The biological treatment of synthetic fracking fluid in an extractive
membrane bioreactor: selective transport and biodegradation of hydrophobic
and hydrophilic contaminants

by

Nathan Mullins

A thesis submitted to the Department of Chemical Engineering
In conformity with the requirements for the
Degree of Master of Applied Science

Queen’s University
Kingston, Ontario, Canada
November, 2018

Copyright © Nathan Mullins, 2018

Abstract
Hydraulic fracturing involves the use of horizontal drilling techniques and high-pressure liquid
injections to stimulate the production of natural gas through the resultant micro-fracturing networks in tight
formations. Hydraulic fracturing wastewaters (HFWs) often contain a diverse hydrocarbon profile, low
molecular weight organic acids, and geogenic inorganic materials (salts) at low pH.
The diversity and variation of recalcitrant compounds within HFWs have made them difficult to
remediate biologically due to the inhibitory effects imparted on microbial systems. Currently, there is a lack
of effective remediation/disposal strategies capable of treating these heterogeneous wastes. This work
proposes extractive membrane bioreactors (EMBs) as an innovative HFW treatment method. EMBs operate
by selectively separating toxic waste streams from microbial systems preventing inhibition, while
simultaneously sequestering and transporting the organic content via thermodynamic partitioning across
polymer membranes.
Characterization of the suitability of various grades of Hytrel™ polymer tubing for EMB
applications was undertaken based on polymer water content, molecular transport/retention, and
thermodynamic affinity for a range of putative HFW components including acids, bases, salts, organic acids
and other organic species. High water content polymers (≥30% equilibrated water) were able to transport
ionic species, facilitating the rapid transport of monovalent salts, while low water content polymers did not.
A demonstration of the transport/retention capabilities of organic species and ions by low water content
Hytrel™ tubing was exploited to concentrate dilute butyric acid, achieving a 220% concentration increase
from initial dilute aqueous concentrations through chemical dissociation after 48 hours.
An EMB utilizing Hytrel™ 3548 tubing was employed for the biological treatment of frequently
occurring, representative hydrophilic and hydrophobic organic contaminants at hyper-saline salt
concentrations. A microbial consortium capable of degrading representative HFW compounds (benzene,
phenol, methyl ethyl ketone (MEK) and acetic acid) was generated and identified using genetic sequencing.
EMBs were then operated in both batch and continuous configurations, obtaining 99% biodegradation of
ii

benzene and phenol after 72 hours, MEK biodegradation of ≥96% and acetic acid removal up to its
ionization point. Successful treatment of synthetic hydraulic fracturing wastewater demonstrated the
effectiveness in utilizing amphiphilic polymers in EMBs when treating complex fluids containing
hydrophilic and hydrophobic organic fractions.
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Chapter 1
Introduction
1.1 Background
The growing need for energy has caused a boom in the development of natural gas
extraction. Hydraulic fracturing has been at the core of such expansion, accounting for 27% of the
total energy demand in the USA in 2017 [1], with a prediction to become the largest contributor to
natural gas supplies in the next 25 years [2]. In Canada hydraulic fracturing accounts for 76% of
the total natural gas supply and 15% of the country’s overall energy production with the expectation
to grow as hydraulic fracturing proves more economically feasible than conventional extraction
[3]. Canadian fracking operations currently slide under the radar with registration and reporting of
wells being very infrequent [4,5], however, a total of 127,781 wells are registered in the United
States [6], and despite both the demand and consumption of natural gas is increasing in both
countries, there is a lack of environmental protections surrounding this practice. Additionally,
concerns regarding the proper handling and disposal of wastes surrounding the fracturing practice
are growing, especially considering the burden on fresh water resources and the potential for
surface spills and contamination [7,8] and although data on contamination events are infrequent,
wells are often subjected to regulatory violations. In a study by Brantley et al., 2014, researchers
investigated the water resource impacts of shale gas development through a series of Marcellus
Shale wells, noting that one fifth of wells were given at least one notice of violation (NOV).
Additionally, of the wells drilled circa 2014, 3.4% of wells received NOVs for well construction
violations, while 0.24% received NOVs related to methane or contaminant migration, and through
2008 – 2014, ~ 1000 complaints were logged due to natural gas leaks. Of the 1000 complaints,
56% corresponded to natural gas leaks and 14% corresponded to inorganics [9]. As an additional
example of environmental concerns, Llewellyn et al. implicated a hydraulically fractured well in
12

the contamination of a potable aquifer, affecting at least three households in the state of
Pennsylvania [10].
A lack of clarity exists when considering the regulations surrounding hydraulic fracturing
practices. Several restrictions exist regarding the reporting of chemical constituents comprising
hydraulic fracturing fluid, however, companies are able to register well specific fluid blends as
“proprietary” and are therefore exempt from disclosure. This fluid is generally a combination of
water, sand/silica and various other chemicals and is used to fracture low-permeability rock
formations, induced under both high temperature and pressure [11]. After the well has been
fractured, these injected fluids along with indigenous hydrocarbons, geogenic salts, metals, and
radioactive material return to the surface upon dissipation of pressure, and this fluid is commonly
known as “flowback.” Similarly, “produced water” is the fluid that returns over the remaining
lifetime of the well and contains many of the same constituents. Collectively known as hydraulic
fracturing wastewater, these fluids pose significant challenges for conventional treatment methods
due to extremely high salinity (> 100 g L-1) , low pH (<4), and a heterogeneous organic profile
[12,13].
Extractive membrane bioreactors (EMBs) have been shown to effectively biodegrade
organic contaminants from inhibitory waste streams containing organics and inhibitory cocontaminants [14]. EMBs utilize a polymer membrane to separate toxic wastewater from microbial
systems within a reactor, thus reducing microbial inhibition. The use of polymer membranes
promotes the sorption, sequestration and transport of organics through the membrane, and provides
these organic substrates to the separated microbial system for bacterial metabolism. This process
relies on the thermodynamic affinity of the solute for the membrane, with transport being driven
by a concentration gradient across the membrane maintained by the microbial metabolism of
incoming substrates. Thus, the implementation of a separating membrane enhances biological
removal while maintaining an environment suitable for microbial growth. This principle is similar
to that of two-phase partitioning bioreactors (TPPBs), which have been extensively studied to date
13

and operate by an affinity driven, self-regulating absorption and release process through the
addition of an immiscible non-aqueous phase (organic solvents or polymer beads) [15–18]. The
benefit of EMBs resides in their complete separation of influent wastewaters from the microbial
phase, whereas TPPBs rely on the direct introduction of wastewater to the reactor containing an
aqueous cell phase. EMBs therefore provide the advantage of limiting the exposure of the microbial
systems to extremes in pH, metals and hyper-saline solutions which can hinder microbial functions
[12,19].
Early phase EMBs generally used silicone rubber tubing, or poly(dimethyl siloxane)
(PDMS) [14,20,21] due to its availability. EMBs utilizing this type of polymer have been successful
in removing hydrophobic contaminants such as 1,2-dichloroethane, 1,3-dichloropropene, and 3chloronitrobenzene [22–24]. However, the hydrophobic nature of PDMS limits its applicability for
the transport of hydrophilic compounds. Therefore, identification of polymers that exhibit affinities
for a wide range of both hydrophobic and hydrophilic compounds is essential to remediate
hydraulic fracturing wastewaters.
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1.2 Objectives
The first section of this study proposes to characterize several Hytrel™ tubing grades for
their stability and suitability in transporting or retaining a range of organic compounds, acids, bases
and salts. Tubing characterization was undertaken by conducting a series of transport tests,
delineating the role of water content, ionic properties, thermodynamic affinity, and species
dissociation/non-dissociation at different pHs. These tests allowed for the selection of a tubing
grade which would be suitable for hydraulic fracturing wastewater treatment often subjected to a
wide variation of conditions. These characterizations then led to the observation of differential
transport of organic acids based on the dissociation state through low-water content polymers. To
demonstrate the significance of these findings, a selected Hytrel™ grade was employed to exploit
the retentive properties of low-water content polymers by utilizing a concentration driven process
through chemically induced dissociation to sequester and concentrate dilute organic acid solutions.
The second part of this study aimed quantitatively to assess the range and variability of
organic constituents within hydraulic fracturing wastewater in order to generate synthetic hydraulic
fracturing wastewater (SHFW) for biodegradation in an EMB employing Hytrel™ tubing.
Membrane selection for EMB operation was evaluated through thermodynamic affinity and water
uptake characterizations to ensure sorption and rejection of both hydrophobic/hydrophilic organic
compounds and inorganic salts, respectively contained within the synthetic fluid. Additionally, an
enriched culture capable of degrading selected organics was generated and taxonomically
characterized to ensure complete biological removal of contaminants for use within an EMB.
Finally, an EMB was operated in both batch and continuous conditions to assess the biological
removal efficiency of an EMB employing a Hytrel™ membrane, and to demonstrate the superior
performance of amphiphilic membranes compared to PDMS.
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Chapter 2
Literature Review
2.1 What is Hydraulic Fracturing?
Hydraulic fracturing is the process of subjecting subterranean rock formations to
considerable pressure (50 MPa – 70 MPa) [1] and temperatures (up to 155°C) [2], using proprietary
fluids for the purpose of generating a network of micro-fractures; this increases the permeability of
the formations and increases the surface area for hydrocarbon extraction [3,4]. Generally
considered an unconventional process, hydraulic fracturing can be applied to several tight (low
permeability) formations including shales and coalbeds using techniques such as horizontal and
directional drilling [5]. This process of fracturing geologic formations creates a contact surface area
far larger than vertical drilling processes, and is considered more productive than conventional oil
and gas extraction methods alone due to its 1000x greater contact area [6]. Typically, the hydraulic
fracturing fluid used to create the fractures is a highly “specific” proprietary blend consisting of 3
to 14 or more additives including gelling agents, friction reducers, surfactants and biocides. Slickwater hydraulic fracturing which is used for shale gas is generally composed of 90% water, 9%
proppant (sand) and 1% additives [7,8], although relative percentages, types, and quantities may
vary depending on the application, the company performing the fracturing, and formation type and
location. The composition of additives can vary substantially, however the main purpose of
additives is to both enhance the ability of the proppant to reach the formation, and to induce micro
fracturing within the formation, both of which allow allowing the proppant to hold open these
newly created fissures. This process ensures continuous hydrocarbon recovery over the lifetime of
the well. Subsequently, once the formation has been fractured and the pressure imposed on the well
dissipates, the injected water/ fluid returns immediately to the surface of the well.
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During the well’s lifetime, fluid/ water is continuously returned to the surface in substantial
quantities, leading to the distinction of two primary types of hydraulic fracturing wastewater;
flowback and produced water. Flowback water is water that returns to the surface following
injection once the fluid pressure has dissipated to allow for gas migration, occurring over a period
of a few weeks after injection, resulting in 10% - 40% of the initially injected hydraulic fracturing
fluid returning to the surface of the well, at flow rates of 2 – 8 m3 day-1 during the production stage
[9]. Lutz et al. reported that 32.3% of the wastewater generated from fracking operations was
classified as flowback from Marcellus shale, one of the largest natural gas reserves in the United
States [10], equating to returning wastewater volumes ranging from 4000 m3 to 8000 m3 on average,
per well during the first 30 days of well operation [11]. Flowback water often contains a myriad of
chemical constituents, including indigenous formation organics, transformation by-products, and
initial hydraulic fracturing additives including: water, proppant, organics, and dissolved solids [12–
16]. In 2009, as a part of the MSC (Marcellus Shale Coalition) study, Hayes reported that the total
dissolved solids (TDS) concentration for flowback and produced water ranged from 3,000 mg/L –
345,000 mg/L [17], reaching concentrations five times greater than that of seawater [9] with similar
concentrations being reported elsewhere [1,18,19].
Similar to flowback water, produced water is water that reappears at the well surface after
well production begins, and is characterized as the fluid that returns over the remaining life of the
well [20]. Carter et al. noted that of the water that returns during the remaining lifetime of the well,
between 5% to 60% of the returning fluid mixture is composed of the hydraulic fracturing additives
by volume, while the remaining fluid is composed of water present in the formation [21]. However,
as much as 90% of the originally injected fluid is not recovered as flowback and although this has
the potential for recovery as produced water, the lack of initial recovery significantly increases
likelihood of contaminant migration [22]. Produced water is generally comprised of remaining
hydraulic fracturing additives not recovered in flowback, formation water, and indigenous
hydrocarbons from the fractured formation [20]. Formation or interstitial water, is the saline water
20

that naturally occurs in the pores of rocks and may be affected by the injection of chemicals,
resulting in increasing wastewater salinity over time. Additionally, the formation water may present
its own remediation challenges, as spatial and temporal variations may present a heterogeneous
contaminant profile including trace organics, salts, and enhanced mobility of metals and NORM
(naturally occurring radioactive material) [6,15,23–25].
The intensive use of water for gas and oil extraction is a cause of concern for many. The
United States has seen a rise of unconventional gas extraction methods compared to conventional
extractions and the production in natural gas alone has seen a 30% increase in the last decade, with
unconventional methods accounting for 0.68 Mm3 or 34% of the US production total [26]. In terms
of water usage per energy unit produced, hydraulic fracturing is lower than both conventional oil
extraction, and enhanced oil recovery practices. However, unconventional methods for gas
extraction are more energy intensive compared to conventional natural gas extraction and result in
marked increase in wastewater generation [27]. Since 2004, shale formations (specifically,
Marcellus and Barnett) have seen an increase in wastewater generation by about 570% [10]. The
recent boom in gas extraction from unconventional approaches brings along a host of other
challenges regarding water consumption, disposal, and contamination, considering that from 2008
to 2014, 930 Mm3 of water was consumed (primarily freshwater) to fracture 80,047 wells in the
United States [28], and between 1900 m3 and 9000 m3 of flowback per well, requiring proper or
disposal [29]. Therefore, it is imperative to study the environmental impact regarding water usage
on aquifer supplies as well as contaminant fate and corresponding treatment strategies [30],
although current strategies regarding flowback/ produced water treatment for reuse are limited.

2.2 Composition - Well, what’s in it?
The additives that comprise hydraulic fracturing fluid varies by well, operator and
formation type. Often proprietary blends of chemicals are used, which adds to the difficultly in
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summarizing the exact composition of ingredients. Nevertheless, the intent remains on enhancing
formation permeability to stimulate the extraction of sequestered hydrocarbons. A list of common
ingredients can be seen in Table 2-1.
In addition, each constituent added to the hydraulic fracturing fluid mixture has an
individual purpose, and it is not uncommon for multiple ingredients to be added with the same
purpose. There may be synergistic or antagonistic reactions between chemicals, especially when
exposed to high pressure and temperature, however these effects have not been well studied [23].
Definitions of additives are listed in Table 2-2.

2.3 Contamination and Persistence
Although the process of hydraulic fracturing consumes less water per unit energy produced
than conventional methods, it has been criticized by numerous environmental groups due to the
associated and potential increases in contamination cases surrounding well sites and surrounding
water bodies. As explained previously in Section 2.1, the extraction process involved in drilling
and stimulating oil and gas reserves, although relatively controlled, can lead to several prominent
contamination scenarios including [26,31]:
(1) Fugitive emissions caused by fissures created during the hydraulic fracturing process.
These migration pathways can lead to aquifer contamination from fluid additives, and from
formation waters.
(2) Contamination of surface water such as lakes and streams due to improper disposal
techniques employed for flowback and produced water.
(3) Soil/riverbed contamination via the accumulation and precipitation of NORMs, and
inorganics from hypersaline flowback and produced water.
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(4) Leaking well cement columns and casings due to an imperfect seal causing contaminant
migration via advection with dispersion. This could also lead to explosions from escaping
methane gasses.
Table 2-1. Common Constituents of Hydraulic Fracturing Fluid
Use

Common Compounds

Guar Gum
Petroleum Distillates, light
Glutaraldehyde
2,2-Dibromo-3-nitrilopropionamide
Biocide
Tetrakis Hydroxymethyl
Phosphonium Sulfate
Quaternary Ammonium Compounds
Peroxydisulfuric acid
Sodium Chloride
Gel Breaker
Sodium Chlorite
Sodium Persulfate
Water
Clay Stabilizer
Choline Chloride
Propargyl alcohol
Isopropanol
Corrosion
Inhibitor
Methanol
Formic Acid
Ethylene Glycol
Potassium Hydroxide
Crosslinker
Sodium Hydroxide
Petroleum Distillates, light
Friction Reducer
Petroleum Distillates, light
Gelling Stabilizer
2-Butoxyethanol
Acetic Acid
Iron Control
Citric Acid
Isopropanol
Naphthalene
Non-Emulsifier
Methanol
Nonyl Phenol Ethoxylate
Sodium Hydroxide
pH Adjusting
Potassium Hydroxide
Agent
Carbonic Acid
Hydrochloric Acid
Scale Inhibitor
2-Butoxyethanol
Ethanol
Petroleum Distillates, heavy
Surfactant
Naphthalene
Polyethylene Glycol
Hydrochloric Acid
Solvent
USEPA 2015 Report based on FracFocus 1.0 Data
Gelling Agent

23

CAS

Frequency
of Use (%)

9000-30-0
64742-47-8
111-30-8
10222-01-2

70.0%
73.0%
33.0%
24.0%

55566-30-8

11.0%

68424-85-1
7727-54-0
7647-14-5
7758-19-2
7775-27-1
7732-18-5
64-48-1
107-19-7
67-63-0
67-56-1
64-18-6
107-21-1
1310-58-3
1310-73-2
64742-47-8
64742-47-8
111-76-2
64-19-7
77-92-9
67-63-0
91-20-3
67-56-1
9016-45-9
1310-73-2
1310-73-2
584-08-7
7647-01-0
111-76-2
64-17-5
64742-94-5
91-20-3
25322-68-3
7647-01-0

12.0%
27.0%
21.0%
11.0%
10.0%
47.0%
14.0%
34.0%
47.0%
72.0%
12.0%
32.0%
29.0%
39.0%
70.0%
70.0%
21.0%
24.0%
24.0%
47.0%
19.0%
72.0%
12.0%
39.0%
29.0%
13.0%
73.0%
21.0%
29.0%
21.0%
19.0%
11.0%
65.0%

Avg.
Conc.
(% mass)
38%
27%
2%
2%

Log Ko/w

-0.18
0.82

5%
12%

0%
5%
5%
24%
5%
9%
27%
27%
4%
3%
1%
5%
1%
5%

-1.38
-5.16
-0.38
0.05
-0.77
-0.54
-1.36

0.83
-0.17
-1.64
0.05
3.3
-0.77
5.3

9%
5%
67%
4%
9%
3%
1%
60%
67%

0.54
0.83
-0.31
3.3
1.2
0.54

Table 2-2. Additive uses in hydraulic fracturing fluid
Chemical Categories
Base Fluid:
Acid:
Biocide:

Clay Stabilizer:
Friction Reducer:
Corrosion Inhibitor:
Crosslinker:
Breaker:
Surfactant:
Proppant:
Iron Control:
Gellant:
pH Control:
Scale Inhibitor:

Technical Hydraulic Fracturing Uses
Creates fracture network under high pressure and suspends/carries proppant
Dissolves minerals and clays in formation to prevent clogging and often initiates
fractures
Inhibits bacterial decomposition of HFF constituents in the well, and prevents
acid formation which corrodes pipes due to partial decomposition of organic
constituents
Prevents swelling or migration of clay particles
Minimizes friction of base fluid in formation. Allows HFF to efficiently reach
formation
Reduces possibility of rust formation in well casings
Maintains viscosity/thickens fluid as temperature increases
Breaks down gels when required, generally at the end of the fracturing
progression
Reduces the surface tension of the fracturing fluid in the formation, and aids in
the recovery of flowback and produced water
Hold fractures open allowing for hydrocarbon extraction from formation
Prevents aggregation of metal oxides
Increases viscosity of fluid and aids in suspension of proppant
Utilizes buffers to maintain pH and effectiveness of other additives present in the
fluid
Prevents scale buildup that can block passage of hydrocarbons through formation
and pipes

