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. Abstract:

Approximately 5.66 million m® of wastewater per year is produced by hydraulic fracking;
the “flowback” water constitutes about 10-30% of the water used in the fracking process.
The ideal situation would be to treat and reuse the flowback water to reduce disposal
costs and the demand for fresh water, but such treatment is difficult due to high saline
content and presence of oils and other organics. In their pilot study, Miller et al.
addressed the use of ultrafiltration (UF) and reverse osmosis (RO) membranes modified
with a polydopamine coating to treat produced water from the Barnett shale gas basin in
Texas. | propose the addition of a hollow fiber (HF) air stripping membrane unit for CO,
removal as an intermediate step in this treatment train to improve the desalination
performance of reserve osmosis. | will initially test the HF membrane using a variety of
synthetic waters that contain varying concentrations of total dissolved solids under a
range of parameters including transmembrane pressure and fluxes to achieve outlet
concentrations <lppm CO,. Then, I will test a combined HF membrane unit and reverse
osmosis train with synthetic waters before testing the system with water from the Maggie
Spain Water Reclamation Facility.
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11. Title of Proposal

Hollow fiber membrane air stripping for the removal of carbonate species in produced water from
hydraulic fracturing

12. Statement of Critical Regional or State \Water Problem

The popularity of hydraulic fracturing, or fracking, over the past decade has increased the
production of natural gas in North America and, consequentially, the need for improved technologies to
treat the accompanying flowback water.* Fracking requires large volumes of water, putting a strain on
local freshwater demands and disposal practices. Approximately 5.66 million m® of wastewater per year is
produced by fracking;?; this “flowback” water constitutes approximately 10-30% of the water used in the
fracking process."

Disposing of the produced water can cost up to $4 per barrel including costs for transportation
and injection wells." Therefore, it is ideal to reuse the flowback water to reduce disposal costs and the
demand for fresh water. However, challenges to produced water treatment occur due to the high saline
content and presence of oils and other organics. According to Thiel and co-workers, produced water
samples from the Permian shale basin contained up to 183,000 mg/L of total dissolved solids (TDS),
while Miller et al. reported produced water characteristics from the Barnett shale basin of up to 99,000
mg/L TDS.**

The rise of membrane technology for purification of flowback water is attributed to their small
energy footprint, high efficiency, and ability to be moved from one drill site to the next.! Recent advances
in membrane research for flowback water treatment include the use of microfiltration, ultrafiltration,
nanofiltration, and reverse osmosis. Alzahrani and co-workers reviewed the different types of membrane
technologies to conclude that current practices have “high potential” for meeting the needs of the
petroleum industry while future goals can target a standard reference for produced water characterization,
treatment of produced water at its source by integrated membrane technologies to aim for “zero liquid
discharge,” and the recovery of by-products from produced water.® The biggest drawback to membrane
technologies is their tendency to foul due to the constituents in the water being treated.

In their pilot study, Miller and co-workers addressed the use of ultrafiltration (UF) and reverse
osmosis (RO) membranes modified with a polydopamine coating to treat produced water from the Barnett
shale gas basin in Texas.* The polydopamine coating was used as a surface modification for the
membranes to reduce the effects of fouling. The polyacrylonite hollow fiber UF membranes were further
modified by grafting poly(ethylene glycol) to the polydopamine coating. The UF membranes removed
organic material, specifically emulsified oils, from the flowback water while RO membranes desalinated
the UF permeate. The surface modifications successfully decreased the resistance to mass transport in the
UF membranes. The polydopamine coating did not affect the water flux or the transmembrane pressure of
the modified RO membrane compared with the unmodified RO membrane; the surface modification did,
however, increase the salt rejection of the modified RO membrane. In that study, the TDS in the RO feed
ranged from 2x10™* to 6.5x10* mg/L, which represented the salt concentration of the waters.

