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e Microfiltration rapidly removes floccu-
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ARTICLE INFO ABSTRACT
Keywords: Hydraulic fracturing flowback and produced water is a highly impaired wastewater containing dissolved salts
Carbon nanotube polar and non-polar organic compounds, oil and surfactants. Here a combined electrocoagulation - micro-

Direct contact membrane distillation
Electrospun membrane

Fouling

Wastewater

filtration — membrane distillation process has been used to treat this wastewater. Electrocoagulation followed by
microfiltration was used to pretreat the wastewater prior membrane distillation. The initial total dissolved solids
(TDS) concentration was extremely high being 245,300 mg L™!. After electrocoagulation, the total organic
carbon (TOC) was reduced from 120 mg L™! to 64 mg L. Tangential flow microfiltration using a 0.1 pm pore
size polyethersulfone membrane was used to separate the particulate matter after electrocoagulation and to
further reduce the TOC to 44 mg L™!. Membrane distillation was used to desalinate the pretreated produced
water resulting in a high quality treated water (TDS of 56 mg L™} and TOC 1 mg L™!). Three membranes with

* Corresponding authors at: Ralph E. Martin Department of Chemical Engineering, University of Arkansas, Fayetteville, AR, United States.
E-mail addresses: mgjebur@uark.edu (M. Jebur), yuhecao@uark.edu (Y. Cao), swickram@uark.edu (S.R. Wickramasinghe).

https://doi.org/10.1016/j.desal.2020.114886
Received 28 May 2020; Received in revised form 22 November 2020; Accepted 26 November 2020

Available online 17 December 2020
0011-9164/© 2020 Elsevier B.V. All rights reserved.


mailto:mgjebur@uark.edu
mailto:yuhecao@uark.edu
mailto:swickram@uark.edu
www.sciencedirect.com/science/journal/00119164
https://www.elsevier.com/locate/desal
https://doi.org/10.1016/j.desal.2020.114886
https://doi.org/10.1016/j.desal.2020.114886
https://doi.org/10.1016/j.desal.2020.114886
http://crossmark.crossref.org/dialog/?doi=10.1016/j.desal.2020.114886&domain=pdf

M. Jebur et al.

Desalination 500 (2021) 114886

very different surface morphology were used: commercially available polyvinylidene fluoride, electrospun poly

(vinylidene
polytetrafluoroethylene.

fluoride-co-hexafluoropropylene)

nanofibers and multiwalled carbon nanotube coated

The TDS in the retentate increased to over 350,000 mg L. During membrane distillation, the temperature of
the feed tank was maintained at 36 °C while the feed entered the module at 60 °C in order to minimize scaling on
the membrane. The surface properties of an ideal membrane that is resistant to wetting and provides high flux is
likely to depend on the TDS and properties of the wastewater.

1. Introduction

Water that is co-produced during oil and gas production, known as
produced water (PW), is a major waste stream. The United States pro-
duces about 21 billion barrels of PW per year [1]. The amount of PW that
is generated depends on the geological formation and the type of energy
resource being developed. Here we focus on hydraulic fracturing and
horizontal drilling which has enabled the recovery of oil and gas from
shale and other tight rock formations [2]. However, this technology
requires the use of a large amount of water [3].

Treating hydraulic fracturing flowback and co-produced water
referred to here collectively as PW is very challenging and expensive.
Fracking fluid is pumped into the well at high pressure in order to
fracture the rock formation [4-6]. The fracking fluid consists of 98%
water and sand. However, a number of chemicals such as friction re-
ducers, surfactants, corrosion inhibitors and flow improvers are added
[7]. After fracturing the rock formation, the pressure is reduced, and the
fracking water flows back to the surface with oil/gas and co-produced
water [3].

The composition of the PW water depends on the geological forma-
tion where it is trapped. In general, the PW contains high concentrations
of dissolved salts referred to as total dissolved solids (TDS). In addition,
there are dissolved polar and nonpolar organic compounds (total
organic carbon, TOC), as well as oil, grease, fuels and additives associ-
ated with the fracking fluids that make up the total suspended solids
(TSS) [1,8].