The incidence of well related problems during the hydraulic fracturing process range from
1 to 3% [22], but the source of the contamination is subject to controversy, as it is argued that
natural processes rather than drilling operations could contribute to contamination. However, a
study conducted by Llewellyn et al. identified compounds present in flowback that had migrated
1-3 kilometers from the initial site, contaminating drinking wells that fed from a local aquifer [32].
Although incidents of contamination are infrequently reported, the resulting health effects on an
ecological and human level can be devastating [3,16,33,34]. In a study undertaken by Kassotis et
al. endocrine disrupting chemicals (anti-estrogenic and anti-androgenic) were found downstream
of a disposal well in concentrations that have been shown to disrupt aquatic animal reproduction
[35]. Additionally, releases of the hypersaline hydraulic fracturing wastewater can significantly
affect water table resources, as they contain high concentrations of salts, metalloids and NORM
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[26] which can be difficult to treat at extremely high concentrations. Other causes for concern
include the presence of volatile organic carbon (VOCs), semi-volatile organic carbon (SVOCs),
volatile fatty acids (VFAs) and other organic derivatives. Initially present in hydraulic fracturing
fluid and subsequently found in flowback and produced water from partial degradation, these
chemicals can persist in the environmental for a relatively long period of time. Orem et al. found
that hydraulic fracturing chemicals and TOC decreased dramatically during the first 20 days of
exposure, most likely due to microbial degradation and dispersion [36]. However, residual organics
were found to be present for as long as 250 days after the completion of hydraulic fracturing.
Similarly, a mass balance on a hydraulically fractured well conducted by Rosenblum et al. over
405 days identified substantial concentrations of BTEX throughout the entire duration, along with
other hydrophilic constituents such 2-butanone [37]. Another study conducted by Rogers et al.
focused on the development of a screening framework which identified hydraulic fracturing fluid
additives that may be mobile and persistent, and thus are likely sources of contamination. It was
found that 15 compounds that were present on at least 50% of Fracfocus reports had the potential
to be present in greater than 10% of the initial concentration remaining at a distance of 94 meters
in all groundwater transport scenarios and were therefore classified as having an elevated exposure
potential [3]. Also present in hydraulic fracturing fluids are biocides, which inhibit and control
microbial growth. However, a study by Kahrilas et al. found that the majority of biocides are short
lived and were deemed degradable, which makes them a likely contaminant in flowback and
produced waters [38]. In conclusion, the mobility and persistence of chemicals present in fracturing
fluid and flowback and produced waters may enhance the probability of these chemicals causing
contamination of local watersheds, but there is a significant knowledge gap regarding the toxicity
values related to these chemicals [39], and although Payne et al. observed acute cytotoxicity values
for some of the chemicals present in the fracturing fluid [40], the presence and concentration of
chemicals remains temporally and spatially variable resulting in some risk associated with this
process.
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2.4 Disposal and Remediation
2.4.1 Disposal
One of the main challenges regarding hydraulic fracturing is the disposal of potentially
toxic aqueous wastes. Improper disposal can lead to contamination via multiple pathways that have
the potential to contaminant surface and groundwater supplies, and to cause human and ecological
health repercussions. Currently, surface release is not a viable option due to the lack of adequate
treatment technologies which can handle high salinity, low pH wastewaters with variable organic
composition and loading rates. Therefore, the most common disposal method of hydraulic
fracturing wastewaters is deep well injection, accounting for roughly 91-93% of all hydraulic
fracturing wastewater disposal methods in the United States [41]. However recently, deep well
disposal has also been shown to induce seismic events, especially if injection occurs near fault
zones, significantly increasing the potential for leakage around well sites [42–44]. Thus, there is an
urgent need for robust technologies that can be implemented consistently, effectively, and cheaply,
to minimize the amount of waste generated from this growing industry. The next section will
expand on technologies currently being employed in remediation of hydro-fracking wastewaters.
2.4.2 Current Technologies
Although deep well injection disposal techniques are common, current technologies aim to
treat the effluent fracturing water in the hopes of reuse for further fracturing operations or recycling
for other purposes. Due to the high concentration and range of contaminants present within the
water, remediation techniques, such as desalination, are generally aimed at minimizing the TDS
concentration to of enhancing the suitability for conventional treatment options.
2.4.2.1 Desalination
There are several different advanced treatment technologies currently being studied for use
in hydraulic fracturing wastewater treatment. Such technologies focus mainly on removing water
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from highly concentrated brine solutions (either flowback or produced water) that return to the
surface after residing in a formation. Evaporation by mechanical vapour compression (MVC) is a
treatment technology which is intended to remove demineralized water via evaporation analogous
to a distillation process. Gas driven generators produce electricity which powers compressors that
essentially superheat and compress vapour which provides heat to the flowback/produced water.
This vaporizes the water from the brine leaving only the remaining salts, and the vapor (distillate)
is recompressed. Rejected latent heat from the compression process can be used to generate
additional vapor. Hayes and Severin found this process to be highly efficient at removing ionic
species from post-frac waters during a 60-day test, and it was also noted that this process eliminates
the potential of any scale buildup or fouling during operation [45], however this process is quite
energy intensive.
Membrane distillation is a relatively new technology which utilizes thermal energy to
vaporize fluid within a hydrophobic membrane, and the resulting vapor diffuses through to
permeate at a lower temperature than the feed stream. Macedonio et al. studied this process using
oilfield produced water and a polyvinylidene fluoride (PVDF) membrane. They found this process
rejected 99% of the TDS and 90% of the carbon present in the wastewater solution. Additionally,
membrane distillation was able to handle high salinity samples with extremely high efficiency,
resulting in the approximate cost of 0.72$ m-3 of water recovered [46].
Other desalination processes include reverse and forward osmosis. Reverse osmosis (RO)
is often applied to desalination facilities for the treatment of seawater. The process utilizes a semipermeable membrane and pressure which selectively forces the fluid through the membrane.
Pressure is applied to overcome osmotic forces driven by a chemical gradient across the membrane,
and results in a high concentration of solute on the pressure driven side, and a more potable water
source (solvent) on the effluent side. Forward Osmosis (FO) or “engineered osmosis” also utilizes
a semi-permeable membrane. A solution of high concentration (termed “draw” solution) is
separated from a feed stream via semi-permeable membrane, where osmosis-driven diffusion
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enables water movement from the low concentration feed solution to the high concentration draw
solution. In a second step, reverse osmosis or distillation is used to separate the high-quality water
and regenerate the draw solution. Codey et al. compared membrane separation processes and
concluded that forward osmosis is one of the most effective methods of desalinization, having
shown >70% recovery in bench, pilot, and demonstration scale studies in the treatment of produced
and drilling waters from various oil and gas sites [47].
Although membrane pre-treatment technologies seem promising, challenges arise due to
the complex nature of fracking wastewaters. An example was highlighted by Luo and Wan, who
found that nanofiltration membranes suffered from poor organic compound rejection with
increasing salt loads. This effect was attributed to the decrease in solute size, along with the increase
in pore size, due to the “salting out” effect [48]. Additionally, microfiltration membranes can
succumb to fouling due to the presence of both small colloids (<100 nm) and hydrophobic organic
solutes, even after pre-treatment, indicating the need for further pre-treatment steps [49] to reduce
costs associated with chemical and physical cleaning.
2.4.2.2 Physicochemical Treatment
Physicochemical treatment technologies have been proposed as another method of treating
hydraulic fracturing wastewater. These technologies generally utilize multi-step processes for the
treatment of a single contaminant source. A study conducted by He et al. demonstrated the cotreatment of acid mine drainage (AMD) and flowback water for reuse in hydraulic fracturing
operations. In this study, both AMD and flowback water were mixed, to utilize the high
concentration of iron in AMD as an internal coagulant, after pH buffering with NaOH prior to
clarification. The combination of both AMD and hydraulic fracturing wastewater for co-treatment
revealed the removal of iron and barium, and reduced sulfate levels in the co-mix to <100 mg L-1
while simultaneously removing 99% of the NORM [50].
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In another study, conducted by Butkovskyi et al. the effectiveness of ozonation, granular
activated carbon (GAC) and aerobic digestion (discussed in the next section) were compared for
the removal of organic compounds in flowback water. It was found that ozonation was completely
ineffective for depleting the organic fraction in the flowback, and while GAC did remove some
organic compounds, low molecular weight compounds (<115 Da) remained within the solution
[51].
2.4.2.3 Biological Treatment
Research on the biological treatment of hydraulic fracturing wastewater is still in the
preliminary phase, and generally focuses on either conventional aerobic or anaerobic treatment
methods using bioreactors or membrane bioreactors analogous to wastewater treatment units.
Lester et al. showed efficient (90%) degradation of guar gum, a common gelling agent used in
hydraulic fracturing using a sequencing batch reactor at a TDS concentration of 1,500 mg L-1.
However, once the TDS concentration in the reactor was raised to 45,000 mg L-1, dissolved organic
carbon (DOC) removal was completely inhibited [52]. Another study by Kekacs et al. observed the
degradation potential of synthetic hydraulic fracturing fluid using activated sludge treatment. It was
found that more than 90% of the DOC was degraded at solids retention time (SRT) of 6.5 days,
with greater degradation efficiency at lower salt concentrations (20,000 mg L-1) compared to
(40,000 mg L-1) [7]. Similarly, Butkovskyi et al. also observed a decrease in DOC when flowback
water was treated using aerobic digestion and found that 83% of the original DOC was removed
within 48 hours. However, removal stagnated for the remainder of the incubation period, in addition
to the sludge not being subjected to industrially relevant chloride loadings which may have further
inhibited biodegradation [52]. In contrast, Estrada and Bhamidimarri compared biological
technologies for contaminant breakdown such as conventional activated sludge treatment and noted
that limitations arise due to the high concentration of TDS which limit biological degradation of
pollutants [53].
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2.5 Shortcomings
Although the treatment technologies previously discussed are highly regarded in the
literature [45-52] as effective methods for treating hydraulic fracturing wastewater, they also have
limitations. Pitfalls often arise when considering the high salinity, high TDS nature of fracturing
wastewaters. Desalination treatments such as MVC, RO and FO often require pre-and posttreatment depending on the organic and inorganic constituents present within the waters. Xiong et
al. found that fouling and scale build-up associated with organic content, reduced the efficiency of
microfiltration membranes, often used in distillation processes [49]. This could present substantial
problems due to the high organic loads of frac-wastewaters along with the variability in constituents
present. High dissolved solids concentrations limit the applicability of many technologies, such as
RO and MVC as they are able to handle only up to a certain TDS load (40,000 mg/L and 200,000
mg/L respectively) [53]. In contrast, FO is able to handle high salinity waters, but is more
complicated and is more energy intensive than RO at this time [53]. Similarly, biological treatment
is generally regarded as an effective method for removal organic contaminants. However, due to
the high salinity of fracking wastewaters, even degradation by halotolerant strains can be inhibited
[7,51,54]. Additionally, feasible technologies for remediating hydraulic fracturing wastewater must
have a small installation footprint (less surface area than conventional wastewater treatment),
require minimal initial and maintenance capital, and must be able to efficiently and categorically
remove pollutants from the wastewaters. The catch-22 of hydraulic fracturing wastewater
remediation revolves around the combination of dissolved solids, metals, and organics, limiting the
potential effectiveness of technologies that focus on the removal of one specific type of
contamination.
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2.6 Treatment Technologies using Polymeric Phases
2.6.1 Two-Phase Partitioning Bioreactors (TPPBs)
TPPBs as an environmental treatment technology are characterized by an immiscible nonaqueous phase (NAP) operating in combination with an aqueous, cell-containing phase. The
operating principle of TPPBs relies on the selective absorption and release of the target compound
by the NAP, limiting the cytotoxic effects from inhibitory contaminant concentrations in
bioremediation reactions. The initial partitioning of the solute occurs after addition of the aqueous
phase to the reactor, whereby rapid uptake of the solute occurs upon exposure to the NAP,
establishing a chemical equilibrium between both phases due to the thermodynamic affinity (i.e.
the chemical affinity of one molecule for another) the target molecule for the sequestering phase.
In TPPBs, the additional presence of a microbial population in the aqueous phase creates a
disruption in the chemical equilibrium by continuously consuming the substrate, resulting in the
continuous transfer of the solute from the NAP into the aqueous phase. Thus, substrate supply/
release is dictated by metabolic activity, which prevents cytotoxicity from substrate accumulation
[55]. Several categories of TPPBs exist, including liquid-liquid TPPBs and solid-liquid TPPBs,
which differ only in the state of their NAP.
Liquid-liquid TPPBs were the first approach to the novel two phase partitioning bioreactor
design. Initially, the system consisted of an immiscible solvent phase as the NAP in addition to a
microbial system for the partitioning of a target compound. Accordingly, several criteria must be
met for solvent selection to maximize system efficacy as solvent-microorganism coupling is
extremely important for this type of TPPB. First, the solvent must be biocompatible; assessed by
comparing the critical octanol-water partition coefficient (LogKO/W) of the microorganisms against
the solvent’s LogKO/W. If the solvent has a LogKO/W higher than that of the microorganism “critical”
LogKO/W, the solvent is deemed biocompatible [56]. The solvent must also not be bioavailable,
meaning that the solvent should not be available for microbial consumption. Additionally, the
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solvent must present a high affinity for the target solute in order to maximize partitioning behavior,
which can be quantified experimentally by partition coefficient determinations [57].
Although liquid-liquid TPPBs exhibit considerable advantages compared to single phase
bioreactors, this early stage TPPB experienced limitations due to the difficulty in meeting all
previously mentioned criteria for solvent selection, especially when working with mixed microbial
populations in bioremediation applications [58]. Silicone oil (poly(dimethyl siloxane)) was
eventually proven to be one of the most versatile solvents for liquid-liquid TPPB applications due
to its biocompatibility, non-bioavailability with a large range of microorganisms, as well as bulk
availability and stability within the reactor [59–61]. However, several drawbacks with silicone oil
still exist, including the solvent’s high viscosity, cost, propensity for emulsification due to mixing,
internal adhesion within the reactor [58], in addition to the hydrophobic nature of silicone oil which
limits its applicability to hydrophobic target molecules [62].
To address such issues, polymers were introduced as replacement for solvent-NAP
systems. Often in pellet form, these absorptive, solid polymers presented an affordable alternative
to solvents, providing a non-bioavailable, non-cytotoxic, and easily recoverable option for
enhancing TPPB performance [58,63,64]. Additionally, polymers can be tailored to enhance solutepolymer affinity through monomer selection, functionalization, copolymerization and crosslinking
[55], providing a wide range of applications in the destruction of organic pollutants such as BTEX
[65], PAHs [66], and more hydrophilic molecules such as MEK [67].
2.6.2 Extractive Membrane Bioreactors
Extractive membrane bioreactors in bioremediation applications operate on the same
framework as TPPBs, relying on solute sequestration/transport to prevent toxic inhibition by
organic molecules. However, unlike TPPBs, EMBs operate with polymeric membranes that
separate influent wastewater streams from the aqueous biotic system. These membrane-driven
processes rely on both concentration gradient driving forces and solute-polymer thermodynamic
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affinity to sequester and subsequently “pull” contaminants across the membrane into a
microorganism containing phase resulting in biodegradation. As in TPPBs, the polymer sequesters
target molecules acting as a buffer, and subsequently desorbs/ transports the solutes through the
membrane, dictated by microbial metabolic demand. However, EMBs prevent the transport of
inorganic constituents such as salts, acids, and metals by acting as a barrier for the biotic systems
in the reactor while simultaneous reducing the ill-effects of initial exposure to high concentrations
of organic contaminants.
Early work on EMBs utilized silicone rubber (poly(dimethyl siloxane)) tubing and was
developed by A.G. Livingston for the treatment of organics from hostile waste streams [68,69].
These systems were successfully employed for the treatment of hydrophobic contaminants such as
3-chloronitrobenzene, 1,2-dichloroethane, and 1,3-dichloropropene using mixed cultures of
microorganisms [69–71]. However, PDMS EMBs suffered from significant limitations due to the
extreme hydrophobicity of the membranes, limiting the absorption ability of semi-hydrophobic
molecules into the membranes [68]. In an early EMB example by Livingston in 1993, phenol
contaminated wastewater was treated using PDMS membranes in batch operation. The lowpartitioning behavior of phenol for PDMS (PC~0.8) resulted in only 65% phenol removal after 1.9
hours of contact time using tubing with a surface area ~ 0.165 m2 [68]. In addition, due the
hydrophobic nature of PDMS, hydrophilic/ moderately hydrophilic organic compounds will not
exhibit significant sequestration within the polymer [62,68]. This effectively limits the buffering
capacity of the membrane, as transport mainly occurs through diffusion rather than absorption via
thermodynamic partitioning. Additionally, the PDMS membranes also succumbed to substantial
biofilm growth, limiting the driving force of the substrates through the membrane by acting as an
impenetrable layer due to exopolysaccharide deposition on the outer wall of the tubing by bacteria
[68]. Other studies such as those conducted by Tomei et al. have focused on the use of block copolymer membranes such as Hytrel™ by DuPont. These studies have harnessed both the
amphiphilic nature of Hytrel’s poly(butylene terephthalate) (PBT), poly(ethylene terephthalate
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glycol) (PETG) backbone to transport organic compounds due to Hytrel’s improved sequestering
ability of a diverse range of organic compounds [67,72,73]. Several studies have been conducted
using Hytrel tubing for the removal of toxic contaminants such as those undertaken by Tomei et
al., which primarily focused on the treatment of substituted phenolic compounds using Hytrel™
8206, showing biological removal percentages of >96% in all cases, as well as an ability of Hytrel™
to buffer increased organic loadings, which is in direct contrast to PDMS membranes [74].

2.6.3 Membrane Characteristics for TPPB Applications
2.6.3.1 Glass Transition Temperature and Degree of Crystallinity
Two important parameters for tubing polymer selection when considering the
absorption/transport of organic molecules are the glass transition temperature (T g) and the degree
of crystallinity. Diffusivity, an important property in dictating overall polymer permeability relies
on the mobility of polymer chains for promoting molecular passage of molecules through a
polymer. The glass transition temperature is characterized as the temperature at which a polymer
transforms from a “glassy” to “rubbery” state. This phase transition results in improved chain
mobility, promoting diffusion of molecules into and through the polymer by increasing polymer
free volume, resulting in improved polymer permeability as permeability is mediated by both
partitioning and diffusive behavior [63,75]. Glassy materials, in comparison, possess permeabilities
several orders of magnitude lower than their rubbery counterparts due to limited chain mobility
[75], which limits the amount of free volume through which molecules may diffuse. Therefore, for
both TPPB and EMB applications, it is essential to select a polymer with a Tg below the operating
temperature of the system to ensure that the total polymer mass is used, rather than relying purely
on the amount of contact area between solute and polymer. Additionally, Tg can also be affected
by the sorption of water within a polymer, acting as a plasticizing agent improving chain segmental
motion. Parent et al., observed an increase in oxygen permeability in (poly(ethylene co-vinyl
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alcohol)) when changing the relative humidity from 0% to 100% indicating that chain mobility is
improved upon saturation with water, resulting in a lower Tg [75]. Water content of a polymer plays
a critical role in other membrane selection parameters and will be discussed in a later section.
Chain mobility within a polymer is also dictated by the degree of crystallinity, another
important parameter in polymer selection. The highly ordered crystalline domains within a polymer
similarly lack free volume dictated by chain mobility, thus crystalline polymers often exhibit
negligible diffusivity [75]. This finding was confirmed by Parent et al. who studied the absorption
of PAHs into high density poly ethylene (HDPE), with 63% crystallinity, against linear low-density
polyethylene (LLDPE), with 39% crystallinity. It was found that an inverse relationship existed
between solute absorption and degree of crystallinity, and that solute uptake decreased with
increasing crystalline fractions. Additionally, since the PC of the LLDPE was nearly double that of
the HPDE, these results confirmed that the crystalline fraction does not contribute to solute uptake
[75]. Therefore, in both TPPB and EMB applications it is desirable to select polymers in their
“rubbery” state, which exhibit just enough crystallinity to confer appropriate mechanical properties
for usage and handling within a reactor.
2.6.3.2 Water Content
The equilibrated water content of a polymer is generally tabulated as the percent weight
change of a polymer when submersed in water, as determined by gravimetric analysis. The water
content of a polymer is considered to be dictated by the amount of hydrogen bonding to the soft,
amorphous sections of the polymer chains [76,77]. Polymers with increased water content are
ordinarily more permeable to both inorganic and organic compounds. Yasuda et al. hypothesized
that upon swelling with water, the free volume within the polymer increases, due to the formation
of water networks and increased chain segmental motion and thereby increasing the polymer’s free
volume thus allowing and/or improving the diffusion of compounds through the polymer [78–81].
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The role of water content is critical in EMB applications that operate with co-polymer
membranes due to the importance of separating inorganic contaminants from the biological system.
As an example, a study conducted by Tomei et al. operating with Hytrel™ 8206 (30% equilibrated
water) in an EMB, showed the transport of chloride across the membrane, and was attributed to the
hydrophilic nature, and therefore sorption of water by the polymer [82]. This phenomenon is
potentially hazardous for microbial communities, which may be inhibited by high concentrations
of chloride [7,83]. Therefore, a balance must be struck by selecting polymers with ample
hydrophobic and hydrophilic properties but that do not permit the transport of potentially toxic cocontaminants.
2.6.3.3 Thermodynamic Affinity
Quantifying the affinity, and therefore sorption capacity of solutes for a polymer is critical
for identifying compatible polymers for use in both TPPB and EMB applications. The partition
coefficient (PC) representing solute-water-polymer interactions can be described in terms of
𝑝𝑜𝑙𝑦

aqueous and polymer weight phase fractions, where 𝑤𝑠𝑜𝑙𝑢𝑡𝑒 describes the weight fraction of solute
𝑎𝑞

in the polymer phase over the weight fraction of solute in the aqueous phase, 𝑤𝑠𝑜𝑙𝑢𝑡𝑒 , and thus:
𝑝𝑜𝑙𝑦