13. Statement of Results or Benefits

To improve the desalination performance of reserve osmosis, different pretreatment options are
available.* Jamaly and co-workers recommend the use of UF or NF as part of the pretreatment membrane
train to extend the lifetime of RO membranes because the UF/NF membranes can handle a salinity range
> 35,000 ppm.* However, the results of the pilot study in the Barnett shale gas region, suggest that an
intermediate step between UF for organic removal and RO for desalination could be used to remove
carbonate species from the produced water to prevent precipitation and scaling of the RO membrane.



Thiel and Lienhard reported that the carbonate species in the produced water were the most likely to
scale membranes based on their saturation index.” Therefore it is worthwhile to examine the benefits of
adding to the membrane treatment train by using hollow fiber air stripping as RO pretreatment to remove
CO, from produced waters. Liqui-Cel® Membrane Contactor systems have been used for CO, removal
from water prior to secondary treatment by RO or electrodeionization to decrease the scaling effect of
carbonate species in several places including San Antonio, Texas and China>®. However, the use of CO,
for reuse or treatment of produced water from fracking operations has not been investigated previously.

The benefits of reducing scale formation in membrane processes are evident as fouling is
typically the main cause of reductions in membrane performance as measured by membrane flux and
water recovery. However, the development of a cost-effective membrane process for treating produced
water from hydraulic fracking operations that will allow water reuse or provide safe disposal options is
the major benefit of the proposed research; this is especially true in semi-arid regions such as Texas
where the demands on our limited water resources are continually increasing. Despite the fact that surface
water withdrawals of necessary volumes for hydraulic fracking generally represent only a minor part of
total water consumption, the demand places significant burdens in local regions already under significant
water stress. Recognition of the need for water conservation and reuse in the oil and gas industry led the
Railroad Commission of Texas, which regulates the oil and gas industry, to adopt new rules in 2013 to
encourage recycling. Under these rules, operators no longer need a permit to recycle water if they are on
their own land leases’. Thus, the development of cost-effective options for reuse of water from fracking
operations is necessary especially within Texas where the population is growing and water demands from
other sectors compete with the oil and gas industry.

14. Nature, Scope, and Objectives of the Research

The objective of this project is to develop a cost-effective membrane treatment system for
produced water treatment from hydraulic fracking operations. | propose the addition of a hollow fiber
(HF) air stripping membrane unit for CO, removal as an intermediate step in a treatment train that
includes ultrafiltration and reverse osmosis. | hypothesize the addition of this unit to the process will
decrease the amount of carbonated species in the water and, therefore, reduce scaling and increase the
water flux and recovery through the RO membrane. | will initially test the HF membrane using a variety
of synthetic waters that contain varying concentrations of inorganic salts, carbonate concentrations, and
background organics under various transmembrane pressure and fluxes. The membrane will be tested
under both pressure using nitrogen and vacuum. Upon optimization of the conditions and elucidation of
the controlling parameters, the system will be combined with ultrafiltration and reverse osmosis and
tested with synthetic waters. Finally, the combined system will be tested using water from the Maggie
Spain Water Reclamation Facility. For my experiments, the raw water will be treated with coagulation,
sedimentation, and a polydopamine-modified UF membrane to remove suspended solids and organic
material. Since the pH of the water for treatment will already have been reduced to approximately a pH of
5 before UF, hollow fiber membrane air stripping will be an efficient process for removing dissolved CO,
from the water.

15. Methods, Procedures, and Facilities

I will use the 1.7 x 5.5 MiniModule® PP X50 membrane contactor system from Membrana
Contactors. These Liqui-Cel membranes were originally designed for liquid-liquid extraction in the late
1980s. However, the original parallel flow microporous membranes, which resembled a shell and tube
heat exchanger, displayed disappointing separation results when the membrane contactor was scaled up.
The manufacturer company, Hoechst-Celanese at the time, worked in collaboration with UT Austin to
determine what caused such poor results. Dr. Frank Seibert and his team from the Solutions Research
Program at UT proved, in the early 1990s, that shell side fluid bypassing the membrane led to much



shorter contact times than expected (Seibert, personal communication). At that time, Hoechst-Celanese
also discovered that gas permeates out of the aqueous phase, which led to the primary current application
of this membrane technology: degassing (or air-stripping) from water. After modifying the module design
to prevent shell side short-circuiting, the process became much more attractive and was commercialized
primarily for water degassing particularly in the microelectronics industry.