Partially treating PW onsite or transporting PW to a centralized
water treatment facility is the most common practice in United States.
Recycling and reusing PW from hydraulic fracturing operations is
essential to preserve water resources and manage wastewater disposal.
Most often the PW is transported to a deep well injection site where it is
injected deep underground into a geologically isolated formation.
Nevertheless, the PW could escape from the formation and contaminate
surface or groundwater [2]. Further the United States Geological Survey
(USGS) found that deep-well injection is the main cause of earthquakes,
not the hydraulic fracturing process itself [9]. New technologies for
treating PW from hydraulic fracturing operations in an affordable
manner are necessary.

Once the PW is recovered it is treated using a number of different
unit operations which can be divided into three treatment stages [10].
Primary separation treats the water sufficiently for deep well injection.
Secondary separation units treat the water for reuse to stimulate new
wells. Finally, tertiary separation operations treat the water for
discharge into lakes and rivers etc. The aim of this work is to develop a
combined primary, secondary and tertiary treatment process for PW
using membrane-based separation processes.

All membrane-based separation processes suffer from fouling. This is
particularly problematic for PW from hydraulic fracturing operations as
it contains dissolved organic and inorganic compounds as well as sur-
factants and other low surface tension compounds [11-13]. Rejected
species will accumulate in the membrane pores and on the membrane
surface, which compromises performance.

Common primary and secondary treatment processes consist of
chemical precipitation and dissolved air flotation or electrocoagulation
(EC) followed by media filtration. Here we use EC as the primary unit
operation. EC is an alternative to chemical coagulation. EC can

effectively remove organic compounds and other contaminants by
generation of an electrical current which leads to dissolution of a metal
electrode such as aluminum or iron [14].

The setup of an EC system includes metal anode(s) and cathode(s)
placed inside the EC cell which contains the PW. Multiple reactions
occur simultaneously in the feed PW. Metal ions are driven from the
anode to the water. Water is hydrolyzed on the surface of the cathode
creating hydrogen gas and hydroxide ions. The hydrogen gas bubbles
rise up in the solution while the metal ions and hydroxide ions react to
create metal-hydroxide complexes [15]. These metal complexes can
polymerize and trap organic compounds and suspended particles. Some
of the aggregated particles sink to the bottom of the system forming a
sludge. EC is already used by companies such as Haliburton [16] and
Baker Hughes [17]. Use of EC can lead to a more easily disposable sludge
reducing disposal costs [10]. Further we have combined EC with for-
ward osmosis and membrane distillation (MD) in the past [18,19] and
shown that it is effective at reducing the TOC of the feed which sup-
presses membrane fouling.

Numerous unit operations are used as secondary treatment processes
such as filtration and oxidation. Here we use microfiltration (MF). In our
earlier work [18,19] after EC we allowed the flocs to sediment. We then
recovered the supernatant water and desalinated it using forward
osmosis or MD or a combination of both unit operations [20]. However,
sedimentation times could be as long as 24 h which is impractical. In
addition, low pressure membrane processes such as microfiltration are
attractive as they can remove particulate matter as well as
microorganisms.

Typically, thermal desalination technologies are used as the tertiary
treatment process. Due to the very high TDS of the PW, pressure driven
membrane desalination processes such as reverse osmosis and nano-
filtration are not commonly used. Here we use MD to desalinate the PW.
MD is an emerging membrane-based technology that could find appli-
cations in the treatment of highly impaired brackish wastewater. It is a
thermally driven separation process that makes use of a hydrophobic
membrane. Consequently, only vapor molecules (water and volatile
species that are dissolved in the PW) are able to pass through the
membrane [21]. Here, we have investigated direct contact membrane
distillation. The hot feed flows on one side of the membrane. The
membrane is a thermal insulator as well as a physical barrier between
the hot feed and the cold permeate (distillate). The feed and permeate
streams are in direct contact with the membrane [22,23].