𝑃𝐶 =

𝑤𝑠𝑜𝑙𝑢𝑡𝑒
𝑎𝑞

𝑤𝑠𝑜𝑙𝑢𝑡𝑒

(2 − 1)

The partition coefficient is often the primary means of determining the successful uptake
of a solute by a polymer. Recently, Poleo and Daugulis, 2013, used such methods when analyzing
the degradation of butyl acetate and phenol simultaneously by an enriched culture in a TPPB [73].
The study demonstrated the capacity of the PC to characterize the affinity of the substrate to several
different high-grade polymers (e.g. Hytrel and Pebax) in addition to waste polymers such as
styrene-butadiene (rubber tires). Similarly, PC determinations have also been used in EMB
applications, though due to the lack of availability of membranes, the majority of solute-polymer
PCs are quantified only for commercially available PDMS tubing [68,69].
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2.7 Biodegradation
2.7.1 Phenol
The xenobiotic nature of phenol makes it a compound of concern in aquatic ecosystems.
Phenol is classified as a semi-volatile aromatic organic molecule consisting of a phenyl group with
a bound hydroxyl group. It is moderately soluble in water and is a common contaminant in
hydraulic fracturing wastewater. Environment Canada classifies phenol as moderately toxic, with
aquatic organisms being extremely susceptible. Direct toxicological impacts for fish can occur from
4.4 mg/L to 57.5 mg/L, with lower limits inhibiting species’ growth [84]. Indirect ecotoxicological
effects can be generated from dissolved oxygen depletion due to microbial degradation activity in
aerobic conditions. Furthermore, phenol has been classified as a Class C compound by the USEPA,
indicating the possibility of carcinogenic effects. Additionally, the LD50 for phenol is relatively
low, with an oral lethal dosage of 50% at 270 mg kg-1 in rats, emphasizing the importance in phenol
removal from the environment. Phenol and other selected compound properties can be seen in Table
2-3.
Table 2-3: Properties of compounds selected for SHFW
Property

Methyl Ethyl Ketone

Benzene

Phenol

Acetic Acid

C4H8O
78-93-3
75.6

C6H6
71-43-2
78.7

C6H6O
108-95-2
181.8

C2H4O2
64-19-7
117.1

Density (kg m )

-3

805

876

1070

1050

Water Solubility (g L-1 , 25°C)

223

1.8

83

1000

5.69 x 10-5
2737

5.33 x 10-3
930

1.53 x 10-6
270

2.856 x 10-6
3310

9.99

4.76

Structure

Formula
CAS Number
Boiling Point (°C)

3

-1

Henry's Constant (atm m mole )
LD50 oral, for rats (mg/kg)
pKa
Octanol-Water Partition
Coefficient (Log-P)
PDMS Partition Coeffiicients
Partition Coefficient (Hytrel™ 3548)

0.29

2.13

1.46

-0.17

0.4 [62]
4 ± 0.9

90 [62]
107 ± 3

0.8 [68]
56 ± 0.2

1 ± 0.1
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The biodegradation of phenol in TPPBs has been extensively studied in the context of the
present work. Prpich et al. studied the degradation of phenol using ethylene vinyl acetate (EVA)
polymer beads [85]. The investigation utilized an enriched culture which was isolated from
differing biological sources and serially selected until superior strains were chosen. It was shown
that the consortium operated synergistically and was capable of degrading phenol concentrations
of up to 2000 mg L-1. Analysis of the culture revealed two of the main organisms responsible for
degradation of phenol in this study were species of Pseudomonas and Acinetobacter. Another study
conducted by Reardon et al. analyzed the biodegradation kinetics of phenol and other aromatics by
Pseudomonas putida F1, showing similar biodegradation mechanisms for both phenol, and benzene
[86]. Degradation of these monoaromatic compounds occurred via utilization of monooxygenase
enzymes, resulting in the hydroxylation of the substrates forming the degradation product catechol.
In similarity to the study by Prpich et al. in 2005, yield coefficients for phenol range from 0.67 –
0.81. An additional study using TPPBs to degrade a mixture of toxic substrates was conducted by
Poleo and Daugulis, demonstrated the simultaneous degradation of phenol and butyl acetate using
Hytrel™ 8206 beads as the NAP, in conjunction with an enriched microbial consortium. This study
showed that the use of Hytrel™ in the TPPB prevented inhibition of the microbial community,
thereby permitting simultaneous degradation of both phenol and butyl acetate. Rates of degradation
and disappearance for phenol and butyl acetate were found to be 50.8 mg L -1 h-1 and 105.1 mg L-1
h-l, respectively [73]. In EMBs, the biological removal of phenol has been extensively studied using
tubular PDMS membranes using enriched cultures[68,74,87]. Additionally, Ren et al. studied the
microbial community dynamics of phenol degradation in an EMB in response to increased phenol
loadings [74]. A negative response in abundance of proteobacteria capable of degrading phenol,
and overall biodiversity was observed in response to increasing phenol loadings beyond 2.5 g L-1,
likely due to the inability of PDMS to buffer the organic load.
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2.7.2 Benzene
There have been many studies that have looked at the biodegradation of benzene. Benzene
is an aromatic hydrocarbon and major contaminant of concern, especially when in the presence of
ethylbenzene, toluene and xylene (BTEX). Benzene is classified as carcinogenic (Group 1
carcinogen) by the International Agency for Research on Cancer (IARC) and exhibits an oral LD50
= 930 mg kg-1 in rats. Benzene exhibits moderate solubility in water (as shown in Table 2-3) and is
extremely volatile, and therefore surface water contamination is less of an issue due to the eventual
volatilization into the atmosphere. Nevertheless, benzene can cause significant contamination
problems for groundwater sources, forming a light non-aqueous phase layer when above its
aqueous solubility limit, which often occurs due to the accidental release of petroleum products
[88].
Removal of benzene by a microbial consortium involves the complete metabolization
and/or mineralization of benzene either to other less-toxic by-products or to CO2. Benzene is a
readily degradable substrate by aerobic microorganisms. A study undertaken by Hu et al., observed
the removal performance of benzene in a biofilter operating with an enriched microbial consortium,
exhibiting an average removal efficiency of 85% during a 90 day operational period [89]. Other
studies using polymeric NAP’s have also been conducted for benzene removal. In 2003, Daugulis
et al. studied benzene biodegradation in the presence of poly (ethylene-co-vinyl acetate) (EVA)
beads, showing complete metabolization of 1000 mg L-1 by Alcaligenes xylosoxidans within 40
hours [90]. Other studies, such as those conducted by Reardon et al. in 2000, and Littlejohns and
Daugulis in 2008 identified Psuedomonas sp. as primarily benzene degraders. Pseuodomonas sp.
are known to metabolize benzene using the same catechol forming pathway as with phenol
metabolization. [65,86]. Interestingly, biological removal of non-substituted benzene has not been
studied to date in EMBs.
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2.7.3 Methyl Ethyl Ketone
Methyl ethyl ketone (MEK) biodegradation has been less frequently studied in comparison
to both benzene and phenol. However, MEK still poses serious environmental concerns as it is
frequently found in the presence of other contaminants, especially those used in industrial solvent
applications [91,92]. There is currently a lack of carcinogenic data surrounding MEK exposure,
however MEK exhibits an LD50 oral toxicity value of 2737 mg kg-1 in rats.
Several studies have identified microbial cultures capable of degrading MEK. A study by
Fahrenfeld et al. in 2017 isolated a microbial community from aquifer sediments capable of
degrading MEK, revealing Proteobacteria, Acintobacteria and Firimicutes as the dominant phyla
of organisms in the culture [91]. In 2006, Lee et al. characterized the ability of Pseudomonas sp.
KT-3 in the degradation of MEK, showing 90% removal efficiency of 400 mg L -1 MEK after 10
days of acclimation [92]. Additional studies have looked to characterize microbial community
interactions in the presence of co-substrates. A study conducted by Datta et al. in 2014 isolated an
enriched culture capable of degrading several different ketone compounds, including MEK. This
study analyzed the microbial metabolic response to the presence of co-substrates and showed that
metabolism of MEK was inhibited by the presence of more hydrophobic compounds such as
toluene [93]. MEK removal has not been shown in EMB systems, however a study by Hernández
et al., quantified the biological removal of MEK, hexane and toluene in a TPPB, with a tailored
polymeric mixture comprising the NAP, achieving removal efficiencies of 98%, 75%, and 7% for
MEK, toluene and hexane, respectively [67].
2.7.4 Acetic Acid/ Acetate
Typically, acetic acid/ acetate removal is quantified as volatile fatty acid removal in
wastewater treatment plants and is measured as the chemical oxygen demand (COD) of the
activated sludge. Acetic acid is non-carcinogenic and presents a high LD50 oral toxicity value of
3310 mg kg-1 in rats, however it can pose a concern in environmental systems by lowering the pH
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of wastewater. Acetic acid also exhibits an acid dissociation constant (pKa) of 4.76, indicating it is
weakly acidic. At pHs above 4.76, >50% of the acetic acid is present in its dissociated state as
acetate. Specifically, at pH of approximately 4.76, only 3.5% of acetic acid exists in solution,
whereas the rest is present as acetate. Acetate is a readily available carbonaceous substrate for
microorganisms, and is utilized directly in the citric acid cycle, as acetyl-coenzyme A for the
production of ATP.
2.7.5 Biodegradation of Volatile Organic Compounds
Spatial and temporal heterogeneity in the organic composition of hydraulic fracturing wells
anticipates the presence of volatile organic species within hydraulic fracturing wastewater.
Biodegradation of volatile species requires an assessment of the volatilization potential of these
organics to quantify losses due to equilibration with the atmosphere [94]. Similarly, during aerobic
wastewater treatment, aeration rates should be controlled to maximize oxygen delivery to the cells
while simultaneously minimizing the effects of air stripping [94,95], especially for large, open
systems.
Like TPPBs, membrane bioreactors reduce target molecule concentrations within the
aqueous phase, by separating wastewater streams from the biotic system, selectively sorbing the
organic solutes within the polymer matrix through a concentration driven process. In one study,
Poleo and Daugulis, effectively showed the minimization in volatility losses of butyl acetate in
TPPBs with a tailored polymer NAP, which was attributed to the rapid sequestration of substrates
within the polymer, limiting the aqueous concentrations [73]. Membrane bioreactors offer an
improved advantage in this regard, as the membrane acts as a barrier for the incoming wastewater,
preventing not only microbial inhibition but reducing volatility losses due to immediate partitioning
into the membrane [71]. Freitas dos Santos and Livingston in 1995 showed only 1.5% losses of
1,2-dicholoethane due to air stripping during biological operation of a PDMS EMB [71]. This
highlights the effectiveness of EMBs in reducing treatment of reactor off gases.
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Nevertheless, in EMB’s compounds with lower PCs may diffuse into the aqueous reactor
phase, and thus minimal effects of stripping can still occur. For dilute solutions, Henry’s law, which
tabulates the amount of solute present in the liquid phase and the corresponding partial pressure at
equilibrium adequately characterizes these systems, shown by equation 2-2:
𝑝 = 𝑘𝐻 𝐶

(2 − 2)

Where p is the partial pressure of the solute in the gas phase, kH is the Henry’s law constant,
and C is the concentration of the solute in the liquid phase.
2.7.6 Microbial Consortia
In certain situations, such as the bio-production of commodity chemicals the use of a single
species of microorganism is ideal to maximize yield. However, microbial consortia have an
advantage when considering the syntrophic effects of the community during the biodegradation of
recalcitrant compounds [96]. Microbial communities have a competitive advantage over single
species monocultures by co-utilizing the toxic intermediates produced from degradation byproducts as carbon sources, preventing the inhibition of other microbial species. Additionally,
aseptic techniques are not generally needed when culturing mixed microbial populations due to the
constant selection pressure induced by the presence of other organisms and toxic substrates.
Several studies have observed improved removal rates of xenobiotic compounds by
consortia versus single species cultures. Vandermeer and Daugulis, showed improved removal
capacity of both pyrene and benzo(a) pyrene by a dual-species microbial consortia in comparison
to the single species cultures [97]. Another study conducted by Gilbert et al. utilized a constructed
consortium in the remediation of parathion, where selected organisms had complimentary
metabolic pathways. In this study, 146 mg L-1 parathion was effectively hydrolyzed by E. coli strain
SD2 but produced p-nitrophenol as a by-product which was further shown to inhibit E. coli during
the biodegradation process. However, by co-culturing E. coli with Pseudomonas putida KT2440,
nitrophenol was simultaneously mineralized, successfully eliminating any accumulation of p42

nitrophenol in the medium [96]. Similarly, a study by Ambujom in 2001, characterized a 10-species
microbial consortium capable of degrading phenol. When comparing the consortium to isolated
bacterial species, the consortium was capable of tolerating and degrading 150 mg L-1 more phenol
(20% enhancement) than the individual species by themselves [98]. This study also identified two
non-phenol degrading species that were capable of tolerating high phenol concentrations (700 mg
L-1), and were also able to utilize formate, a potential fatty acid by-product associated with phenol
degradation. The mixed-community effect on the removal of recalcitrant organic compounds is
especially advantageous when considering the degradation of multiple substrates which may also
experience variable organic loadings when multiple enzymatic pathways might be necessary
[73,74].
2.7.7 Biodegradation of Multiple Substrates
Heterotrophic bacterial species are capable of enzymatically cleaving xenobiotic organic
compounds during the production of ATP for growth and reproduction. In the presence of multiple
substrates, species which may not have the ability to tolerate such diverse conditions may undergo
substrate inhibition, preventing growth and proliferation. Mixed bacterial populations can have an
advantage over single species cultures by preventing inhibition and promoting growth – providing
a range of enzymatic abilities to both tolerate and catalyze the degradation of the mixture’s
components. Many species are capable of metabolizing xenobiotic organics as single carbon
sources. Prpich and Daugulis, 2005 studied the biodegradation of phenol by both a single species
culture (Pseudomonas putida) and mixed microbial consortium [85]. In this study Pseudomonas
putida showed a specific rate of substrate utilization (Qs) 0.53 g phenol g-1 cell h-1 after a lag time
of 17 hours. However, improved biodegradation rates were shown for the mixed microbial
consortium (Pseudomonas sp. and Acinetobacter sp.) compared to the monoculture, exhibiting a
Qs of 0.71, and lag of only 11 hours. Similarly, as shown by Poleo and Daugulis in 2013, the
degradation of multiple substrates can be achieved with mixed microbial populations. This study
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featured a previously isolated consortium which was capable of simultaneously degrading 1000 mg
L-1 butyl acetate and phenol within a TPPB [73].
Microbial species within a consortium can demonstrate several different metabolic
characteristics depending on the type, availability, and amount of substrates present. Competitive
inhibition, a type of bacterial metabolism can occur do the presence of chemical moieties, which
“compete” for active sites, effectively preventing binding of another substrate until the primary
binding substrate is depleted, initiating the sequential binding of the next substrate. An example of
this was observed by Datta et al. during the biodegradation of both methyl isobutyl ketone (MIBK)
and methyl ethyl ketone (MEK) by enriched consortium [93]. In this study, although MIBK and
MEK were completely degraded, MIBK was depleted first within 14 hours. MEK degradation did
not initiate until MIBK reached <40% of its of its original concentration, where MEK subsequently
experienced complete removal after 19 hours. Another example of co-substrate inhibition was also
observed in this study, during the culture’s simultaneous exposure to MIBK, MEK, and toluene. In
this case, degradation of both MIBK and MEK were inhibited by the presence of toluene, whereby
only toluene exhibited removal during the first 15 hours. Only upon complete removal of toluene
did MIBK and MEK degradation begin, resulting in the subsequent depletion of MIBK after 80
hours, while full degradation of MEK was not observed at the 80-hour mark. Mixed inhibition by
toluene on MIBK and MEK removal has been attributed to the partitioning of the hydrophobic
compounds into the cell cytoplasmic membrane, inhibiting cellular function [99]. However, Gram
negative bacteria such as Pseudomonas putida have been shown to tolerate more hydrophobic
organic substrates, due to the ability to alter their membrane hydrophobicity/ fatty acid composition
and/or remove organic substrates via efflux pumps in response, limiting toxicity [100,101].
Another interesting phenomenon which has been observed in mixed cultures is cometabolism. This type of bacterial metabolism involves the degradation of a primary substrate,
while degradation of a secondary substrate (non-growth substrate) is directly reliant on the
enzymatic processes of the former. In cell metabolism, exposure to a growth substrate (i.e.
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utilizable for cellular reproduction) produces enzymes capable of oxidizing these primary organic
compounds; these enzymes if in excess will subsequently also begin to catalyze the degradation of
the secondary substrate, with no direct growth benefit to the consortia. Once the primary substrate
is completely depleted, enzymatic production ceases generally resulting in the incomplete removal
of the secondary substrate. A prime example of this is often observed in the degradation of the
recalcitrant ether 1,4-dioxane, in the presence of tetrahydrofuran (THF). A study by Sun et al. in
2011 used selective enrichment in an attempt to isolate a consortium capable of degrading 1,4dioxane [102]. Initially, both THF and 1,4-dioxane were used in the enrichment process to initiate
selection pressure. Once a culture had been obtained, it was subjected to 100 mg L -1 of both THF
and 1,4-dioxane. The culture was able to completely degrade THF after 5 days, however 1,4dioxane depletion only began once THF reached low levels, indicating that residual enzymes from
THF degradation were responsible for the depletion of 1,4-dioxane.
Although microbial consortia can exhibit distinct metabolic characteristics, the traits
discussed are not mutually exclusive and can occur simultaneously [103], which might be expected
with heterogeneous organic profiles found in hydraulic fracturing wastewaters.
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3.1 Preface
The work presented in chapter 3 aims to characterize the role of water content and ionic
physicochemical characteristics on the transport abilities of non-charged polymers. The
characterization piece presented in this section was conducted to assess the suitability of each
polymer for remediation of hydraulic fracturing wastewaters in EMBs. Hytrel™ 4078, 3548, 8206,
and 8171 were compared based on their different equilibrated water content (3%, 5%, 30% and
54%, respectively).
The current chapter compares several different ionic, acidic and basic species to delineate
the mechanism of transport of the compounds through select polymers. As mentioned in chapter 2,
due to the use of very hydrophobic PDMS membranes in previous EMB applications,
characterization of salt removal was not justified as PDMS membranes are highly impermeable to
water. However, due to the varying amphiphilicity of Hytrel™ polymers, characterization of the
transport of commonly occurring hydraulic fracturing wastewater constituents was necessary.
Mono and divalent salts transport through polymers were compared based on both
equilibrated water and physicochemical characteristics, while similar transport studies were also
conducted for organic acids. Due to the ability of organic acids to dissociate above their pKa,
studies were conducted in both un-dissociated and dissociated states. Similarly, transport of
inorganic acids and a base were also examined. An analysis of transport profiles was then conducted
based on all previously mentioned characteristics. Finally, due to the observation that low-water
content membranes differentially transport organic acids, this chapter focuses on the transient
concentration of dilute butyric acid using a selected low water content tubing.
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3.2 Abstract
The water intensive practice of hydraulic fracturing produces wastewater containing a
variable matrix of organic and inorganic compounds, including ions and ionizable organic
compounds. Extractive membrane bioreactors (EMBs) operating with tailored polymer membranes
can selectively sequester and/or transport these solutes for biological treatment. Four grades of
Hytrel™ tubing were compared for their suitability in EMB systems, based on the polymers’
thermodynamic affinity for solutes and their ability to transport or speciate ionic wastewater
constituents. Of the four Hytrel™ grades compared, high water content types (30% and 54%
equilibrated water content) facilitated the transport of ionic species through the tubing, with all
monovalent species being transported through both high-water content grades, and lack of transport
through the low water content tubing (0%). Undissociated organic acids were transported through
all tubing types and dissociated acids were able to transport only through high water content grades.
Using this differential ability to transport/not transport an organic acid depending on its dissociation
state, a low water content Hytrel™ grade of tubing was able to concentrate a dilute butyric acid
solution by 220% after 48 hours. The use of polymeric tubing for EMB applications for the
treatment of hydraulic fracturing wastewater requires knowledge of both solute affinity and water
content for complex waste streams, both of which affect the capability to transport organic and
ionic species.
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3.3 Introduction
Hydraulic fracturing (HF) or high-volume hydraulic fracturing (HVHF) are processes used
in the development of unconventional oil and gas resources. The process of hydraulic fracturing
consists of horizontal drilling through subterranean rock of low permeability (primarily shale)
whereby a proprietary fluid consisting of water, proppant and chemical additives is pumped under
extremely high pressure into the well, stimulating and enhancing the propagation of microfracture
networks to increase the permeability of the formation and promote the recovery of hydrocarbons
[1]. Subsequent dissipation of pressure results in the return to the well of fluid which generally
contains components of the initial fracturing fluid and additional organics presence of from tapped
reservoir.
Fluid that returns immediately to the surface is termed “flowback fluid” and contains high
concentrations of inorganic and organic contaminants [2]. “Produced water” is characterized as the
water that returns to the surface over the remaining lifetime of the well [3]. The composition of
returning waters vary both spatially and temporally, but generally exhibit extremes in pH and
salinity. Analysis of fracturing flowback fluid and produced waters have shown pH ranges from
1.21 to 8.42 and the presence of both monovalent and divalent salts in concentrations approaching
150 g L-1 [4–7]. Additionally, organic acids in both dissociated and undissociated forms have been
detected in a variety of sampled wells. The detection of organic acids within flowback fluid has
been attributed primarily to the downhole biotransformation of biopolymers present in the initial
injection fluid [5,8–11]. These extreme conditions present a challenge to conventional treatment
processes due to the variability in composition of HF wastewater and therefore current treatment
strategies mainly involve off-site deep well injection or on-site re-use where feasible [12–15].
Furthermore, the presence of high concentrations of organic acids in dissociated and undissociated
states presents further challenges when considering that the pH of the wastewater affects the
treatability and toxicity of these molecules.
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Several chemical, physical, and biological technologies have been implemented for the
treatment of hydraulic fracturing wastewater, including: ozonation, granular activated carbon
adsorption, membrane distillation, aerobic biodegradation, and micro/ultrafiltration [16–19] in
addition to multi-step technologies such as rapid mixing combined with sedimentation and
flocculation [4]. In the context of HF, these technologies are often limited by their use of additional
chemicals and energy inputs, the likelihood of fouling under high organic and colloidal load, and
inhibition of biological activity even with halotolerant strains [8,17,20–22].
Extractive membrane bioreactors (EMBs) have been proposed as an alternative treatment
strategy for wastewaters containing inhibitory concentrations of contaminants in a variety of harsh
conditions. Early work was conducted by Livingston et al., who characterized EMBs using
poly(dimethyl siloxane) (PDMS) tubing as a membrane to separate hostile waste streams from
biological systems [23,24]. Membranes in EMB configurations provide a means of selectively
extracting the organic compounds in a concentration driven process to deliver (and biodegrade) the
pollutants to a microbial community present on the opposite side, while preventing exposure to
toxic wastewater conditions.