The membrane system to be used in this research can achieve outlet concentrations <1ppm CO,
and can accommodate a maximum flowrate of 2.5L/min, appropriate to handle a laboratory scale water
flowrate of 0.8L/min. The hollow fiber membrane in this unit is hydrophobic polypropylene appropriate
for CO, removal in a countercurrent flow setup with water on the shell side and either a vacuum or sweep
gas on the tube side to remove CO, from the system.

Initial experiments to be conducted in the first eight months of the project will utilize synthetic
waters of varying composition (see Table 1; note that strontium will also be evaluated at up to
concentrations of 6,400 mg/L even though it is not included in Table 1) and focus only on the HF
membrane. A range of alkalinities will be tested from approximately 50 to 500 mg/L as CaCO; and the
degree of potential oversaturation with respect to barium, strontium and calcium carbonates will be varied
through changes in pH, alkalinity and alkaline earth metal ion concentrations. Operating parameters to be
varied include liquid and gas flowrates and sweep gas pressure; parameters to be measured include pH,
total carbonate species concentration in terms of ppm of CO,, and water flux through the RO membrane.
In the final four months of the project, the membrane will be tested in conjunction with the UF and RO
system using 1) synthetic water and then 2) water from the Maggie Spain Water Reclamation Facility.to
determine whether the results from the synthetic water are consistent with actual field waters and to assess
the potential of the complete flow train.

Table 1. Composition ranges of Barnett and Marcellus flowback waters*

Parameter Barnett (5 locations) Marcellus (19 locations)
Range Median Range Median

pH 6.6-8.0 7.1 5.8-7.2 6.6
Total dissolved solids (mg/L) = 23,600-98,900 36,100  38,500-238,000 67,300
Alkalinity (mg/L CaCOs) 238-1,630 610 48.8-327 138
Chloride (mg/L) 16,500-72,400 22,200  26,400-148,000 41,850
Bicarbonate (mg/L CaCO3) 145-994 372 29.8-162 74
Sulfate (mg/L) 145-1,300 1080 <0.031-106 25.9
Calcium (mg/L) 454-6,680 1020 1440-23,500 4950
Barium (mg/L) 1.5-16.8 2.11 21.4-13,900 686
Iron (mg/L) 11.8-76.7 17.8 10.8-180 39
Sodium (mg/L) 7420-25,300 15,500 | 10,700-65,100 @ 18,000
Magnesium (mg/L) 75.3-757 156 135-1550 559

The research will be conducted in the EWRE laboratories at the University of Texas. The
research team has already purchased all necessary membranes, pumps and appurtenances required to

build the membrane system.

16. Related Research

See Numbers 12-14 of the proposal for discussion of related research.

17. Training Potential

One Ph.D. student (Sullivan-Gonzélez)

18. Investigators’ Qualifications

Resumes for the graduate student and faculty investigators are attached.
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University of Mississippi
B.S.Ch.E Chemical Engineering | B.A. Mathematics | GPA 3.74
e Sally McDonnell Barksdale Honors College
e Senior thesis: “Performance and Stability of Room Temperature lonic Liquid Membranes for the
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Lynn E. Katz, Ph.D., P.E.
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Guest Research Professor, Universitat Karlsruhe, Germany Summers,
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1. Benjamin, M.M., and Lawler, D.F., Water Quality Engineering: Physical-Chemical
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Composition and Surface Characteristics on Natural Organic Matter Adsorption,
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5. Kim, J., and Lawler, D.F., “The Influence of Hydraulic Loads on Depth Filtration,” Water
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Membrane Science, (DOI 10.1016/j.memsci.2010.09.040), 366, 1-2, 48-61, January, 2011.