MD is attractive for treatment of high TDS wastewater as very high
rejection of dissolved salts and nonvolatile species is possible. While the
feed temperature must be elevated compared to the permeate temper-
ature the feed need not be at its boiling point as is the case with thermal
distillation. MD can take advantage of the low-grade waste heat that is
produced at industrial sites [20]. All that is needed is a vapor pressure
difference between the feed and permeate sides of the membrane
ensuring passage of water vapor from the feed to the permeate. How-
ever, since the MD membrane is hydrophobic, it has a poor resistance to
hydrophobic foulants due to hydrophobic-hydrophobic interactions.
Dissolved organic compounds, surfactants and low surface tension
compounds containing hydrophobic functional groups can easily adsorb
on the membrane. In order to mitigate membrane fouling we propose a
combined EC-MF process to pretreat the PW prior to MD, which can
extend membrane life.
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Fig. 1. Diagram of the combined EC-MF-MD process investigated here.

Fig. 1 shows the concept of a combined EC-MF-MD processes for PW
treatment. In this work the process was operated in batch mode. EC leads
to flocculation of much of the contaminants (suspended solids and
insoluble organic compounds) into a sludge. The volume of PW treated
was 3 L. Next the EC treated PW was immediately filtered using MF to
separate the brine from the sludge. As indicated in Fig. 1, 3 L of treated
PW resulted in about 0.6 L of sludge and 2.4 L of filtered brine. Finally,
MD is used to desalinate the brine. Each MD run consisted of a feed
volume of 0.8 L. For a feed volume of 0.8 L about 0.25 L of water was
recovered.

In this work, three different MD membranes were evaluated using
the EC-MF-MD process developed here: a commercially available poly-
vinylidene fluoride (PVDF) membrane, an electrospun copolymer
membrane  consisting of  poly(vinylidene fluoride-co-hexa-
fluoropropylene) (PVDF-HFP) and multiwalled carbon nanotube
(MWCNT) coated polytetrafluoroethylene (PTFE) membrane. The three
membranes had different morphologies and surface properties. The
focus of this study was to evaluate the combined EC-MF-MD processes
for treating real PW and to understand the effects of water quality and
operating conditions on fouling and scaling of three different MD
membranes.

2. Materials and methods
2.1. PW characterization

PW was obtained from a hydraulic fracturing facility in Texas, USA.
Prior to testing the water was analyzed at the Arkansas Water Resources
Center, University of Arkansas (Fayetteville, AR, USA). Total dissolved
solid (TDS), total suspended solids (TSS), turbidity and total organic
carbon (TOC) were measured using EPA standard methods 160.1, 160.2,
415.1 and 180.1 [24], respectively. Cations and anions were measured
using EPA method 200.7 and 300.0, respectively [25]. Conductivity was
measured using a conductivity meter (VWR, Radnor, PA).

2.2. Materials

Acetone and N,N-dimethylacetamide (DMAc) were purchased from
Alfa-Aesar (Ward Hill, MA, USA). Deionized (DI) water used throughout
the investigation was collected from Thermo Fisher 18 MQ Barnstead
Smart2Pure system (Schwerte, Germany). Sodium hydroxide and PVDF-
HFP were purchased from Sigma Aldrich (St. Louis, MO, USA). Com-
mercial PVDF membranes were obtained from MilliporeSigma (Bill-
erica, MA, USA). PTFE membranes were purchased from Shengju
Environmental Science and Technology Co., Ltd. (Hangzhou, China).
Multi-walled carbon nanotubes (MWCNTs) were purchased from
Chengdu Organic Chemicals Co. Ltd. (Chinese Academy of Sciences,
Chengdu, China). The MWCNTs have a diameter of ~8 nm, a length of
10— 20 pm, and purity ~98%. Mineral oil was obtained from Walmart
Inc. (Bentonville, AR, USA).

2.3. Fabrication of electrospun membranes

The solvent used was a 7:3 (wt%) acetone: DMAc solution. The
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Fig. 2. Diagram of electrospinning set up.