Several studies have examined operating EMBs with PDMS

subjected to extreme conditions such as low pH and high salinity [23–27]. More recently, other
polymers have been proposed to alleviate the limitations surrounding the use of PDMS such as low
organic flux, varying filler content and inability to adequately sequester hydrophilic organic
compounds [28–30]. Specifically, co-polymers and block co-polymers which combine the
properties of several different monomeric subunits have been used to improve removal of more
hydrophilic organic molecules.
Several studies have used various grades of the DuPont polymer Hytrel™ for the treatment
of a variety of wastewater types including high salinity synthetic tannery wastewater [31–33] or for
the bioproduction of commodity chemicals [34,35]. Other studies have demonstrated the
effectiveness of Hytrel™ beads in sequestering a variety of xenobiotic compounds for
biodegradation in solid-liquid two phase partitioning bioreactors (TPPBs) [36–38]. The
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amphiphilic properties of Hytrel™ polymers prove beneficial over polymers such as PDMS,
frequently employed in EMB applications [23–25,39,40]. Organic compounds such as carboxylic
acids are highly miscible in water, and therefore have lower octanol-water partition coefficients in
comparison to phenol (moderate hydrophilicity), which has been extensively studied in PDMS
systems and demonstrates low partition coefficients (PC’s ~ 0) [30]. Therefore, transport of these
acids through PDMS are restricted by the hydrophobic properties of PDMS, a key factor being its
impermeability to water and therefore transport of any hydrophilic organic compound would be
completely reliant on the diffusive properties of the polymer rather than partitioning behavior.
To alleviate the limitations associated with the use of PDMS tubing in EMB applications
the present study seeks to characterize the importance of water sorption on transport by comparing
various grades of Hytrel™ with a range of water sorption capacities. In addition, this study is
intended to delineate the mechanisms of transport for both ions and ionizable organic compounds
(low molecular weight organic acids) which are often present in hydraulic fracturing flowback and
produced water. Finally, this study sought to ascertain how water transport in addition to polymer
transport could affect EMB operation and/ or be exploited for other useful purposes.

3.4 Materials and Methods
3.4.1 Chemicals and Polymers
A range of representative ions/ionizable species was selected to characterize the
transport/partitioning through Hytrel™ tubing, and these included: NaCl, NH4NO3, MgSO4, HCl,
H2SO4, NaOH, acetic and butyric acid as seen in Table 3-1. All chemicals were purchased from
either Fisher Scientific (Ottawa, Ontario, Canada) or Sigma Aldrich (Oakville, Ontario, Canada).
Various grades of Hytrel™ tubing and beads, a polyether-ester block copolymer (grades 4078,
3548, 8206, and 8171) were generously provided by DuPont (Kingston, Ontario, Canada). Physical
polymer characteristics are shown in Table 3-2. As a preliminary step, all polymer tubing (OD = 6
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mm, ID = 5 mm) and oval-shaped beads (5.5 mm x 3.5 mm) were washed in a 1:1 MeOH: H2O
solution at 400 rpm in room temperature for 24 h to remove residual polymer processing impurities.
Five subsequent rinsing steps were performed with DI water, and the tubing was dried overnight
[31,33].
Table 3-1. Compounds used to characterize transport across Hytrel™ tubing.
Compound
Analyzed

Initial Concentration
(g L-1)

NaCl
NH4NO3
MgSO4
HCl
H2SO4
NaOH
C2H3O2-

50
50
50
0.365 (0.01 M)
0.981 (0.01 M)
0.399 (0.01 M)
12 (pH ~ 6)

C2H4O2

12 (pH ~ 2.8)

C4H7O2-

12 (pH ~ 6)

C4H8O2

12 (pH ~ 2.8)

3.4.2 Water Absorption Kinetics
Polymer beads were air dried in a fume hood for 24 hours prior to weighing, and then added
to DI water. Beads were removed every half hour, patted dry prior to re-weighing, and then resubmerged, until no change in weight was observed.
Table 3-2. Physical Properties of Hytrel™ polymers.
Hytrel™ Grade

4078

3548

8206

8171

Density (g/cm3)
Tg (°C)
Tm (°C)
Tp (°C)
Hardness (shore D)
Flexural Modulus (MPa)
Water Absorption (%)
Internal Diameter (mm)
External Diameter (mm)

1.18
-37
170
180
40
58
3
5
6

1.15
-40
156
180
35
25
5
5
6

1.17
-59
200
230
45
80
30
5
6

N/A
-59
150
190
32
30
54
5
6
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3.4.3 Partition Coefficient Determinations of Organic Acids
Previously washed polymer beads (1 g) were added to sealed, foil-capped scintillation vials
containing 10 mL of aqueous solutions of known concentration of organic acids and were then
allowed to equilibrate at 180 rpm and 30°C for 24 h. Mass balances, based on solute concentrations
𝑝𝑜𝑙𝑦

before and after equilibrium, were performed to quantify the solute (𝑤𝑖

𝑎𝑞

) and aqueous (𝑤𝑖 )

mass phase fractions, and the mean PC value and standard deviations were tabulated for n=3
replicates.
𝑝𝑜𝑙𝑦

𝑃𝑎𝑟𝑖𝑡𝑖𝑜𝑛 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (𝑃𝐶) =

𝑤𝑖

𝑎𝑞

𝑤𝑖

(3 − 1 )

3.4.4 Species Transport through Polymer Membranes
Transport tests were conducted to characterize the movement or rejection of organic and
inorganic (ionic) species in aqueous solutions through select grades of Hytrel™ tubing. Transport
experiments tests were undertaken in a 5 L New Brunswick® BioFlo III with 3 L aqueous working
volume operating at 320 rpm, and 30 ± 0.5°C. Polymeric tubing (3.5 m in length) having an external
surface area of 0.066 m2 (mass phase fraction of ~1.5%) was spirally wound around a 316 stainless
steel mesh support (74% open area) circumscribing outside of the bioreactor baffles. Individual
solutions were pumped through the tubing at a flowrate of 200 µL min-1, corresponding to a
hydraulic retention time (HRT) of 5.5-6 h (dependent upon the degree of polymer swelling), and a
Reynold’s number of 0.85. The tubing effluent was collected in a receiving reservoir and was
sampled, along with the aqueous bioreactor contents over a period of 24 h.
Inorganic transport tests were conducted with 50 g L-1 of mono and divalent salts including
NaCl, NH4NO3, and MgSO4, as well as HCl, H2SO4 and NaOH (at 0.01 M, pH ~ 2 and 12,
respectively). Undissociated (below their pKa, pH~ 2.8) butyric and acetic acid transport tests were
performed at initial concentrations of 12 g L-1. The transport of the corresponding dissociated
organic acids was also tested at identical concentrations, first adjusting the solutions to pH ~ 6 with
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NaOH, well above the pKa (~ 4.8) of both acids to ensure complete acid dissociation. A summary
of compounds used to compare and characterize Hytrel™ tubing can be seen in Table 3-1.

3.4.5 Selective Partitioning and Concentration of Dissociated/Undissociated Acids
Beyond characterizing the transport of various types of organic and ionic species across
the walls of the various grades of Hytrel™ tubing, an attempt was made to exploit the differences
in partitioning of the dissociated and un-dissociated organic acids by creating a pH environment on
each side of the tubing wall to ensure that only dissociated or undissociated acid forms could exist,
thereby encouraging selective species transport. Using an adapted setup (batch operation with
recirculation) from the previously mentioned transport tests, a solution of butyric acid (pH ~ 2.80)
was circulated in the reactor at various dilute concentrations (2 g L-1 and 5 g L-1). Sodium hydroxide
was employed to create a pH environment in which only dissociated acid could exist (initial
concentration of 0.01 M) at a pH > pKa. The NaOH solution was recirculated inside the tubing via
peristaltic pump from a reservoir containing an initial volume of 350 mL (Fig. 3-1). The pH of the
tubing solution was continuously monitored and was maintained at ~11.5 ± 0.1 with 3 M NaOH.
Tests aimed at concentrating the dilute (undissociated) acid on the bioreactor side into a
concentrated (dissociated) acid solution inside the tubing were performed at flow rates of 5 mL
min-1, 10 mL min-1, 30 mL min-1, and 200 mL min-1, resulting in Reynold’s numbers of 21, 43, 127,
and 845, respectively. Mass balances for both transport and concentration tests were conducted to
verify the transport of dissociated and undissociated species [31,33] (Appendix A).

63

Figure 3-1. Extractive membrane bioreactor operating in batch configuration with recycle
for organic acid concentration tests NaOH was continuously recirculated from a
feed reservoir, with continuous titrations (3 M solution) holding the pH within the
tubing at ~ 11, allowing for the partitioning and subsequent dissociation of butyric
acid within the inner tubing volume.

3.4.6 Analytical Methods
Analysis of aqueous samples were conducted by the Analytical Services Unit at Queen’s
University (Kingston, Ontario, Canada). Cation species were determined by inductively coupled
plasma-optical emission spectrometry (Varian Vista Pro-axial CCD spectrometer) combined with
a CETAC ultrasonic nebulizer (U5000AT+). Anion species were measured by ion-chromatography
(Dionex ICS-3000). Ammonia as N was measured via flow autoanalyzer system (SEAL AA3) by
which nitrogen was determined colorimetrically at 630 nm upon reaction with sodium phenoxide.
Acetic acid and butyric acid were determined by high performance liquid chromatography (Varian
Prostar) with UV-Vis detector (Varian Prostar, PS325) operating at 220 nm. HPLC setup consisted
of a Varian Hi-Plex H+ column heated and maintained at 60°C with a 9 mM H2SO4 mobile phase
flowing at 0.7 mL min-1. The pH of aqueous samples was determined via Orion Expandable Ion
Analyzer (EA920) connected to a Broadley James (F-635) double junction Fermprobe.
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3.5 Results and Discussion
The experimental set up mimicked an EMB system in which polymer tubing was spirally
wound within the bioreactor, acting as a barrier to separate wastewater influent and aqueous, cellcontaining phase. The vast majority of previous EMB systems used PDMS (silicone rubber) tubing,
a substantially water impermeable material, with affinity for only very hydrophobic compounds,
which would be transported across the tubing, with “conventional” partitioning of organic solutes
to the aqueous phase [25,28,39,41,42] . Since Hytrel™ provides a range of water sorption capacities
(Table 3-2), this study was intended to explore how the movement of water through the polymer,
in addition to solute transport due to polymer partitioning, could affect EMB operation, and/or be
exploited for other purposes. The selected cations and anions for transport/partitioning ranged from
monoatomic, monovalent ions to polyatomic divalent ions, to provide a robust test of the ability
and extent of transport through selected Hytrel™ grades. In addition, short chain organic acids,
which can exist in both “organic” undissociated form, as well as “ionic” dissociated form were also
studied to further characterize the transport characteristics of the selected polymers.
3.5.1 Water Equilibration in Selected Polymers
Fig. 3-2 shows the transient equilibration of water within each Hytrel™ grade which was
reached in all cases within ~0.5 – 2 h and was consistent with the Manufacturer’s reported
equilibrated water contents for all Hytrel™ grades (Table 3-2). Although all Hytrel™ polymers
have similar chemical compositions, the proportion and type of ester and ether functionalities of
these proprietary polymers led to varying physical properties which can be seen in Table 3-2. The
ability of Hytrel™ polymers to absorb water may be linked to the extent to which water molecules
can form hydrogen bonds with polymer chains [43,44]. As noted, the investigated Hytrel™ grades,
are polyether-ester block copolymers containing varying ratios of PBT (polybutylene terephthalate)
hard segments and PEGT (polyether glycol terephthalate) soft segments [45], which directly affect
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the polymers’ amphiphilic properties (i.e. more hydrophilic grades may have a larger proportion of
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Figure 3-2. Time course of water equilibration. - Hytrel™ 4078 (3% water content).
Hytrel™ 3548 (5% water content). - Hytrel™ 8206 (30% water content).
Hytrel™ 8171 (54% water content).

-

3.5.2 Transport of Ionic Species
In Fig. 3-3, the ability of four Hytrel™ grades to transport salts is compared for both lowwater (Hytrel™ 4078, 3548) and high-water content grades (Hytrel™ 8206 and 8171). Since
equilibration with water occurs in <2 hours (Fig. 3-2), the experiment’s 24-hour duration was
thought to be sufficient to allow complete transport to occur, if any would. Fig. 3-3(a) and 3-3(b)
illustrates the transport of Na+ and Cl- through each grade of Hytrel™, while Fig. 3-3(c) and 3-3(d)
show the transport of more complex monovalent ions (NH4+ and NO3-), Fig. 3-3(e) and 3-3(f) show
similar data for divalent ions (Mg2+ and SO42-). Although the systems did not reach equilibrium
within 24 hours likely due to high initial ion concentrations, mass balances confirm that cationanion pairs were present in equimolar concentrations on both sides of the tubing, also indicating
the polymer is uncharged [47,48]. Transport of Na+ and Cl- (Fig. 3-3(a), (b)) was rapid for both
Hytrel™ 8206 and 8171 resulting in the movement of 30% and 70% chloride, and 18% and 96%
sodium across the tubing for each polymer, respectively after 24 hours. A study investigating
chloride transport at similar concentrations found comparable results for Hytrel™ 3548 and 8206
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[31]. Polyatomic monovalent species transport can be seen in Fig. 3-3(c), 3-2(d), whereby Hytrel™
8171 facilitated the transport of 90% for NH4+ and 96% for NO3-, whereas Hytrel™ 8206 exhibited
transport of 50% NH4+ and 40% NO3-. In Fig. 3-3(e) and (f) the transport of divalent ions (Mg2+
and SO42-) through Hytrel™ are compared. Differences in the extent of transport between of Mg2+
and SO42- where apparent through Hytrel™ 8206 and 8171 compared to their monovalent
counterparts. Transport of both divalent ions was negligible across Hytrel™ 8206, yet an 8% (total)
transport of MgSO4 occurred most likely through minimal absorption within the water contained
in the polymer matrix. In contrast, transport of Mg2+ and SO42- did occur through Hytrel™ 8171,
resulting in the removal of 23% of Mg2+ and 34% SO42-. Importantly, in all cases Hytrel™ 4078,
and 3548 (water content of 3% and 5%, respectively) did not permit the transport of any of the
selected ionic species.
Differences in the transport of ions across all Hytrel™ grades may be explained by
differences in equilibrated water content. Several studies have identified that a polymer’s free
volume will increase in proportion to its equilibrated water content (swelling), forming network of
water within the polymer and promoting ionic passage [46,47,49]. Increasing the water content
increases the number of molecular passageways (sorbed water) through which ions can diffuse [50–
52]. Similarly, as the free volume of a polymer increases, the diffusion coefficient for a salt will
also increase [53–55].
Differences in ionic transport capabilities are noted when comparing monovalent cations
and anions (Fig. 3-3(a), (b) – NaCl, Fig. 3-3(c), (d) – NH4NO3) against divalent cations and anions
(Fig. 3-3(e),(f) – MgSO4). One explanation may be the differences in diffusion coefficients between
ions of different hydrated size, i.e. larger ions having lower diffusion coefficients [53,56]. This
however, does not completely explain the phenomena observed since ions such as Na+ and SO42exhibit similar hydrated radii (Appendix A, Table A-1). Transport differences have also been
attributed to the thermodynamic characteristics of ions such as free energy of hydration, which
dictates the ability of an ion to shed/remold its hydration sphere upon absorption in a polymer, with
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lower energies corresponding to increased transport capabilities [55,57–62], both properties,
hydration radius and hydration free energy being correlated with ionic potential [53,55].
Comparison of data in Fig. 3-3 and Table A-1 suggests a correlation between ion mobility, removal
and increasingly negative hydration enthalpies.
3.5.3 Transport of Inorganic Acids and Bases
Transport of protons (as hydronium) and hydroxide ions through Hytrel™ tubing are
compared in Fig. 3-4(a) and Fig. 3-4(b), respectively. Fig. 3-4(a) illustrates no transport for H+ ions
through 3548, and 4078 while pH changes on the tubing side were observed for Hytrel™ 8206 and
Hytrel™ 8171. The transport of HCl from the tubing phase resulted in a greater pH shift for
Hytrel™ 8171 compared to Hytrel™ 8206, likely due to differences in equilibrated water contents
which gradually facilitated the transport of protons across the polymer wall. The same experiment
was conducted with OH- ions, shown in Fig. 3-4(b), and transport of OH- was observed only for
Hytrel™ 8171, with a rapid pH change occurring within the tubing phase, yet a minimal pH shift
in the vessel’s aqueous phase was seen. Although a pH shift in the vessel’s aqueous phase was not
observed for Hytrel™ 8206, a pH shift occurred within the tubing phase, indicating sorption of
hydroxide ions within the polymer, with transport across the tubing being too minimal to measure
via pH measurements. pH transport tests were also conducted with H2SO4 (Fig. A-1), which showed
the same results as HCl, and were therefore not included; that is, transport of protons occurred in
Hytrel™ 8206, and more significantly in 8171, with transport being completely absent in 4078 and
3548.
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Figure 3-3. Transport of mono and divalent salts through Hytrel™ tubing. (a) Na+ (as NaCl)
transport through Hytrel™ tubing. (b) Cl- (as NaCl) transport through Hytrel™
tubing. (c) NH4+ (as NH4NO3) transport through Hytrel™ tubing. (d) NO3- as N
(as NH4NO3) transport through Hytrel™ tubing. (e) Mg2+ (as MgSO4) transport
through Hytrel™ tubing. (f) SO42+ (as MgSO4) transport through Hytrel™
tubing. HRT of ~6 hours. - Hytrel™ 3548 (tubing effluent). - Hytrel™ 3548
(reactor phase). - Hytrel™ 8206 (tubing effluent). - Hytrel 8206 (reactor
phase). - Hytrel™ 8171 (tubing effluent). - Hytrel™ 8171 (reactor phase). Data
not shown for Hytrel™ 4078 as it was identical to Hytrel™3548.
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Fig. 3-4(a) and Fig. 3-4(b) show that protons have a slightly greater propensity for transport
compared to hydroxide ions. Differences in mobility between hydronium and hydroxide ions,
highlighted by the absence of substantial pH shifts the vessel’s aqueous phase may explained both
by differences in transport mechanisms and hydration free energy (Table A-1). Protons are
transported through polymers via the Grotthus mechanism (i.e. the diffusion of protons through a
hydrogen bond network with water) [63,64]. In contrast, hydroxide ion transport occurs via the
addition and subsequent subtraction of one associated water molecule from the hydroxide-water Hbond network [58,65]. Differences in transport mechanisms between hydronium and hydroxide
ions result in slower diffusion of hydroxide ions in water [66]. Initial rapid shift downwards of the
pH within Hytrel™ 8171 in Fig. 3-4(b) cannot be adequately explained at present, however this
phenomenon may be due to dilution occurring within the membrane due to osmotic pressure
differences and the rapid equilibration of Hytrel™ 8171 with water. Therefore, increases in the
free-volume water content of a polymer and hydration free energy of an ion might influence the
initial sorption and transport ability of both protons and hydroxide ions via the increased amount
of water that is hydrogen bonded to the polymer soft segments.
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Figure 3-4. Transport of an inorganic acid and base through Hytrel™ tubing. (a) H+ (as HCl)
Transport through Hytrel™ tubing. (b) OH- (as NaOH) Transport through
Hytrel™ tubing. (Hytrel™ tubing. HRT of ~6 hours). - Hytrel™ 3548 (tubing
effluent). - Hytrel™ 3548 (reactor phase). ™ - Hytrel 8206 (reactor phase).
- Hytrel™ 8171 (tubing effluent). - Hytrel™ 8171 (reactor phase). Data not
shown for Hytrel™ 4078 as it was identical to Hytrel™ 3548.
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3.5.4 Transport of Carboxylic Acids and Their Salt Counterparts
Fig. 3-5(a) and (b) show the transport of butyric acid and butyrate through the four Hytrel™
grades. Differences in (undissociated) butyric acid transport capabilities between Hytrel™ 3548
and 8171 can be seen in Fig. 3-5(a) even though they exhibited similar partition coefficients of 3.8
and 3.6 (Table 3-3). Comparable results were obtained for acetic acid in Fig. A-2(a). Differences
in water content between Hytrel™ 3548 and 8171 (5% versus 54%) resulted in a 15% increase in
transport of butyric acid for Hytrel™ 8171 compared to 3548. The same trend is observed for 4078
and 8206, which had PCs of 2.7 and 2.9, with the corresponding transport of 43% and 87% of the
initial butyric acid concentration after 24 hours, respectively. Hytrel™ 8206 and 8171 display an
increased ability to transport organic molecules (i.e. undissociated butyric acid) mainly due to the
increase in the material’s diffusivity associated with higher equilibrated water contents compared
to their low water-content Hytrel™ counterparts. However, both the sequestration of OA’s within
the polymer (thermodynamic affinity) characterized by partition coefficients, and the polymer’s
free volume water content (diffusivity) affect a polymer’s ability to transport organic molecules.
This two-fold transport mechanism is characterized by the permeability coefficient, defined as the
product of a material’s diffusivity (D) for a given solute, and the partition coefficient of a target
solute (PC), given by equation 2:
𝑃 = 𝐷 ∗ 𝑃𝐶