8. Kim, Y., and Lawler, D.F.; “Selectivity Coefficients of Cation-Exchange Membranes:
Maximizing Consistency and Minimizing Error Amplification,” Separation and
Purification Technology, 81, 357-362, October, 2011Kim, Y., and Lawler, D.F.,
“Overlimiting current by interactive ionic transport between space charge region and lectric
double layer near ion-exchange membranes,” Desalination, 285, 245-262, January 2012.




BENNY D. FREEMAN

Professional Preparation

North Carolina State University Chemical Engineering B.S., 1983
University of California-Berkeley Chemical Engineering Ph.D., 1988
Ecole Supéreure de Physique et de NSF/NATO Postdoctoral Fellow

Chimie Industrielles de la Ville de Paris Area: Polymer Physics 1988-89
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Geise, G.M., D.R. Paul, and B.D. Freeman, “Fundamental Water and Salt Transport
Properties in Polymeric Materials,” Progress in Polymer Science, 39, 1-42 (2014), DOI:
10.1016/j.progpolymsci.2013.07.001.
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Total Number of Graduate Students Advised: 59 (45 prior and 14 current).
Total Number of Postdoctoral Scholars Sponsored: 18 (16 prior and 2 current).



Budget Breakdown

Start Date

03/01/15

End Date

02/28/16

Project Number

to be completed by TWRI

Project Title

Hollow fiber membrane air stripping for the removal of carbonate species in
produced water from hydraulic fracturing

Principal Investigator(s) Dora Frances Sullivan-Gonzale (UT PI supervisors: Lynn Katz, Desmond Lawler)

Cost Category Federal Non-Federal Total
1. Salaries and wages
- Professional $5,918 $5,918
- Graduate Student(s) $2,100 $2,100
- Undergraduate Student(s) $0
- Other $0
Total Salaries and Wages $2,100 $5,918 $8,018
2. Fringe benefits
- Professional $533 $533
- Graduate Student(s) $630 $630
- Undergraduate Student(s) $0
- Other $0
Total Fringe benefits $630 $533 $1,163
3. Tuition
- Graduate Student(s) $1,945 $1,945
- Undergraduate Student(s) $0
Total Tuition $1,945 $0 $1,945
4. Supplies $325 $325
5. Equipment $0
6. Services/Consultants $0
7. Travel $0
8. Other direct costs $0
9. Total direct costs $5,000 $6,451 $11,451
Input IDC on federal portion here

10. Indirect costs

$3,549 $3,549
11. Total estimated costs $5,000 $10,000 $15,000




Budget Justification
1. Salaries and wages: Graduate student Sullivan-Gonzale will work 1.08
months on the grant at a base monthly rate of $1,950. Professor Katz will
contribute effort equal to 0.20% of one month’ s salary ($3,073) and Professor
Lawler will contribute effort equal to 0.15% of one month’ s salary ($2,846).
2. Fringe benefits: The fringe benefit rate for graduate student Sullivan-
Gonzale is 30% of wages. The fringe benefit rates for both Professors Katz and

Lawler is 9.0%.

3. Tuition: Graduate student Sullivan-Gonzale requests $1,945.00, equivalent

to the cost of summer tuition.

4. Supplies: $325 for supplies are requested.

5. Equipment: No funds for equipment are requested.

6. Services/Consultants: No funds for services or consultants are requested.

7. Travel: No funds for travel are requested.

8. Other direct costs: None.

9. Total direct costs: $5,000 is the resulting total direct cost.

10. Indirect costs (to be applied to 2:1 match): The indirect cost rate is 55%
of modified total direct costs.
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