PVDF-HFP was dried at 70 °C overnight then dissolved under mixing
(200 rpm) at a temperature of 45 °C in the solvent to form a 10 wt%
polymer solution. The homogeneous polymer solution was placed in a
fume hood overnight for degassing. A diagram of the electrospinning
system is shown in Fig. 2. The polymer solution was ejected from a sy-
ringe at a specified flow rate. The needle was connected to a high voltage
supply. The rotating collector was grounded. The distance between the
needle and the rotating collector was 15 cm. The electrospun mem-
branes were fabricated at 23 °C and 50% relative humidity.

Briefly, a droplet sits at the end of the needle and is slowly pushed by
the plunger. The liquid becomes charged due to the electric field be-
tween the tip of the needle and the collector plate. A Taylor cone forms.
The droplet stretches and a jet erupts from the cone at the critical point
where electrostatic repulsion overcomes the surface tension of the
liquid. The jet heads for the point with a lower potential (the collector
plate). The solvent evaporates as the jet reaches the collector plate. The
jet does not break up as the polymer chains are entangled. The mat that
forms at the collector is a distribution of continuous nanofibers [26,27].
The electrospinning conditions were as follows: voltage 16 kV, flow rate
1 mL/h, collector rotation speed 90 rpm, spinning time 10 h. After
electrospinning, the membranes were dried in a fume hood for 24 h to
remove the residual solvent. Then the electrospun membranes were
subjected to 3 min hot-press post treatment at 130 °C to further remove
solvent and improve stability.

2.4. Fabrication of the MWCNT-coated membrane

An ethanol dispersion of 0.4 g L~ MWCNTs was prepared immedi-
ately before coating the PTFE membrane. MWCNTs were dissolved in
ethanol for 10 min. The suspension was stirred at 100 rpm using a
magnetic stirrer followed by sonication for 2 h using a probe sonicator
(JY 92-IIDN, Scientz, Ningbo, China) at room temperature. Spray
coating was conducted using a spray gun (LPH-50-S9, Anestiwata,
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Fig. 3. Diagram showing combined EC-MF system investigated here.

Yokohama, Japan) having a nozzle size of 0.8 mm at a pressure of 1 bar.
The distance between the nozzle and the membrane was 20 cm. After
spraying, the MWCNT-coated membrane was dried at 50 °C in an oven
for 1 h. Then, the MWCNT-coated membrane was heat-treated in air at
250 °C for 2 h in a muffle furnace to firmly bind the MWCNTs and
substrate.

2.5. Membrane characterization

The mean pore diameter on the membrane surface and the thickness
of skin layer were measured using Nano Measure software based on the
scale bar in the SEM images. For each set of data, more than 50 pores
were randomly selected from the SEM images of three individual par-
allel specimens [28]. Liquid entry pressure (LEP) was determined as
described by Smolder and Franken [29]. A Sterlitech HP4750 (Kent,
WA) stainless steel cell was filled with deionized (DI) water and pres-
surized to 13.8 kPa. Then the feed pressure was gradually increased at
13.8 kPa/min. When a continuous flow of DI water through the mem-
brane was first observed and the pressure was recorded as the LEP [30].

A sessile drop contact angle goniometer (Model 100, Rame-Hart
Instrument Company, Netcong, NJ, USA) was used to measure mem-
brane static water and oil contact angles. For the water contact angle,
the volume of the DI water droplet was 2 pL which was introduced at a
rate of 0.5 pL/s. For the oil contact angle, the underwater oil (mineral
oil) droplet volume was 5 pL which was introduced at a rate of 0.5 pL/s.
Both water and oil contact angles were measured after allowing the
droplet to stabilize for 10 s. The contact angle measurement for each

Heat Exchanger

a2

Water Bath

membrane was obtained at three different locations and the average
value is reported.

Both scanning electron microscopy (SEM) and energy-dispersive X-
ray (EDX) spectroscopy were used to determine the surface morphology
and elemental analysis, respectively, for each membrane before and
after MD using Nova Nanolab 200 Duo-Beam Workstation (FEI, Hills-
boro, OR, USA). Atomic force microscopy (AFM) images were acquired
using Bruker Dimension icon instrument (Santa Barbara, CA, USA) to
obtain detailed information on the surface roughness. AFM tapping
mode was conducted using Antimony-loaded Si-based probes. AFM
images were obtained for membranes before and after MD.