(3 − 2)

Increasing the partition coefficient for low water content grades increased the permeability of the
polymer to butyric acid by 2-fold as transport across these polymers is PC dominated. In contrast,
PC increases in high water content grades (8206 – 2.9, 8171 – 3.6) resulted in a 10% increase in
transport, suggesting that transport is mainly diffusion mediated for high water content grades.
Hytrel™ grades exhibit properties which allow the transport of hydrophilic compounds, relying on
thermodynamic affinity for sequestration of solutes in low water content grades and both
partitioning behavior and diffusivity for high water content grades, making these polymers more
suitable than PDMS membranes which are appropriate only for hydrophobic compounds. The
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transport of organic compounds such as carboxylic acids presents a major challenge for PDMS
membranes due to the absence of any partitioning behavior for hydrophilic compounds such as
OA’s in their undissociated state, combined further with their complete rejection of salts. Therefore,
extraction of OA’s by PDMS would be completely reliant on the polymer’s diffusive properties
which would be minimal for selectively separating and sequestering hydrophilic organic molecules.
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Figure 3-5. Transport of butyric acid and butyrate across Hytrel tubing. (a) Buytric acid
transport across four Hytrel™ grades (HRT~6hrs) at pH ~ 2.8 within the tubing.
(b) Butyrate transport across four Hytrel™ grades (HRT~6hrs) at pH ~ 6 within
the tubing, data not shown for Hytrel™ 4078. - Hytrel™ 3548 (tubing effluent).
- Hytrel™ 3548 (reactor phase). - Hytrel™ 8206 (tubing effluent). - Hytrel™
8206 (reactor phase). - Hytrel ™8171 (tubing effluent). - Hytrel™ 8171
(reactor phase). Data not shown in Fig. 4(b) for Hytrel™ 4078 as it was identical
to Hytrel™ 3548.

All Hytrel™ grades exhibited some affinity for undissociated organic acids but near zero
affinity for dissociated acids (Table 3-3). Comparison of acetic acid (Fig. A-2(a) and Table 3-3)
versus butyric acid reveals that partitioning behavior improves with increasing solute chain length
[67]. However, high-water content polymers are overall more permeable to organic molecules, and
in this case permeability increases ranged from 15 to 44%. Although Hytrel™ 8206 and 8171
yielded higher partition coefficients for acetic acid with PC’s of 1.5 and 2.3, respectively, the
difference in partition coefficients are relatively minor across Hytrel™ grades. Additionally, as the
72

pH of a solution containing organic acids shifts upwards, partition coefficients for undissociated
organic are subject to change based on the proportion of undissociated acid in solution and can be
approximated by the Henderson-Hasselbach equation [68–70]. Although, due to the elevated initial
concentration of OA’s present, and maintenance of a consistently low pH in these experiments this
effect was assumed to be negligible. There was no consistent trend when comparing larger PC
values to the total equilibrated water content in all Hytrel™ grades. However, varying (proprietary)
compositions of ether/ester within each grade, including differences in water content may result in
different polymer-solute affinities/sorption. Hytrel™ 8026 and 8171 most likely contain larger
proportions of soft segments than Hytrel™ 4078, and 3548 which result in higher water contents
thereby exhibiting poor retentive capabilities for ionic species due to increased chain segmental
motion when water-saturated. Hytrel™ 3548 exhibited a modest affinity for butyric acid with a
PC~3.8, as compared to other grades 4078, 8206 and 8171 exhibiting PC’s of 2.7, 2.9, and 3.6,
respectively.
Dissociated acids also exhibit transport behaviour similar to inorganic ions of higher charge
and smaller ionic size (Mg2+ and SO42-) [71,72]. Fig. 3-5(b) shows the transport of dissociated acids
through Hytrel™ tubing. Hytrel™ 8206 and 8171 facilitated the transport of butyrate, 11%, and
44%, respectively, of the initial amount. Increasing the equilibrated water content from 30% (8206)
to 54% (8171) corresponded to a 400% increase in OA transport and this trend was also observed
for acetate, as seen in Fig. A-2(b). Hytrel™ 3548 and 4078 were unable to transport any dissociated
acids, retaining 99% of the original salt on the tubing side, consistent with the results of the
inorganic ion transport tests in Fig. 3-3. Increased permeabilities are therefore associated with
increased equilibrated water contents for dissociated acids, and both water content and partitioning
behavior for undissociated OAs, resulting in greater transport abilities for undissociated OAs.
Partition coefficients for dissociated and undissociated organic acids for each grade of Hytrel™ are
shown in Table 3-3. Each grade of Hytrel™ demonstrated similar partition coefficients for OAs,
while all Hytrel™ grades exhibit negligible PCs for dissociated organic acids. Therefore, the
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increase in permeability can be directly associated with increased diffusivity coefficients resulting
from higher equilibrated water contents, implying polymer diffusivities are directly responsible for
the permeation of ions through the polymers. This trend can be extrapolated to inorganic ion species
as well, as ions exhibit no affinity for an uncharged sequestering phase.

Table 3-3. Partition Coefficient determinations for carboxylic acids in undissociated and
dissociated form across four Hytrel™ grades (n=3).
Compound
Acetic Acid (pH ~ 2.8)
C2H4O2
Acetate (pH ~ 6)
C2H3O2-

Butyric Acid (pH ~ 2.8)
C4H8O2

Butyrate (pH ~ 6)
C4H7O2-

Hytrel™ Grade

PC

4078
3548
8206
8171
4078
3548
8206
8171
4078
3548
8206
8171
4078
3548
8206
8171

1 ± 0.1
1 ± 0.1
1.5 ± 0.5
2.3 ± 0.3
0 ± 0.02
0 ± 0.03
0.1 ± 0.1
0 ± 0.05
2.7 ± 0.02
3.8 ± 0.01
2.9 ± 0.02
3.6 ± 0.02
0.23 ± 0.01
0.28 ± 0.01
0.04 ± 0
0.01 ± 0.02

3.5.5 Membrane Selection for Concentrating Organic Acids
Informed selection of polymeric tubing membranes for industrial applications using
extractive membrane bioreactors requires the consideration of solute-polymer interactions for both
inorganic and organic compounds. Understanding the ion transport capabilities of polymer
membranes, predicted by a polymer’s equilibrated water content and by ionic species
characteristics can improve selection for use in extractive fermentations, or industrial wastewater
decontamination where differences in the transport of target solutes can occur in a submerged
membrane configuration. As an example, to exploit the properties of polymeric membranes for the
concentration of organic acids, several membrane characteristics must be considered, including:
thermodynamic affinity of a solute for an absorbent phase, free-volume water content, ease of use,
and integrity under pH extremes. In this study, Hytrel™ 3548 was selected as a novel membrane
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to concentrate a dilute OA solution based on its relatively high affinity for butyric acid (PC~3.8),
inability to transport ionic species/ low water content, in combination lower flexural modulus (ease
of coiling), and ability to withstand acidic and basic conditions.
Conventionally, in order to concentrate aqueous solutes, some form of energy input such as
heat (distillation) or pressure (reverse osmosis) would be required. Given the above observations
related to which forms of butyric acid can/cannot be transported and by which mechanisms,
experiments using dilute aqueous concentrations of butyric acid were conducted to demonstrate the
ability of Hytrel™ EMB systems to selectively absorb and differentially transport butyric acid in
order to concentrate OA’s without external energy inputs such as high pressure, and temperatures
(besides the chemically induced concentration gradient contributing to the Gibb’s free energy of
the system). Experiments aimed at concentrating butyric acid were conducted in a submerged EMB
configuration operating with Hytrel™ 3548 polymeric tubing. Butyric acid was initially present in
the vessel’s aqueous phase well below its pKa (undissociated form), allowing the thermodynamic
partitioning of the organic acid into the polymer. A high pH base solution was recycled through the
tubing to transform the partitioned organic acid into its dissociated form by maintaining a pH above
butyric acid’s pKa, converting it to its dissociated form and thereby maintaining a state of chemical
disequilibrium and establishing a constant driving force across the polymer membrane. That is, by
converting butyric acid to butyrate there would be no accumulation of butyric acid on the tubing
side, thereby maintaining the thermodynamic gradient for transport. Fig. 3-6 shows the ability of
Hytrel™ 3548 to concentrate butyric acid (as butyrate) within the tubing in the absence of external
energy inputs, which is seen by the decrease in butyric acid concentration in the reactor, and
corresponding increase on the tubing side. Additionally, the effect of acid concentration on the
overall extent of transport are also shown in Fig. 3-6, reflecting the dependency of transport extent
on solute concentration, which were determined by testing initial dilute butyric acid concentrations
of 2.5 g L-1 and 5 g L-1 originally present in the vessel at low pH. As seen in Fig. 3-6, the original
5 g L-1 test solution was concentrated to 16 g L-1 within the tubing phase, showing a 220% increase
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in the tubing phase concentration after 48 hours. In contrast, the 2.5 g L-1 test resulted in a
concentration of 6.3 g L-1 within the tubing phase after 48 hours, corresponding to a 152% increase
from the initial dilute vessel phase butyric acid concentration. These experiments featured no
energy inputs besides mixing of the liquid within the vessel and pumping of the NaOH stripping
solution through the tubing at 30 mL min-1. Improvement in extent of transport across the tubing is
directly associated with an increased initial concentration in the aqueous phase, as expected from
the membrane flux equation given by equation 3:

𝑁 = 𝑘𝑜 (𝐶𝑡 − 𝐶𝑠 )

(3 − 3)

Where N is equal to the mass flux (g m-2 s-1), ko is equal to the overall mass transfer coefficient (m
s-1) and Ct and Cs are equal to the concentration (g m-3) in the bulk feed solution and receiving
solution, respectively. From these results is apparent that concentration directly contributes to the
overall ability of a polymer to sequester and transport OA’s, relying heavily on the formation and
maintenance of a concentration gradient to improve mass flux.
In Fig. 3-6 the effects of the polymer tubing area on the OAs concentration were also
compared by performing extractions using 1.5% and 3% mass polymer phase ratios (i.e. surface
areas of 0.066 m2 and 0.132 m2, respectively). The concentration of butyrate within the 1.5%
polymer mass phase fraction after 48 hours was recorded as ~7.6 g L-1, resulting in a 52% increase
from the initial aqueous concentration of 5 g L-1. A concentration of ~16 g L-1 was recorded within
the tubing after 48 hours for the experiment operating with a 3% polymer mass phase ratio, resulting
in a 220% increase in concentration from the initial aqueous concentration of 5 g L-1. As expected,
doubling the membrane’s surface area resulted in a linear response, resulting in an approximate 2fold increase in the rate with which tubing could concentrate the butyric acid under identical
operating conditions. This result is indicative of the effect of membrane surface area on extraction
extent, improving extraction extent by providing increased area for solute sorption, desorption and
subsequent dissociation.
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Figure 3-6. Butyric acid extraction and concentration using Hytrel™ 3548 (0.01M NaOH in
tubing phase). Effect of concentration and mass phase fraction on OA extraction.
- Reactor phase (3% m/m polymer) at 5 g L-1, operating at 30 mL min-1. Tubing effluent (3% m/m polymer) at 5 g L-1, operating at 30 mL min-1.
-1
-1
Reactor phase (3% m/m polymer) at 2.5 g L , operating at 30 mL min . Tubing effluent (3% m/m polymer) at 2.5 g L-1, operating at 30 mL min-1. Reactor phase (1.5% m/m polymer) at 5 g L-1, operating at 10 mL min-1. Tubing effluent (1.5% m/m polymer) at 5 g L-1, operating at 10 mL min-1. Reactor phase (3% m/m polymer) at 5 g L-1, operating at 10 mL min-1. - Tubing
effluent (3% m/m polymer) at 5 g L-1, operating at 10 mL min-1.

3.5.6 EMB Operation for OA Concentration
The importance of operational parameters in limiting mass transfer resistances from
hydrodynamic boundary layer formation are important when employing polymeric tubing in EMBs
which are adequately described by the convective resistance-in-series model [23,24,70,73]. Fig. 37 demonstrates the effect of increasing flow rates, and therefore Reynold’s numbers on mass flux,
where concentration experiments were conducted at flows of 10 mL min-1, 30 mL min-1, 100 mL
min-1, and 200 mL min-1, with a corresponding tubing mass phase fraction of 3%. Comparison of
data points reveals a linear relationship between Re values and mass flux as seen in Fig. 3-7.
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Changing the flow rates from 10 mL min-1 (Re~ 42) to 30 mL min-1 (Re~ 200) revealed a 20%
increase in final butyric acid concentrations within the tubing. By plotting Fig. 3-7 on a semi-log
plot, the incremental increases in tubing flow rate show a proportional increase in mass flux (linear
response), however these data also reveal diminishing returns are apparent for Reynold’s numbers
>200 within the laminar flow region. Final extraction values for flow rates at 10 mL min-1, 30 mL
min-1, 100 mL min-1, and 200 mL min-1 resulted in final tubing phase concentrations of 13.6, 16,
16.4, and 15.5 g L-1, respectively (data not shown). Therefore, mass transfer resistances (liquid film
resistances) across the tubing are minimized by increasing the Reynold’s number past an apparent
threshold present within laminar flow regimes (Re<2000) [73]. However, mass transfer limitations
dominate this system due to the prevalence of membrane resistances for compounds with low PC’s
[74].
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Figure 3-7. Effect of flow rate/ Reynold’s number on mass flux for laminar regimes
(Re<2000).

3.6 Conclusion
Extractive membrane bioreactors utilizing polymeric tubing provide an effective method
for separating hostile industrial wastewater cell containing systems. Characterization of the
transport of ions and ionizable compounds through high and low water content Hytrel™ polymers
demonstrated that increasing a polymer’s equilibrated water content facilitates the transport of both
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ions and ionizable compounds through Hytrel™ tubing, however, a solute’s thermodynamic
characteristics can also affect the mobility of the species. As a result of this characterization we
also determined that polymers with increased partition coefficients and low water contents provide
a novel membrane for spontaneous concentration applications of organic acids via the targeted
transformation of the acid from undissociated to dissociated forms, determined by the differing pH
conditions on the two sides of the tubing. By separating a dilute, undissociated butyric acid solution
from a basic solution on the other side of low-water Hytrel™ 3548 tubing a concentration
enhancement of 220% was achieved.
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membrane bioreactor: selective transport and biodegradation of
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4.1 Preface
As noted in Chapter 2, hydraulic fracturing operations produce wastewaters that contain a
myriad of both organic and inorganic constituents that can range spatially and temporally. Due to
the high variability in these industrial wastewaters, there is an inherent need for technologies which
can eliminate the effects of microbial inhibition that have been shown to occur during biological
treatment. The work presented in Chapter 4 was conducted to demonstrate the effectiveness of
Hytrel™ 3548 in remediating hydraulic fracturing wastewaters compared to conventional
biological treatment strategies. Early stage EMBs utilizing PDMS showed great potential for
wastewater treatment due to their ability to selectively separate influent wastewater from microbial
systems, however due to the extreme hydrophobicity of these membranes they were significantly
limited in application. To address this issue, thermodynamic characterizations were undertaken to
dictate the selection of a novel Hytrel™ grade which demonstrated ample amphiphilic properties
suitable for the treatment of hydraulic fracturing wastewaters.
The current chapter focuses on the biological removal of representative hydrophilic and
hydrophobic organic contaminants found in hydraulic fracturing wastewaters. An enriched
consortium was isolated and analyzed to identify species composition and assess biodegradation
performance in the presence of both single and multiple substrates. A quantitative analysis and
characterization of the proposed EMB system was conducted for both batch and continuous
processes with performance comparisons being made to previously employed PDMS EMBs.
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4.2 Abstract
The biodegradation of selected organic constituents present in hydraulic fracturing
wastewater were examined in an Extractive Membrane Bioreactor (EMB) operating with Hytrel™
3548 tubing. Synthetic hydraulic fracturing wastewater was generated via an extensive literature
review and contained high concentrations (1000 mg L-1) of a range compounds of varied
hydrophobicity, viz. methyl ethyl ketone, benzene, phenol and acetic acid, as well as 30 – 120 g L1

of Cl- at low pH. The synthetic wastewater was circulated through the polymeric tubing,

selectively transporting the organic compounds for biological degradation by an enriched bacterial
consortium. 16S rDNA analysis revealed the presence of five dominant microbial strains including
Pseudomonas sp., Comamonas sp., Achromobacter sp., Lysinibacillus sp., and Oxalobacter sp.
within the consortium. EMBs operating in batch mode achieved 99% removal of methyl ethyl
ketone, benzene, and phenol after 72 hours and effectively removed acetic acid up to its ionization
point. Continuous EMB operation provided 99% removal of benzene and phenol, 96% removal of
methyl ethyl ketone, and 53% of acetic acid. The treatment of synthetic hydraulic fracturing fluid
convincingly demonstrated the effectiveness of carefully selected amphiphilic polymers in EMBs
for treating the hydrophilic and hydrophobic organic profile found in hydraulic fracturing
wastewaters.
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4.3 Introduction
Unconventional extraction of oil and gas resources have negatively impacted surface and
subsurface water quality [1–5]. Unconventional methods such as high-volume hydraulic fracturing
combine the processes of both horizontal drilling and injection of high volumes of proprietary fluids
to stimulate the flow of gas through subterranean rock reserves 1-5 km below the surface. Wells
are first drilled and then injected with fluids containing water, proppant and chemical additives at
pressures and temperatures up to 500 atm and 155°C [6]. This proprietary fluid is used to create
and hold open microfracture networks in tight formations such as shale, increasing the permeability
to enhance gas recovery.

