propanediol, acetic acid, and citric acid were found in the
flowback waters at average concentrations of 4.8, 7.9, 162.0, and 44.2 mg/L
respectively. All samples tested contained acetic acid with the highest
concentration being seen in flowback C (429.8 mg/L).



Produced waters contained little or none of these compounds with only acetic
acid being present with regularity. No citric acid was found in produced
waters and only one produced water sample (produced D) showed
concentrations of ethylene glycol and 1,2-propanediol at concentrations of
15.85 and 9.18 mg/L respectively.



All samples also showed peaks for unidentified organic acids and glycols or
alcohols by GC/FID and HPLC.

The third objective was to identify important groups or functional moieties of
organic matter in flowback and production waters.


Fractionation studies showed that organic acids were the dominant
fraction of organic matter, in agreement with previous research of water
extractions of organic shales.



Humic material was found in both flowback and produced waters by FTIR. However low SUVA values indicated the waters have either much
higher concentrations of low MW organic acids or significant
concentrations of hydrophobic neutral compounds.
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Some components of the flowback and produced water have been
identified (Table 4-8) however there were significant concentrations of
unidentified components in each sample.



From these analyses it was concluded that the organic matter present in the
samples comes from both the organics added to the hydrofracking solution
and the shale itself.

FUTURE WORK
There is a significant amount of work that still needs need to be done to
completely understand the nature of the Marcellus Shale waters. Identified in this study
were the compound classes found in some of these waters. A good next step would be to
start identifying individual compounds (beyond what was done here, and the priority
pollutant list) that are present in these classes, possibly using mass spectroscopy. Once
more characterization work has been done, that data can be applied to developing new
treatment processes. Organic acids and high salinity are major components of these
waters and should be considered when developing treatment processes. High salinity can
be treated by distillation processes. Reverse osmosis can only be used for flowback
waters with relatively low TDS due to problems with low recovery and fouling of the
membrane.
Further investigation is also needed to identify the origin of 4-nitroquinoline-1oxide, if it is in fact in the waters. As mentioned briefly above, this compound is
commonly found in flowback waters, however other sources believe this compound has
been misidentified, and is not reported as being used in fracking solutions or known to be
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naturally occurring in shale. This compound is highly carcinogenic and it’s origin in
these waters needs to be determined.
Another issue is also introduced as the waters are better characterized. That issue
is the reuse of the waters. More transfers from tanks and trucks are involved with reusing
flowback water and this introduces more chances for accidental spilling or leaking of the
water. Depending on the level of treatment (since the water is being reused the treatment
is probably minimal) many organic components will still be in the water and may be
environmental hazards. With further characterization these hazards can be identified and
treated appropriately.
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APPENDIX A
APPENDIX A-1: CALIBRATION CURVES

Figure A-1: Acetic Acid Calibration Curves

Acetic Acid Calibration Curve
Standard Concentration (mg/L)
Retention Time
1
4.619
10
4.603
20
4.588
50
4.586
100
4.575
150
4.568
*Point dropped from calibration

Peak Area
1.27444
2.22249
5.56946
7.73182
20.05078
38.96173
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*
*

Acetic Acid Calibration Curve
Standard Concentration (mg/L)
Retention Time
1
4.575
10
4.574
20
4.571
50
4.557
100
4.548
150
4.545
*Point dropped from calibration

Peak Area
4.612
5.720
7.821
12.941
31.503
49.800

Figure A-2: Citric Acid Calibration Curves
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*

Citric Acid Calibration Curve
Standard Concentration (mg/L)
Retention Time
1
NA
10
7.993
20
7.973
50
7.959
100
7.943
150
7.921
 Peak too small and not used.

Citirc Acid Calibration Curve
Standard Concentration (mg/L)
Retention Time
10
7.630
20
7.628
50
7.625
100
7.617
150
7.612

Peak Area
NA
12430
27070
73075
148744
224743

*

Peak Area
10121
21741
58043
123316
189136
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Figure A-3: Ethylene Glycol Calibrations Curves

Ethylene Glycol Calibration Curve
Standard Concentration (mg/L)
Retention Time
1
9.676
10
9.676
20
9.676
50
9.676
100
9.676
150
9.676

Peak Area
4.12
54.8
125
314
656
870
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Ethylene Glycol Calibration Curve
Standard Concentration (mg/L)
Retention Time
1
9.771
10
9.512
20
9.652
50
9.658
100
9.684
150
9.748
*Dropped from calibration

Peak Area
185.351
28.401
36.011
104.725
259.115
554.049

*

*

Figure A-4: 1,2-Propanediol Calibration Curves

1,2-Propanediol Calibration Curve
Standard Concentration (mg/L)
Retention Time
1
10.580
10
10.580
20
10.580
50
10.580
100
10.580
150
10.580

Peak Area
4.79
54.1
129
364
774
1021
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1,2-Propanediol Calibration Curve
Standard Concentration (mg/L)
Retention Time
1
10.616
10
10.470
20
10.563
50
10.568
100
10.585
150
10.630

Peak Area
2.422
12.063
51.595
190.737
407.262
758.232
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Figure A-5: Total Organic Carbon Calibration Curve

NPOC Calibration Curve
Concentration (mg C/L)
2
10
20
50
100

Peak Area
4.852
26.54
54.49
140.2
282.2
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APPENDIX A-2: FT-IR DATA
Figure A-6: FT-IR of Flowback Water

Figure A-7: FT-IR of Produced Water
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Figure A-8: FT-IR of Flow/Prod and Treated Water

APPENDIX A-3: SUVA RESULTS
Figure A-9: SUVA Results
Sample

Sample SUVA
(L/mg*M)

Low Molecular Weight /
Hydrophobic Neutral SUVA
(l/mg*M)

Flowback A
Flowback B
Flowback C
Produced A
Produced B
Produced C
Produced D
Flow/Prod A
Flow/Prod B
Flow/Prod C
Treated

1.953
0.925
0.274
0.148
0.000
0.065
0.014
0.135
0.177
0.718
0.106

0.533
0.217
0.252
0.500
0.474
0.082
0.066
0.441
0.254
4.842*
0.097

* This fractionation column showed breakthrough of organic carbon. This result is
possibly lower than reported.
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APPENDIX B: REPORTED MARCELLUS SHALE VALUES
Table B-1: Radioisotope data. Tables taken from New York State Department of
Environmental Conservation, DEC Report
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Table B-2: Chemicals used in hydrofracking procedure. Table taken from DEP
website.
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Table B-3: Hydrofrac solution chemicals and concentrations. Table taken from
DEP Frac listing.

86

87