Figure 4-1. Graphical abstract. Wastewater treatment process in an Extractive membrane
bioreactor
Upon dissipation of well pressure, water returns to the surface containing a mixture of
fracturing fluid compounds and autochthonous organics from the formation throughout the first
few weeks after stimulation and is known as flowback water [7]. The remaining water that returns
to the surface during the extended operation of the well is known as produced water, and can contain
constituents from the extant fracking fluid and organics contributed by the formation [8,9].
Similarly, transformation by-products due to extremes in temperature and pressure are not
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uncommon [10–12], and both flowback and produced water can contain a heterogeneous
contaminant profile consisting of high concentrations of aliphatic and aromatics organic
compounds, naturally occurring radioactive materials (NORMs), total dissolved solids and metals
[13–16].
Flowback and produced water, collectively referred to as hydraulic fracturing wastewater
(HFW) is typically disposed of via deep well injection [17,18]. Both the practice of deep well
injection for disposal and initial stimulation have been linked to seismic events that increase the
risk of environmental contamination [19,20]. However, other disposal strategies such surface
release and/or re-use require extensive treatment which can be difficult due to the high TDS (total
dissolved solids), metals, and xenobiotic presence in the water. Additionally, conventional
treatment facilities are not equipped to handle these complex wastewater streams due to high
volumes of influent wastewater and extremely toxic conditions [21]. Other technologies such
ozonation, flocculation, activated carbon absorption, and micro/ultra-filtration have been applied
to the treatment of hydraulic fracturing wastewater but due to large energy and chemical footprint
are often limited in application.
Extractive membrane bioreactors (EMBs) using tubular polymeric membranes have been
suggested as a treatment strategy for complex wastewaters. Polymeric tubing employed in EMBs
acts as a barrier to separate the hostile wastewater from a biotic system which metabolizes the
xenobiotic species. EMBs operate under thermodynamically driven concentration gradients,
selectively transporting organic constituents from the wastewater stream to the bioreactor with little
to no energy inputs, through both partitioning and diffusive mechanisms. In the case of EMBs, both
the sequestration and metabolization of organic substrates creates a continuous driving force across
the membrane by maintaining a continuous concentration gradient. Early work on EMBs
undertaken by A.G. Livingston [22,23] utilized silicone rubber (poly (dimethyl siloxane) or PDMS
tubing. However, this was shown to be effective only under conditions of high solute
hydrophobicity as PDMS is very hydrophobic by nature, while recent studies utilizing PDMS have
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continued with the treatment of only hydrophobic compounds [24–27]. Therefore, polymers which
exhibit both hydrophilic and lipophilic properties may provide an alternative to PDMS tubing in
the treatment of hydraulic fracturing wastewater which contains a variety of hydrophilic and
hydrophobic organic compounds.
This study seeks to assess the ability of an EMB operating with Hytrel™ 3548 to treat
hydraulic fracturing wastewater containing a mix of contaminants of varied hydrophobicities. The
acclimation and characterization of an enriched microbial consortia was undertaken to understand
the effects of different co-substrates on microbial biodegradation within an EMB operating with
Hytrel™ 3548. The EMB system was then operated in batch and continuous modes to characterize
biodegradation performance.

4.4 Materials and Methods
4.4.1 Chemicals and Polymers
All chemicals were purchased from Fisher Scientific (Ottawa, Ontario, Canada) or from
Sigma Adlrich (Oakville, Ontario, Canada). Hytrel™ 3548, a polyether-polyester block copolymer
with a low equilibrated water content of 5%, was generously provided by DuPont (Kingston,
Ontario, Canada) in both tubing and granular form, and was selected because it does not transport
ionic species [28]. Hytrel™ 3548 tubing had inner and outer diameters of 5 mm and 6 mm,
respectively and ovoid beads had dimensions of 5.5 mm x 3.5 mm. Polymers were washed in a 1:1
MeOH: DI solution for 24 h at 400 rpm prior to use. Thereafter, five washing steps were conducted
with DI water to remove any residual impurities and were set to air dry within a fume hood.
4.4.2 Synthetic Wastewater
A comprehensive literature review of quantitative peer-reviewed and industrial sources
was compiled to determine consistency and/or variability of the organic constituents found in
hydraulically fractured wells (Appendix B, Table B-1). Compounds comprising synthetic hydraulic
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fracturing wastewater (SHFW) were selected to be representative of the hydrophobic and
hydrophilic organic profile found in flowback and produced waters. Selected compounds were
present in >4 sources and were found in concentrations above 10 µg L-1. Methyl ethyl ketone (M)
was selected as a representative of hydrophilic ketone class of molecules and as a proxy for acetone
which is very volatile at 30°C. Benzene (B) was selected as a representative of the aromatic
(benzene, toluene, ethylbenzene, xylene) class of compounds displaying moderate hydrophobicity
and phenol (P) was selected as a representative of semi-volatile, moderately hydrophilic
compounds frequently found in petroleum wastewaters. Acetic acid (AA) was also selected due to
its inherent presence in flowback and produced water at low pH’s, and for its ability to dissociate
under mildly acidic conditions. Properties of these representative compounds are presented in Table
4-1.
Additionally, to represent ranges in complexity of hydraulic fracturing wastewater, SFHW
which refers to the collective composition of MBPAA (methyl ethyl ketone, benzene, phenol, acetic
acid) and salts, contained either 30 g L-1 chloride (~50 g L-1 NaCl) or 120 g L-1 chloride (200 g L-1
NaCl).
Table 4-1. Properties of compounds selected for SHFW.
Property

Methyl Ethyl Ketone

Benzene

Phenol

Acetic Acid

C4H8O
78-93-3
75.6

C6H6
71-43-2
78.7

C6H6O
108-95-2
181.8

C2H4O2
64-19-7
117.1

805

876

1070

1050

223

1.8

83

Structure

Formula
CAS Number
Boiling Point (°C)
-3

Density (kg m )
-1

Water Solubility (g L , 25°C)
3

-1

Henry's Constant (atm m mole )
LD50 oral, for rats (mg/kg)
pKa
Octanol-Water Partition
Coefficient (Log-P)
PDMS Partition Coeffiicients
Partition Coefficient (Hytrel™ 3548)

-5

5.69 x 10
2737

-3

5.33 x 10
930

1000
-6

1.53 x 10
270

2.856 x 10-6
3310

9.99

4.76

0.29

2.13

1.46

-0.17

0.4 [1]
4 ± 0.9

90 [1]
107 ± 3

0.8 [2]
56 ± 0.2

1 ± 0.1
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4.4.3 Selective Enrichment
The process of selective enrichment was conducted to develop a microbial consortium
capable of degrading the compounds selected for the synthetic hydraulic fracturing wastewater.
Contaminated soil and sludge samples used for the initial inoculation were obtained from PAH
(polycyclic aromatic hydrocarbon) contaminated and tar sand deposits from Alberta, Canada as
well as several previously isolated consortia capable of degrading a variety of organic compounds
[29,30]. Enrichment was initialized by placing ≤5 g of each soil sample and cryovial contents into
a flask containing 100 mL of mineral media and individual substrate concentrations of 100 mg L-1
of M, B, P, and AA for microbial acclimatization in a batch system. Mineral medium consisted of
(in g L-1): 7 (NH4)2SO4, 0.75 MgSO4•7H2O, 6.6 K2HPO4, 8.42 KH2PO4, 0.005 Bacto-peptone and
1 mL L-1 trace elements in tap water. Trace element solution was prepared with (in g L-1): 16.2
FeCl3•6H2O, 9.44 CaHPO4, 0.15 CuSO4•5H2O, 12.3 disodium salt (EDTA), 0.3 MnSO4, 0.06
ZnSO4 · 7H2O, 0.1 CoCl2 · 6H2O and 40 C6H8O7 [29,31]. The enrichment procedure was undertaken
for 15 iterations, with 10% volume transfers added to a fresh 100 mL flask with increasing substrate
concentrations. A successful consortium was considered to have been achieved once it was possible
to consistently degrade 350 mg L-1 MPBAA. The consortium also demonstrated the metabolic
capacity to degrade 2,4-xylenol, acetone, and co-metabolically degrade pyridine (data not shown).
16S rDNA metagenomic analysis using the Illumina MiSeq sequencing platform was performed
by Metagenombio (Toronto, Ontario, Canada) to delineate the taxonomy of the organisms present
within the final degrading culture.
4.4.4 Microbial Consumption of MPBAA
Inoculum was prepared from the previously isolated microbial consortium in 100 mL
mineral media containing 100 mg L-1 of M, B, P and AA (present as acetate) each within 250 mL
air tight flasks and incubated at 30°C and 180 rpm for 24 hours to increase biomass concentrations.
After incubation, a subsequent 10% volume (10 mL) was added independently to 3 air-tight, 250
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mL Teflon septa sealed flasks to reach a starting biomass concentration of 75 mg L-1. Each flask
contained 100 mL of media and 100 mg L-1 of each substrate (MBPAA) in equal concentrations.
Samples were taken on an hourly basis until removal of all substrates had occurred. Separate single
substrate degradation tests were conducted to determine the yield coefficient of the consortium for
each substrate.
4.4.5 Partition Coefficient Determinations
Partition coefficients experiments (n=3) were performed as previously described [32] and
were conducted to quantify the thermodynamic affinity of the target pollutants for Hytrel™ 3548.
The partition coefficient for AA for Hytrel™ 3548 was conducted previously [28] without NaCl.
PCs and other relevant solute properties can be seen in Table 4-1.
4.4.6 Membrane Bioreactor Setup
All experiments operating with polymeric tubing were conducted in a New Brunswick
Scientific Bioflo III with a working volume of 3 L at 30 ± 0.5°C and 320 rpm. A 7 m length of
Hytrel™ 3548 (corresponding surface area of 0.132 m2) was spirally wound around a stainlesssteel mesh support with an open area fraction of 74% and placed within the reactor prior to
operation.
4.4.7 Abiotic EMB Transport Tests
Abiotic transport tests were conducted to investigate the transient transport and distribution
of the solutes (MBPAA) through the polymeric tubing in the absence of biological activity. Abiotic
transport tests were undertaken in a New Brunswick Scientific Bioflo III in batch mode with a
peristaltic pump recirculating 350 mL of synthetic wastewater through the tubing at 30 mL min-1
for 48 hours. The synthetic wastewater consisted of equal concentrations MBPAA at 1000 mg L-1,
at pH~2.80.
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4.4.8 EMB Biodegradation Tests
Biodegradation tests were conducted to determine the effectiveness of EMBs operated with
Hytrel™ 3548 in treating fracking wastewater operating in both batch and continuous
configurations, at 320 rpm and 30°C with aeration at 0.25 vvm. Inoculum was added to 3 L of
mineral media within the reactor prior to operation.
In batch EMB experiments, a peristaltic pump recirculated 400mL (to account for
additional sampling) of synthetic wastewater from and to a feed reservoir. Two batch experiments
were conducted with synthetic wastewater containing either 30 g L-1 (BR1) or 120 g L-1 (BR2) Cland 1000 mg L-1 MBPAA (each) at approximately pH~2.90. The continuous EMB experiment
(CR1) was undertaken with SFHW consisting of 1000 mg L-1 MBPAA (each) and 120 g L-1
chloride, at pH~2.90. SHFW was continuously pumped from a sealed feed reservoir through the
tubing and into a sealed collection reservoir at a flow rate of 0.28 mL min-1 (HRT ~ 8 hours) for 72
hours. The HRT was then increased from 8 hours to 12 hours (0.19 mL min-1) and the system was
operated for an additional 24 hours.
4.4.9 Analytical Methods
Reactor samples were centrifuged for 10 min at 10,000 rpm and 5°C in capped centrifuge
tubes to prevent volatilization. Samples were subsequently filtered through 0.2 µm nylon syringe
filters prior to analysis.
Biomass concentration was determined using a BioChrom Ultraspec 3000 UV-VIS
spectrophotometer at 600 nm (OD600) and converted to cell dry weight via calibration curve.
Benzene and Methyl ethyl ketone were detected by gas chromatography using a Varian
450 equipped with a CP-8410 autoinjector, a Restek RTX 502.2 column (30m x 0.25 mm; 1.4µm)
and a flame ionization detector. The carrier gas was hydrogen, flowing at 2.2 mL min-1 with a 1:100
split ratio. Injection volume for aqueous samples was set to 0.4µL to prevent flashback. Nitrogen
was used as the makeup gas, flowing at 25 mL min-1. For both benzene and methyl ethyl ketone,
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oven programming was set to hold at 35°C for 1.5 min, ramping to 220°C at a rate of 40°C min -1,
with a final hold time of 1 min. The injector and detector temperature were set to 250°C, below the
maximum threshold of the column.
Headspace analysis of volatile components were also analyzed by GC-FID via manual
injection using a Hamilton 100µL syringe, equipped with a Chaney adapter. The syringe was heated
to 30°C prior to sampling and injection to prevent condensation of sample within the syringe.
External standards provided concentration determinations using phase 1:1 aqueous: air phase ratio,
replicating the reactor vessel phase ratio. Validation of Henry’s law corresponding to headspace
samples was performed, as seen in Appendix B.
Phenol was detected by HPLC equipped with a Varian Pursuit XRs C-18 column (5µ; 250
x 4.6mm) heated to 40°C with a 50:50 acetonitrile: water mobile phase and UV detection at 260
nm. Injection volume of aqueous samples was set to 10 µL.
Both chloride and acetic acid were detected as previously described previously [28].

4.5 Results and Discussion
4.5.1 MBPAA Consumption by Microbial Consortium
To demonstrate the effectiveness of the enriched microbial consortium, three independent
batch biodegradation experiments were conducted with MBPAA at equal concentrations, as shown
in Fig. 4-1. After an initial acclimatization phase of ~ 1 hour, utilization of readily accessible
substrates began, with AA, B and P being utilized simultaneously, implying that each substrate was
metabolized as an independent carbon source, as was confirmed through independent yield
coefficient determinations (data not shown). In contrast, consumption of M began only once B and
P reached <30% of their initial concentrations after 4 hours, and complete removal of all substrates
was achieved in 11 hours. These results suggest that the presence of B and P in the medium impart
inhibitory effects on the metabolization of M, as was previously observed by Datta et al. [33,34].
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Figure 4-2. Biodegradation of MBPAA by a microbial consortium in batch biodegradation
experiments. Error bars represent standard deviation for n=3. - M. - B. - P.
- AA (buffered, present as acetate). - Cell Dry weight. Yield coefficients of
microbial consortia from single substrate degradation tests present in legend and
were determined from separate single substrate degradation experiments.

The yield coefficients of this consortium are of similar magnitude to collected literature
(Table 4-2). Comparison of AA yield coefficients to the literature reveals a higher yield coefficient
in this study, however this result is consistent with the MBPAA biodegradation data shown in Fig.
4-1. Characterization of the microbial consortium was further quantified through 16S rDNA
taxonomic analysis, identifying the presence of 5 major microbial strains at the genus level (Fig. 42), namely Pseudomonas sp., Comamonas sp., Achromobacter sp., Lysinibacillus sp., and
Oxalobacter sp.. Genomic data was generated from 98.5% reads at the genus level.
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Figure 4-3. 16s rDNA taxonomic profile and relative abundance of enriched microbial
consortium at the genus level
4.5.2 Abiotic Transport of MBPAA
Transport tests were conducted to determine the efficacy of the EMB operation in
sequestering and/or transporting the various MBPAA components over a 48-hour period. The EMB
in this experiment was operated in batch configuration with recirculation of MBPAA through the
polymer tubing. Concentrations of MBPAA in the tubing and reactor phases are shown in Fig. 43. Both B and P exhibited 99% and 90% transport from the tubing phase, respectively after 4 hours,
likely due to the high affinity of the solutes for Hytrel™ 3548. Partition coefficients for MBPAA
can be seen in Table 4-1. Additionally, Fig. 4-3 shows the transport of M and AA, exhibiting 91%
and 48% removal from the tubing phase after 48 hours. The distribution of MBPAA within the
system after the 48-hour abiotic transport test was determined by a mass balance and can be seen
in Fig. 4-4. Mass balance on the system revealed compounds with high PC’s were primarily
retained by the polymer, while lower PC/more hydrophilic compounds were transported through
the polymer and were present in the reactor in higher concentrations. As is the case in two-phase
partitioning bioreactors, the polymer tubing acted as a buffer or reservoir for the organic
compounds, by sequestering a significant fraction of the original solute mass within the polymer.
This self-regulating process limits the inhibitory effects of the organic solutes while simultaneously
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permitting the re-release of compounds once the consortium has consumed the substrate –
maintaining a state of chemical disequilibrium [29,31,35]. In the case of EMBs, both the
sequestration and metabolization of organic substrates creates a continuous driving force across the
membrane by maintaining a constant concentration gradient. Additionally, both Fig. 4-3 and Fig.
4-4 show the incomplete transport of AA from the tubing phase. Complete removal of ionizable
compounds (acetic acid) is difficult due to the limited affinity of the target solute for the polymer
phase, previously shown for low molecular weight organic acids [36]. Additionally, as AA is
removed the pH of the wastewater rises in response. This results in the increasing dissociation of
AA as the pH of the water rises closer to the target compound’s pKa, as observed throughout the
partitioning/removal process. Because dissociated forms of organic acids are not transported by
Hytrel™ 3548 [28], the transport of AA decreases with increasing removal percentages.
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Figure 4-4. Abiotic transport of MBPAA through Hytrel™ 3548. - M concentration in
reservoir. - M concentration in reactor aqueous phase. – B concentration in
reservoir. - B concentration in reactor aqueous phase. - P concentration in
reservoir. - P concentration in reactor aqueous phase. - AA concentration in
reservoir. - AA (as acetate) concentration in reactor aqueous phase.

In both Fig. 4-3 and Fig. 4-4, compounds with lower PCs are sequestered less within the
polymer and are present in the reactor phase at higher concentrations. B and P displayed the largest
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partition coefficients for Hytrel™ 3548, accumulating less in the reactor due to greater absorption
by the polymeric membrane while a >200% increase in reactor aqueous concentrations were
observed for M and AA, compared to B and P. Higher PCs prevent accumulation and enhance
removal rates through favourable solute-polymer interactions. These interactions result in the
sequestration of the compound, potentially reducing the effects of solute inhibition [30,32], whereas
lower partitioning compounds are transported through the tubing rather than sequestered. However,
even at elevated concentrations of 1000 mg L-1 MBPAA in SHFW the accumulation of compounds
(Fig. 4-3) in the reactor are at concentrations that are easily degradable by the enriched microbial
consortia (Fig. 4-1).
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Figure 4-5. Distribution of MBPAA in abiotic transport test after 48 hours.

4.5.3 Biological EMB Operation
4.5.3.1 Batch EMB Operation (BR1)
Biodegradation tests were conducted with an EMB operating in batch configuration with
recirculation to demonstrate the effectiveness of operating with Hytrel™ tubing subjected to the
extreme conditions of hydraulic fracturing wastewater. Fig. 4-5(a) shows the transient
transport/removal and associated cell concentration profile during the biodegradation of SHFW
101

over 72 hours. Initial MBPAA concentrations were set to 1000 mg L-1 each, with a pH ~ 2.90 (a pH
substantially below the pKa of AA, thereby allowing transport through the polymer) and 30 g L-1
chloride, replicating the extremes of pH and salinity found in hydraulic fracturing flowback and
produced waters. Initially, rapid removal of B and P from the tubing-side fluid was observed,
resulting in 99% removal of both compounds within 24 hours. This observation is attributed to the
rapid absorption of the solutes by Hytrel™ 3548, and to biodegradation of these solutes within the
reactor. Additionally, the removal of B and P and experimental cell concentration after 24 hours
align with the predicted biomass growth of 203 mg L-1 CDW, further indicating that no M was
degraded at this point. In contrast to B and P, M exhibited much slower transport (previously seen
in Fig. 4-3), however 99% removal of M was achieved at the 72-hour mark. Although M
accumulation was seen on the reactor side (Fig. 4-5(b)), likely due to co-substrate inhibition,
removal of M from the wastewater stream was continuous throughout the experiment’s duration.
As seen in Fig. 4-5(b), once complete removal of B and P were achieved, biological removal of M
in the reactor phase began, indicated by the decline in M reactor concentrations after 24 hours.
Transport and biodegradation of AA was also observed throughout EMB operation, resulting in
58% removal after the 72-hour operational period (Fig. 4-5(a)). Furthermore, during the operational
period the initial pH of the SHFW rose from 2.90 to 4.83 (Fig. B-4(a)) at the 72-hour mark,
exceeding the pKa of acetic acid, revealing that at 72 hours >50% of the AA in the wastewater was
now present as acetate, which is not transported by Hytrel™ 3548 [28].
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Table 4-2. Yield coefficients obtained from degradation of MBPA components.
Compound

Y x/s

MEK

1.02

This Study

0.74

Kim and Sorial, 2010 [50]

0.5

Datta and Philip, 2012 [51]

0.83

0.91

This Study
Littlejohns and Daugulis, 2008
[30]
Hu et al., 2015 [52]

0.82

Nielson et al., 2007 [53]

1.2

Reardon et al., 2000 [54]

0.72

This Study

0.67

Pripch and Daugulis, 2005 [55]

Benzene

1.35

Phenol

Reference

0.7
0.81
Acetate

0.8

Reardon et al., 2000 [54]

1.07

This Study

0.65

Toretta et al., 2014 [56]

0.64

Strotman et al., 1999 [57]

The prevention of salt transport by Hytrel™ 3548 tubing has been demonstrated previously
[28,37], and similar results were obtained here (Fig. B-3). Chloride concentrations were maintained
within the tubing phase due to the limited ability of Hytrel™ 3548 to absorb water (5% equilibrated
water content). Therefore, Hytrel™ 3548 effectively demonstrates the capacity for separating
highly saline and low pH conditions from the biological system, which can significantly inhibit
even halo-tolerant strains of microorganisms [38–40]. Finally, we note that the dissolved oxygen
concentration within the reactor was maintained above 90% saturation throughout the duration of
the experiment (data not shown), and this condition was maintained for all other biotic EMB
experiments.

103

400
900
300
600
200

300

100

0

Cell Dry Weight (mg L-1)

Substrate Concentration (mg L-1)

(a)1200

0
0

10

20

30

40

50

60

70

80

50

60

70

80

Time (hr)

Substrate Concentration (mg L-1)

(b)

80

60

40

20

0
0

10

20

30

40

Time (hr)

Figure 4-6. Biological removal of MBPAA from SHFW (30 g L-1 Cl-, pH~2.90) in experiment
BR1, using Hytrel™ 3548 in EMB in batch operation with recirculation. (a)
Transient removal of MBPAA from wastewater feed stream with corresponding
biomass growth. (b) Accumulation of MBPAA in reactor’s aqueous phase. - M
in reservoir. - M in reactor. – B in reservoir. - B in reactor. - P in reservoir.
- P in reactor. - AA in reservoir. - AA (as acetate) in reactor. - Cell Dry
weight.

4.5.3.2 Batch EMB Operation (BR2)
Experiment BR2 was operated with an increased salt load (120 g L-1 Cl-), replicating
extreme conditions present in fracking wastewaters with chloride concentrations ranging from ~ 1
g L-1 – 200 g L-1 [41,42]. Initial conditions were similar to BR1, however, the chloride concentration
was set at 120 g L-1 instead of 30 g L-1. Improved removal rates were observed during the 72-hour
operational period, as seen in Fig. 4-6(a). B and P exhibited rapid absorption and biodegradation
achieving 99% removal of both compounds from the feed solution within 12 hours, correlated with
continuous biomass growth. M showed significant removal rate improvements versus experiment
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BR1, achieving 99% removal in 48 hours, instead of 72 hours. Additionally, AA achieved 77%
removal after 72 hours, compared to 58% with experiment BR1. AA removal was correlated to the
wastewater pH shift from 2.83 to 4.73 (Fig. B-4(b)), consistent with BR1 (Fig. B-4(a)).
Accumulation of M in the reactor phase for BR2 can be seen in Fig. 4-6(b), showing
complete removal of M from the reactor after 12 hours, due to the complete removal and
metabolism of B and P. Accumulation of M in all experiments is explained by the lower PC
exhibited by M for Hytrel™ 3548 in addition to inhibition of biological removal by presence of B
and P. However, in experiment BR2, increasing the salt concentration by 4x (from BR1) resulted
in increased removal rates for all compounds, resulting in less accumulation of M in the reactor, as
seen in experiment BR2 (Fig. 4-6(b)). These marked differences in removal rates between the BR1
and BR2 experiments can be attributed to the effect of increasingly hypersaline conditions in the
wastewater stream, indicating that increased salt concentrations improved partitioning performance
of organic compounds, resulting in the greater partitioning performance of M for Hytrel™ 3548.
The basis of this performance improvement has been attributed to hydration theory, stating that
salts in solution will bind water molecules, inhibiting their solvation capacity thus increasing the
activity of the non-electrolyte in solution which results in improved partitioning behavior above a
minimum concentration threshold which may exist around 75 g L-1 (as observed for KCl) [43,44] .
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Figure 4-7. Biological removal of MBPAA from SHFW (120 g L-1 Cl-, pH~2.83) in experiment
BR2, using Hytrel™ 3548 in EMB in batch operation with recirculation. (a)
Transient removal of MBPAA from wastewater feed stream with corresponding
biomass growth. (b) Accumulation of MBPAA in reactor’s aqueous phase. - M
in reservoir. - M in reactor. – B in reservoir. - B in reactor. - P in reservoir.
- P in reactor. - AA in reservoir. - AA (as acetate) in reactor. - Cell Dry
weight.

4.5.3.3 Continuous EMB Operation (CR1)
An EMB operating with Hytrel™ 3548 tubing with a continuous feed of wastewater was
operated with 1000 mg L-1 MBPAA, 120 g L-1 chloride at pH~2.90 at an HRT of 8 hours for 72
hours. Fig. 4-7(a) shows the continuous biodegradation of MBPAA from the SFHW and
corresponding cell concentration profile. Initial rapid removal of the B and P was observed in Fig.
4-7(a), with B and P exhibiting 99% removal from the collected effluent within 5 hours. M
exhibited 65% removal initially, attributed to solute partitioning into the polymer. Gradual M
removal was observed thereafter, resulting in 90% removal of M after 72 hours of operation. In
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contrast, AA experienced gradual transport showing 30% removal within 8 hours. These data
revealed a plateau in AA removal, associated with the initial pH shifting in tubing close to acetic
acid’s pKa (Fig. B-4(c)), resulting in the dissociation of AA to acetate, thereby limiting transport.
which has been previously shown to have no affinity for Hytrel™ 3548 [28], and therefore is not
transported. Once the AA concentration within the tubing had stabilized a pH decline was observed,
leading to an increase in AA removal by 7% during the remaining 72 hours.
As seen in Fig. 4-7(b), M accumulated within the reactor phase during the entirety of the
72-hour operational period which was attributed to the constant influx of B and P, inhibiting the
removal of M. Improvements in M removal were observed after hour 8, likely due to the maturation
of the consortium and constant metabolization of B and P via increased biomass concentrations.
To improve removal rates of the hydrophilic compounds the HRT of the wastewater was
increased from 8 to 12 hours, for an additional 24-hour period after the 72-hour mark, as seen in
Fig. 4-7(a). The higher HRT promoted the additional removal of both M and AA, with M removal
increasing from 90% to 96% during the final 24-hour period, whereas AA showed an increase in
removal to 53% at a 12-hour HRT. Removal improvements are attributed to the higher HRT
allowing for increased contact time between the solute and membrane in combination with the
increase in biomass concentrations. The combined effect can be seen in Fig. 4-7(b), showing a
decline M accumulation in the reactor, decreasing from 50 mg L-1 at 72-hours to 6 mg L-1 at 96hours. Additionally, during this time, biofilm growth was observed along the first 30cm from the
tubing inlet after 96 hours of operation (SEM images of biofilm growth found in Appendix B).
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Figure 4-8. Biological removal of MBPAA from SHFW (120 g L-1 Cl-, pH~2.83) experiment
using Hytrel™ 3548 in EMB in continuous operation at HRTs of ~8 and ~12
hours. t=0 measurement taken from feed reservoir, with subsequent
measurements taken from collection reservoir. (a) Transient removal of MBPAA
from wastewater feed stream with corresponding biomass growth. (b)
Accumulation of MBPAA in reactor’s aqueous phase. - M in reservoir. - M in
reactor. – B in reservoir. - B in reactor. - P in reservoir. - P in reactor.
- AA in reservoir. - AA (as acetate) reactor. - Cell Dry weight.

4.5.3.4 Performance Comparisons: New and Old
Conventionally, EMBs have been primarily operated with tubular PDMS (silicone rubber)
membranes, however EMBs operating with Hytrel™ have introduced novelty into EMB systems
showing some significant advantages over PDMS [35,45]. To date, studies using PDMS
membranes have been conducted only for substantially hydrophobic compounds (e.g. 3chloronitrobenzene, 1,2-dichloroethane), as PDMS is virtually impermeable to hydrophilic solutes
and water. For example, several studies have determined that partitioning for phenol is negligible
108

in PDMS or silicone oil [22,46,47]. A comparison of PCs for semi-hydrophilic and hydrophilic
molecules for Hytrel™ and PDMS can be seen in Table 4-1, which shows minimal partitioning
behavior for both M and P in PDMS. In contrast, EMBs operating with Hytrel™ 3548 have the
potential to treat often neglected hydrophilic contaminants, which present high mobility and
toxicity within aquatic environments [48].
The amphiphilic properties of Hytrel™ 3548 highlight its potential in the treatment of
hydrophilic contaminants, displaying improved partitioning performance for hydrophilic
compounds over PDMS, likely due to the ability of both water and hydrophilic organic molecules
to hydrogen bond with the polymer soft segments. Ren et al., in 2017 found that the maximal phenol
removal capacity in an EMB operating in batch configuration with tubular PDMS (surface area ~
0.142 m2) was 136.9 mg L-1 d-1 [49] and in comparison, the batch system in this study (surface area
~ 0.132 m2) showed a maximal removal rate of 1018 mg L -1 d-1 for phenol (average of BR1 and
BR2 experiments), a 743% increase. In another study Freitas dos Santos and Livingston treated
1,2-dicholorethane (DCE) in an EMB under similar operating conditions (25% increase in
membrane surface area), showing a maximal removal of 94.5% DCE, which yielded a 3x greater
PC value than M [26]. In contrast, experiment CR1 shown in this study, M exhibited a removal
capacity of 96% under a similar operating time period, highlighting improved transport
performance of Hytrel™ 3548 over PDMS for more hydrophilic compounds. These results, along
with those from Livingston in 1993 suggest that PDMS affinity driven transport is the limiting
factor for lower partitioning compounds, affecting mass flux across the membrane [22]. Therefore,
removal of xenobiotics of varied hydrophobicities can be greatly enhanced by selecting a
membrane with increased affinity for highly water-soluble compounds, while maintaining adequate
separation of hostile wastewater environments from biotic systems.
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4.6 Conclusion
This study demonstrates the effectiveness in both batch and continuous EMBs utilizing
Hytrel™ 3548 tubing in the biological treatment of synthetic hydraulic fracturing wastewater.
EMBs operating in both batch and continuous configuration exhibited excellent removal
performance with an acclimated microbial consortium. Removal of 99% of M, B and P present in
SHFW was observed within 72 hours while removal up to the ionization point of AA was observed.
Overall organic removal rate improvements were observed (37% averaged between M, B, P and
AA) for batch EMBs when subjected to increased salt concentrations due to the “salting out” effect,
highlighting that system performance is enhanced with higher salt loading. Additionally,
continuous operation of EMB demonstrated the effectiveness of the system when operating with a
continuous influx of wastewater. The continuous EMB achieved 99% removal of B and P, 96%
removal of M and 53% removal of AA after only 96 hours of operation. This study effectively
demonstrates the performance of the amphiphilic properties of Hytrel™ 3548 in the treatment of
both hydrophilic and hydrophobic organic contaminants present in hydraulic fracturing
wastewaters.
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Chapter 5
Conclusions and Recommendations for Future Work
5.1 Conclusion
Hydraulic fracturing wastewaters contains a heterogeneous mix of contaminants which
pose a serious environmental threat. The presence of both organic and inorganic compounds within
these industrial wastewaters proves difficult for conventional biological treatment due to the
inhibiting effect of these co-contaminants on microbial species. Although extractive membrane
bioreactors (EMBs) have proven to successfully separate wastewaters containing high
concentrations of toxic compounds, they have not been utilized for the treatment of solutes
containing both hydrophilic and hydrophobic solutes. The present work studied the biological
degradation of methyl ethyl ketone, benzene, phenol and acetic acid from a highly saline solution
and at low pH within an EMB; conditions which have been known to be cytotoxic in individual
and combinatorial solutions.
In order to select an appropriate membrane, transport characterizations of four distinct
grades of Hytrel™ were conducted. Characterization focused on the transport of both organic and
inorganic contaminants, including mono and divalent salts, inorganic acids and bases, as well as
organic acids in dissociated/undissociated state, and organic compounds. Elucidation of the role of
water content was made when considering the suitability of these amphiphilic polymers for use in
EMBs when subjected to salts and acidic/alkaline conditions often present in industrial
wastewaters.

Furthermore,

polymer-solute

thermodynamic

affinities

were

quantified

experimentally to determine the treatability of both dissociated and undissociated organic acids –
often present in hydraulic fracturing wastewaters. It was found that increasing the equilibrated
water content increased the free volume within the polymer, allowing for improved transport of
salt species through the membrane. However, ionic physicochemical properties also dictated
transport, implicating the necessity of a multi-pronged analysis of both valency/charge and water
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content when assessing the transport of these salt species through uncharged membranes.
Furthermore, it was found that increasing the chain length of organic acids improved affinity for
Hytrel™ membranes, yet in any dissociated state, low water content polymers did not permit
transport, and this fact was exploited to concentrate an organic acid within the tubing from a dilute
aqueous solution.
The final contribution to this thesis was the use of Hytrel™ in an EMB, demonstrating the
significance and effectiveness of amphiphilic polymers when biologically removing various
organic contaminants from heterogeneous wastewaters. This was demonstrating by quantitatively
determining representative organic compounds in hydraulic fracturing wastewaters for the
generation of a synthetic wastewater composed of hydrophilic and hydrophobic contaminants.
Subsequently, the isolation and taxonomic characterization of an enriched culture confirmed the
ability of the culture to handle mixed substrates. Unlike previous EMBs which employed PDMS
membranes, Hytrel™ 3548 demonstrated improve affinity for both hydrophobic and hydrophilic
substrates enhancing both the sequestration and transport of these compounds. Confirmation of the
novelty of this system was demonstrated through biotic batch and continuous EMB configurations,
showing ≥96% removal of all non-ionizable organic contaminants within 96 hours.

5.2 Recommendations and Future Work
The present work examined the biological degradation of representative hydrophobic and
hydrophilic substrates present in hydraulic fracturing wastewaters via the use of EMBs. The
effectiveness of this system at removing elevated concentrations of organic compounds (1000 mg
L-1) present within hyper-saline, low pH wastewaters suggests that the system would be able to
effectively treat a wide variety of other hydrophilic and hydrophobic substrates. Exploration into
the effectiveness of this system could be demonstrated through biological removal tests with
sampled hydraulic fracturing wastewaters and injected fluids from larger shale operations.
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Operation of an EMB with actual hydraulic fracturing wastewaters would depend on the ability to
isolate a culture capable of degrading the pollutants present. Similar to the work presented here,
characterization of the transport of the contaminant organics through Hytrel™ membranes would
need to be conducted in order to understand the ability of the selected membrane to effectively
sequester and transport the contaminant organic compounds. However, quantification of these
contaminants prior to degradation could reveal the critical differences in chemical properties such
as hydrophobicity, volatility, and toxicity, throughout hydraulic fracturing wastewaters. This
combined approach would allow for the selection of an adequate HRT and surface area for
continuous EMB processes which might improve the transport of the more hydrophilic
contaminants through a variety of real wastewater samples in a “one size fits all” approach.
Characterization of the transport of ionic compounds resulted in the observation of
monovalent selectivity by Hytrel™ 8206 compared to divalent ions. This selectivity could be
harnessed for several different desalination systems, including the separation of mono and
polyatomic monovalent ions from divalent ions in drinking water applications, where water
hardness is an issue [1]. In such systems, continuous removal of monovalent ions could be
conducted in a concurrent membrane setup, operating with polarized porous electrodes (graphite)
in series. These electrodes would act as an ion “sink,” retaining oppositely charged ions (similar to
capacitive deionization) while the membrane would continuously “reject” the transport of divalent
species.
Finally, implementation of 3D printed tubular membranes could provide a range of
polymers for EMB applications. These membranes could be generated in from in-house polymers
tailored for specific EMB applications without the need of costly equipment, which would be ideal
for lab-scale research to effectively test polymer/ co-polymer combinations. Similarly, this process
could also be applied to TPPBs, by creating filaments from polymer beads, and by designing an
ideal shape to maximize polymer surface area and improve the ease of polymer recoverability (i.e.
collection).
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Appendix A
Characterization of transport through polymers for fracking fluid
treatment and organic acid concentration in extractive membrane
bioreactors – Supplemental Information
Additional information which was discussed within Chapter 3 can be found here and can be found
under identical subsection headings.

A.1

Transport of Ionic Species
Several physical and thermodynamic properties of ions are compared in Table A-1. Both

hydrated radius and hydration free energy are shown. Diffusivities, hydrated radii and hydration
free energies aid in the explanation of transport mechanism across high water content uncharged
polymers. As hydrated radii are similar across monovalent ions and divalent ions, hydration free
energies along with diffusivities may explain the differences in transport extent.
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Table A-5-1. Physical and Thermodynamic properties of ions
Species
Cation

NH4+
Na+

Mg2+

H+ (as
H9O4+)

Anions

Cl

-

Diffusivity
(10-9 m2 s-1)
1.956 2

Hydrated
Radius (nm)
0.331 3

Hydration Free
Energy (KJ mol-1)
-285 4

1.333 2

0.276 7
0.358 1,3,6
0.299 9

0.706 2

0.3 5
0.428 3
0.43 6

-398 8
-385 4
-405 3
-414 10
-1940 4
-1768 6
-1828 11

0.395 1

7.62 12

0.395 1

-1015 4

1

2

0.282 3
0.324 9
0.332 1
0.328 6

-1049 11
-270 4
-371 8
-384 6
-340 11
-329 2
-275 4
-328 3
-1145 4

0.167
0.181 5,6
0.164 1

2.032

NO3-

0.189 13
0.179 1

1.902 2

0.355 3
0.340 1

SO42-

1.065 2

OH-

0.215 5
0.230 3
0.176 3

0.300 5
0.379 3
0.241 5
0.300 3

C2H3O2-

0.162 4

1.089 15

C4H7O2-

A.2

Crystal
Radius (nm)
0.148 1
0.161 5
0.101 6
0.102 5
0.117 1
0.95 3
0.072 1,6

4.56 2

0.868 15

-345 4
-302 14
-300 4
-344 16
-322 16

Transport of Inorganic Acids and Bases
In addition to transport pH experiments with HCl, and NaOH, proton transport tests were

also conducted with H2SO4, to delineate the effect, if any, of proton concentration and associated
anion on transport. Results shown in Fig. A-1 reveal a similar trend as seen Fig. 3-4(a), however
less of a pH shift in the reactor is seen, which may be due to natural buffering of the system, or less
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proton transport than HCl due to the presence of sulfate ions, which did not transport across as
easily as chloride (Fig.3-2(b)).
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Figure A-1. H+ (as H2SO4) Transport through Hytrel™ tubing (HRT of ~6 hours).
Hytrel™ 3548 (tubing effluent).
8206 (tubing effluent).

- Hytrel™ 3548 (reactor phase).

- Hytrel™ 8206 (reactor phase).

-

- Hytrel™

- Hytrel™ 8171

(tubing effluent). - Hytrel™ 8171 (reactor phase). Data not shown for Hytrel™
4078 as it was identical to Hytrel™ 3548.

A.3 Transport of Carboxylic Acids and Their Salt Counterparts
Similar to Fig. 3-5(a) and (b), transport of both acetic acid and acetate as mentioned in the
article is shown in Fig. A-2 (a) and (b), respectively. Acetic acid (Fig A-2(a)) seems to transport
across through all four Hytrel™ grades, with high water contents facilitating transport of the OA
to a greater extent than low water content grades, and to a lower extent than butyric acid.
Additionally, the transport of acetate is shown in Fig A-2(b), which shows improved transport
capabilities over butyrate (Fig 3-5(b)), which may be due to its smaller size or increased aqueous
diffusivity.
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Figure A-2. Acetic acid and acetate transport through Hytrel™ polymers. (a) Acetic acid
transport through all four Hytrel™ grades (HRT~6hrs). (b) Acetate transport
across four Hytrel grades (HRT~6hrs), data not shown for Hytrel™ 4078.
Hytrel™ 3548 (tubing effluent).
8206 (tubing effluent).
(tubing effluent).

- Hytrel™ 3548 (reactor phase).

- Hytrel™ 8206 (reactor phase).

-

- Hytrel™

- Hytrel™ 8171

- Hytrel™ 8171 (reactor phase). Data not shown in Fig. A-

2(b) for Hytrel™ 4078 as it was identical to Hytrel™ 3548.
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A.4 Sample Calculations

As discussed in the article, mass balances were performed on the EMB system for ions
and ionizable compounds, for both extraction and concentration tests. Mass balances were
adapted from similar systems by Tomei et al., 2017 as seen below:

Mass balances for Extraction and Concentration Tests (adapted from Tomei et al.)[1,2]:
𝑀𝑜 + 𝑀𝑓𝑒𝑑 = 𝑀𝑙,𝑡𝑢𝑏𝑒 + 𝑀𝑒,𝑡𝑢𝑏𝑒 + 𝑀𝑟𝑒𝑎𝑐𝑡𝑜𝑟 + 𝑀𝑝𝑜𝑙𝑦
Whereby, Mo is the mass present in the tubing at t = 0, starting with the tubing filled.
𝑀𝑜 = 𝑉𝑡𝑢𝑏𝑒 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙,𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
Mfed is the mass that is fed into the tubing during the related time interval (e.g. t=0 to t=x).
𝑀𝑓𝑒𝑑 = 𝑄𝑡(𝑡=𝑥) 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙,𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡
Ml,tube is the mass present within the liquid phase inside the tubing at t=x.
𝑀𝑙,𝑡𝑢𝑏𝑒 = 𝐶𝑎𝑣𝑔(𝑡=𝑜→𝑡=𝑥) 𝑡(𝑡=𝑥)
Me,tube represents the mass present within the effluent collected from the tubing at t=x.
𝑀𝑒,𝑡𝑢𝑏𝑒 = 𝑄𝐶(𝑡=𝑥) 𝑡𝑡=𝑥
Mreactor represents the mass present within the aqueous phase of the reactor at t=x.
𝑀𝑟𝑒𝑎𝑐𝑡𝑜𝑟 = 𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝐶𝑟𝑒𝑎𝑐𝑡𝑜𝑟 (𝑡=𝑥)
Mpoly is the mass that has been solubilized in the free/bound water (inorganic) or partitioned
(organic) into the tubing at t=x.
𝑀𝑝𝑜𝑙𝑦 = 𝑉𝑝𝑜𝑙𝑦 𝐶𝑖𝑛𝑡𝑖𝑎𝑙
Sample calculation of mass balance performed on EMB systems for Na+ (as NaCl) ion transport
through Hytrel 8206 at t=12 hours:
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Where Cinitial,influent = 18 g L-1
Vtube = 0.07L
Q = 0.012 L min-1
t = 12 hours
The mass present of Na+ present initially within the tubing in combination with the mass fed into
the tubing compose the “feed” side of the mass balance with the mass fed into the tubing via
peristaltic pump calculated as:
𝑀𝑜 = 𝑉𝑡𝑢𝑏𝑒 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙,𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 = (18 𝑔 𝐿−1 )(0.07 𝐿) = 1.260 𝑔
Then, the mass present initially (t=0) in aqueous solution contained within the tubing is calculated
as:
𝑀𝑓𝑒𝑑 = 𝑄𝑡(𝑡=12) 𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙,𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 = (0.012 𝐿 𝑚𝑖𝑛−1 )(12 ℎ𝑜𝑢𝑟𝑠)(18 𝑔 𝐿−1 ) = 2.592 𝑔
Therefore, the total mass present initially and fed into the tubing = 3.852g
To balance the system, calculations must be performed on the mass present in the tubing phase at
12 hours, which was taken as the average of the collected concentrations from t=0  t=12:
𝑀𝑙,𝑡𝑢𝑏𝑒 = 𝐶𝑎𝑣𝑔(𝑡=𝑜→𝑡=12) 𝑡(𝑡=12) = (

18 + 17.1 + 16.2 𝑔 𝐿−1
) (12 ℎ𝑜𝑢𝑟𝑠) = 1.204 𝑔
3

Similarly, the balance also needs to account for the mass that has been collected in the effluent
reservoir, which is calculated as:
𝑀𝑒,𝑡𝑢𝑏𝑒 = 𝑄𝐶(𝑡=12) 𝑡𝑡=12 = (0.012 𝐿 𝑚𝑖𝑛−1 )(16.2 𝑔 𝐿−1 )(12 ℎ𝑜𝑢𝑟𝑠) = 2.333 𝑔
In addition, mass that has transported across the tubing and is present in the aqueous reactor
environment, subtracting any mass that was initially present, is calculated as:
𝑀𝑟𝑒𝑎𝑐𝑡𝑜𝑟 = 𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟 𝐶𝑟𝑒𝑎𝑐𝑡𝑜𝑟 (𝑡=12) = (0.198 − 0.036 𝑔 𝐿−1 )(3 𝐿) = 0.486 𝑔
Finally, any mass that has been transported into the polymer via the polymer’s equilibrated water
uptake (which has a tabulated water uptake of 0.1308 L, calculated by taking the original polymer
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dry mass and multiplying it by the equilibrated water percentage (30%)) and assuming a constant
input of mass from the feed reservoir is calculated as:
𝑀𝑝𝑜𝑙𝑦 = 𝑉𝑝𝑜𝑙𝑦 𝐶𝑖𝑛𝑡𝑖𝑎𝑙 = (0.07 𝐿)(18 𝑔 𝐿−1 ) = 0.235 𝑔

Mass leaving the system amounts to 4.285g, which is within 10% range of the tabulated mass
entering the system (3.852 g).
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Appendix B
The biological treatment of synthetic fracking fluid in an extractive
membrane bioreactor: selective transport and biodegradation of
hydrophobic and hydrophilic contaminants – Supplemental
Information

To determine the possibility of air-stripping on the removal of VOCs, 3L of DI water
containing 200 mg L-1 MBPAA was added to New Brunswick Scientific Bioflo III in the absence
of polymer. The reactor was completely sealed except for one outflow port for venting and was
aerated and agitated at 0.25 vvm and 320 rpm at 30°C. Both and aqueous and headspace samples
were collected periodically to determine the extent of volatilization of organic compounds leaving
the system.
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Figure B-3. Volatility losses of organic compounds during abiotic stripping experiment with
aeration at 0.25 vvm (n=2). Data represent aqueous phase measurements.
concentration in reactor aqueous phase.
phase.

- P concentration in reactor aqueous

- B concentration in reactor aqueous phase.

measurements for B by Henry’s Law.
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-M

- Validation of headspace

B.2 Biofilm
The continuous EMB experiment resulted in linear biomass growth throughout the 96-hour
duration. After approximately 60 hours, the formation of a biofilm was observed on the inlet of the
tubing, gradually decreasing in density from the inlet port until roughly 30 cm further along the
tubing as seen in Fig B-1, captured by scanning electron microscopy, showing the biofilm
formation on the outside of the tubing, with no growth observed within the tubing. Observable
biofilm growth on the inlet of the coiled tubing may likely be attributed to the rapid sorption of
both B and P in this area due to the high affinity of both B and P for Hytrel™ 3548, combined with
the slow-moving flow (HRT~8 and 12 hours). Absorption of both B and P may have been exploited
by chemotactic bacteria to initiate film formation, such as flagellated Pseudomonas sp., which are
also required for the initial adhesion of the bacteria to a surface [1]. Several studies have observed
chemotactic behavior in the presence of inanimate surfaces, whereby bacteria form biofilms on
surface interfaces which desorb substrates in an effort to improve bioavailability of nutrients,
inevitably resulting in increased degradation rates [2,3]. Additionally, quorum sensing by bacteria
in aqueous or film microenvironments can impact the formation of biofilms, with multifactorial
inputs regulating gene expression in response to environmental conditions, such as: inducing
chemotaxis, adhesion, motility and secretion and deposition of extracellular polysaccharides [4–6].
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Figure B-2. SEM images of biofilm growth on tubing inlet after 96 hours during continuous
EMB operation. Biofilm growth was only present on the first 30cm of tubing. (a)
Cross section of Hytrel™ 3548, visible film formation on outside of tubing. (b)
Close up of inner face of tubing in a cross-sectional view, minor riding due to
slicing of tubing as seen on smooth surface. (c) Planar view of smooth inner tubing
surface showing no film formation after 96 hours. (d) Planar view of the outer
surface of the coiled tubing inlet after 96 hours, showing distinct topographic
changes due to the presence of a biofilm.

131

1000

120000
800
100000
600

80000
60000

400

40000
200
20000
0

Reactor Concentration (mg L-1)

Reservoir Concentration (mg L-1)

140000

0
0

20

40

60

80

100

Time (hr)

Figure B-3. Chloride concentration present in the tubing phase and reactor during EMB
operation. In all experiments, no salt was transported across the membrane. Cl- concentration in reservoir for BR1 experiment.
- Cl- concentration in
reactor EMB for BR1 experiment. - Cl- concentration in reservoir for BR2
experiment.
- Cl- concentration in reactor for BR2 experiment.
- Clconcentration in reservoir for EMB operating in continuous configuration. Clconcentration in reactor for EMB operating in continuous configuration.
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Figure B-4. pH changes in tubing during batch (BR1, BR2) and continuous EMB
experiments. (a) BR1: Batch operation with 30 g L-1 Cl-, measured from
recirculation reservoir. (b) BR2: Batch operation with 120 g L-1 Cl-, measured
from recirculation reservoir (c) Continuous operation with 120 g L-1 Cl,
measured from collected effluent.

B.3 Mass Balance: Abiotic Transport Experiment

𝑀𝑜 = 𝑀𝑙,𝑡𝑢𝑏𝑒 + 𝑀𝑟𝑒𝑎𝑐𝑡𝑜𝑟 + 𝑀𝑝𝑜𝑙𝑦
And
𝑀𝑖𝑛𝑖𝑡𝑖𝑎𝑙 = 𝑀𝑙,𝑡𝑢𝑏𝑒 + 𝑀𝑟𝑒𝑎𝑐𝑡𝑜𝑟 + 𝑀𝑝𝑜𝑙𝑦 + 𝑀𝑓𝑖𝑛𝑎𝑙
Whereby,
Minitial is the mass that is initially present in the reservoir and tubing (filled) at t=0; Minitial =
CinitialVreservoir
Mo is the mass that was removed from the tubing at t=x; Mo =(Cinitial – Cfinal)Vreservoir
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Ml,tube is the mass present within the liquid absorbed into the tubing at t=x; Ml,tube = CinitialVpoly
Mreactor represents the mass present within the aqueous phase of the reactor at t=x; Mreactor =
CreactorVreactor
Mpoly is the mass that has partitioned into the tubing at t=x; Mpoly = Mo – Mreact – Mpoly
Mfinal is the mass left in the reservoir and tubing after t=x; Mfinal = CfinalVreservoir
Assuming negligible partitioning into the headspace.

B.4 Abiotic Transport Experiment – Batch Operation with Recirculation
Methyl Ethyl Ketone – Mass balance at t=48 hours
Cinitial = 968 mg L-1
Creactor = 75 mg L-1
Vreactor = 3 L
Vreservoir = 0,350 L
Vtube = 0.004L (80g dry weight, 5% equilibrated water content)
𝑀𝑜 = 𝑀𝑙,𝑡𝑢𝑏𝑒 + 𝑀𝑟𝑒𝑎𝑐𝑡𝑜𝑟 + 𝑀𝑝𝑜𝑙𝑦
(968 𝑚𝑔 𝐿−1 − 85 𝑚𝑔 𝐿−1 )(0.35 𝐿) = (0.004 𝐿)(968 𝑚𝑔 𝐿−1 ) + (3 𝐿)(75 𝑚𝑔 𝐿−1 ) + 𝑀𝑝𝑜𝑙𝑦
Benzene – Mass balance at t=48 hours

𝑀𝑝𝑜𝑙𝑦 = 79.8 𝑚𝑔

Cinitial = 1023 mg L-1
Creactor = 98 mg L-1
Vreactor = 3 L
Vreservoir = 0.350 L
Vtube = 0.004L (80g dry weight, 5% equilibrated water content)
𝑀𝑜 = 𝑀𝑙,𝑡𝑢𝑏𝑒 + 𝑀𝑟𝑒𝑎𝑐𝑡𝑜𝑟 + 𝑀𝑝𝑜𝑙𝑦
(1023𝑚𝑔 𝐿−1 − 6 𝑚𝑔 𝐿−1 )(0.35 𝐿) = (0.004 𝐿)(1023 𝑚𝑔 𝐿−1 ) + (3 𝐿)(9.8 𝑚𝑔 𝐿−1 ) + 𝑀𝑝𝑜𝑙𝑦
𝑀𝑝𝑜𝑙𝑦 = 322.4 𝑚𝑔
Phenol – Mass balance at t=48 hours
Cinitial = 984 mg L-1
Creactor = 31 mg L-1
Vreactor = 3 L
Vreservoir = 0.350 L
Vtube = 0.004L (80g dry weight, 5% equilibrated water content)
𝑀𝑜 = 𝑀𝑙,𝑡𝑢𝑏𝑒 + 𝑀𝑟𝑒𝑎𝑐𝑡𝑜𝑟 + 𝑀𝑝𝑜𝑙𝑦
134

(984 𝑚𝑔 𝐿−1 − 59 𝑚𝑔 𝐿−1 )(0.35 𝐿) = (0.004 𝐿)(984 𝑚𝑔 𝐿−1 ) + (3 𝐿)(31 𝑚𝑔 𝐿−1 ) + 𝑀𝑝𝑜𝑙𝑦
𝑀𝑝𝑜𝑙𝑦 = 226.7 𝑚𝑔
Acetic Acid – Mass balance at t=48
Cinitial = 989 mg L-1
Creactor = 54 mg L-1
Vreactor = 3 L
Vreservoir = 0.350 L
Vtube = 0.004L (80g dry weight, 5% equilibrated water content)
𝑀𝑜 = 𝑀𝑙,𝑡𝑢𝑏𝑒 + 𝑀𝑟𝑒𝑎𝑐𝑡𝑜𝑟 + 𝑀𝑝𝑜𝑙𝑦
(989 𝑚𝑔 𝐿−1 − 513 𝑚𝑔 𝐿−1 )(0.35 𝐿) = (0.004 𝐿)(989 𝑚𝑔 𝐿−1 ) + (3 𝐿)(54 𝑚𝑔 𝐿−1 ) + 𝑀𝑝𝑜𝑙𝑦
𝑀𝑝𝑜𝑙𝑦 = 2 𝑚𝑔

B.5 Headspace concentration validation: Sample calculations
Determination of the validity of the headspace measurements was determined by ideal gas law
calculations. Samples from both the headspace and reactor (aqueous) phase were sampled in
order to determine if measurements from the headspace could adequately predict the
corresponding aqueous phase concentrations

Sample calculation for t=0.5
The concentration in the headspace was measured by direct manual injection with a 100 µL gas
tight syringe at pre-heated to 30°C.
KH Benzene = 5.33x10-3 atm m3 mol-1 (volatility constant)
MWBenzene = 78.11 g mol-1
R = 0.08206 L atm K-1 mol-1
T= 30°C (303 K)
Ct=0.5 = 0.059 g L-1 = 7.56x10-4 mol L-1
𝑃=

𝑛𝑅𝑇
= 𝐶𝑅𝑇
𝑉

𝐿 𝑎𝑡𝑚
) (303 𝐾) = 1.88𝑥10−2 𝑎𝑡𝑚
𝐾 𝑚𝑜𝑙
𝑃
𝑃 = 𝐾𝐻 𝐶 → 𝐶 =
𝐾𝐻

𝑃 = (7.56𝑥10−4 𝑚𝑜𝑙 𝐿−1 ) (0.08206
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𝐶=

1.88𝑥10−2 𝑎𝑡𝑚
𝑚𝑜𝑙
= 3.52 3
3
𝑚
5.33𝑥10−3 𝑎𝑡𝑚 𝑚 ⁄𝑚𝑜𝑙

𝑚𝑜𝑙
𝑔
1 𝑚3
𝑔
𝐶 = 3.35 3 (78.11
)(
) = 0.276 (𝑎𝑞𝑢𝑒𝑜𝑢𝑠)
𝑚
𝑚𝑜𝑙 1000 𝐿
𝐿
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CAS

71-43-2
108-88-3
100-41-4
1330-20-7
100-42-5
98-82-8
91-20-3
208-96-8
83-32-9
86-73-7
85-01-8
120-12-7
206-44-0
110-86-1
129-00-0
56-55-3
218-01-9
205-99-2
207-08-9
50-32-8
53-70-3
191-24-2
67-64-1
75-15-0
67-66-3
591-78-6
108-95-2
104-51-8
135-98-8
98-06-6
95-63-6
108-67-8
122-66-7
99-87-6
123-91-1
91-57-6
95-48-7
74-98-6
74-82-8
74-84-0
95-50-1
120-83-2
105-67-9
108-39-4
100-51-6
117-81-7
85-68-7
117-84-0
84-74-2
122-39-4
86-30-6
10595-95-6
92-87-5
98-86-2
193-39-5
108-90-7
2909-52-6
68411-44-9
124-48-1
107-06-2
78-93-3
131-11-3

Analyte

Benzene*
Toluene*
Ethylbenzene*
Xylenes (total)
Styrene
Cumol/Cumene (isopropylbenzene)*
Naphthalene
Acenaphthylene
Acenaphthene
Fluorene
Phenanthrene
Anthracene
Fluoranthene
Pyridine
Pyrene
Benz(a)anthracene
Chrysene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Benzo(a)pyrene
Dibenz(a,h)anthracene
Benzo(g,h,i)perylene
Acetone
Carbon Disulfide
Chloroform
2-Hexanone
Phenol
n-Butylbenzene
sec-Butylbenzene
tert-Butylbenzene
1,2,4-Trimethylbenzene
1,3,5-Trimethylbenzene
1,2-Diphenylhydrazine
4-Isopropyltoluene
1,4-Dioxane
2-Methylnaphthalene
2-Methylphenol
Propane
Methane
Ethane
1,2-Dicholorobenzene
2,4-Dichlorophenol
2,4-Dimethylphenol
3-Methylphenol/ 4-Methylphenol
Benzyl alcohol
Bis(2-Ethylhexyl) phthalate
Butyl benzyl phthalate
Di-n-octyl phthalate
Di-n-butyl phthalate
Diphenylamine
N-Nitrosodiphenylamine
N-Nitrosomethylethylamine
Benzidine
Acetophenone
Indeno(1,2,3-cd)pyrene
Chlorobenzene
Bromoform
Butyl Benzene
Dibromochloromethane
1,2-Dichloroethane
2-Butanone
Dimethyl phthalate

13300
4280
350
1650
25
1750
12.3
27
71
570
6.5
9.8
14
6.5
0.6
0.5
0.02
0.5
0.2
0.7
-

Gordalla et al.,
2013
2000
6200
650
6500
160
1400
8.4
22
6.1
2600
13
10
5.9
6.7
11
6.9
5800
7300
28
21
84
4000
1900
54
20000
13
12
100
750
870
15
120
10
2.7
22
140
9.5
7.5
-

Hayes, 2009
5300
8100
670
1400
69
3100
1.3
1400
0.18
670
0.18
17
240
84
65
130
150
84
540
93
1200
300
7.8
12
120
28.3
15
21
200
490
110
270
130
10
410
35
4.6
140
-

Hayes and
Severin, 2012
1950
3190
164
2670
11.3
681
459
21.5
38.5
4.06
-

URS, 2011
390005
2855
200925
280
2290
335
-

Khan et al.,
2016
1570
2160
112
1900
10.3
6.4
2560
5.98
404
53727
10000
676
12
757
1040
130
3700
1560
326
14700
1120
12.5
69.5
46.8
20
561
1040
0.54
55.3
25
-

Wolford, 2011

30
3
0.3
16000
830
60
4
150
790
170
29
1.2
240
15

Lester et al.,
2015
47
140
12
280
58.3
0.56
3.06
37.7
59.8
3.06
24.6
7.12
1.5
27.4
1.87
6.9
0.94
1.12
15.2
-

Horner et al.,
2011
0.2
6.2
7.3
2.6
8.6
13.9
4.3
-

Hoelzer et al.,
2016
500
78
24
327
-

Dahm et al.,
2011
373
2450
234
3380
141
1130
2730
10500
-

Ziemkiewicz and
He, 2015
531
202
16
45
1
64
25
10
3
10
64
3
8
1
-

Sirivedhin and
Dallbauman, 2004

12500
41000
1340
52500
247
21700
1070
73.5
2020
256
2290
730
199
-

Rosenblum et al.,
2017

Table B-1. Quantitative summary of components found in hydraulic fracturing wastewaters
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