2.6. EC MF pretreatment

A diagram of the combined EC-MF system is shown in Fig. 3. A
custom-built polycarbonate reactor having dimensions of 4 cm x 32 cm
x 40 cm with a total volume of 5120 cm® was used to conduct all the EC
experiments. Six aluminum electrodes were fitted vertically inside the
reactor with a 5 mm inter-electrode spacing and a total effective surface
area of 3760 cm?. A DC power supply (Hewlett Packard, Palo Alto, CA,
USA) was connected to a reverse polarity switch which enabled the di-
rection of the current to alternate every 30 s. This is essential to prevent
formation of a passivation layer on the electrode which would suppress
further reactions [31,32].

Immediately after EC, microfiltration was conducted using a custom-
built MF cell developed in previous work [33]. The entire 3 L of EC
treated feed water was placed in the MF feed tank. Initially the permeate

Conductivity

Membrane Module

>

To PC

Fig. 4. Diagram of MD system investigated here.
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Table 1
Water quality analysis for PW received from the hydraulic fracturing facility and
after each water treatment operation.

Parameter Unit PW PW treated PW treated PW treated
by EC by EC-MF by EC-MF-
MD

TDS mg 245,300 238,400 239,760 56
L1

TOC mg 120 64 44 1
L1

TSS mg 131 186 48 1
L1

Turbidity NTU’s 6 13 0.3 0.4

pH - 6.7 3.8 3.9 7.1

Chloride mg 156,820 160,250 166,170 5
L1

Sulfate mg 478 419 430 0
L1

Iron mg 0.2 0.6 0.7 0
L1

Boron mg 97 87 85 0
L1

Calcium mg 30,500 30,300 31,700 1
L1

Magnesium mg 5454 5500 5335 0
L1

Manganese mg 0.1 0.3 0.4 0
L1

Nickel mg 0.2 0.4 0.4 0
L1

Potassium mg 4331 4800 4680 0.4
-1

Aluminium mg 0 97 64 0
Lfl

Sodium mg 63,600 68,600 68,100 4
L1

Conductivity  pS/ 323,400 228,000 229,000 35
cm

outlet was closed and feed was recirculated through the membrane
module by means of a diaphragm pump (P800, King-Kong, Taiwan). The
membrane surface area available for filtration was 33.75 cm?. The feed
flow rate was 1.8 L min~! and the feed pressure was 110 kPa. The
permeate side pressure was essentially at atmospheric pressure. Once
steady state had been reached, the permeate outlet was opened and
permeate was collected in the permeate tank which was placed on a
computer-connected analytical balance (Mettler Toledo, Columbus,
OH). The permeate flux was calculated based on the rate of permeate
collection in the permeate tank. About 80% of the EC treated water was
recovered (see Fig. 1). After each cycle, the membrane was cleaned by
circulating DI water for 1 h prior to starting a new cycle. A commercially
available PES membrane purchased from Membrane Science Inc.
(Hsinchu, Taiwan) and having a porosity of 80.4%, 0.1 pm pore size and
43.7° air contact angle was used.

2.7. MD

A diagram of the MD system is shown in Fig. 4. A custom-made
acrylic membrane cell with 40 cm? effective membrane area and 2
mm deep channels was used as the membrane module. PTFE spacers (ET
8700, Industrial Netting, Minneapolis, MN, USA) were used for me-
chanical support and mixing. Feed and permeate streams were pumped
on opposite sides of the membrane at 0.05 L min ! using two peristaltic
pumps (Masterflex I/P, Cole Parmer, Vernon Hills, IL) in counter current
flow. The weight of the permeate was measured and recorded by a
computer-connected analytical balance (Mettler Toledo, Columbus, OH,
USA). The temperature of the permeate tank was maintained at 20 °C
using an external chiller (PolyScience, Niles, IL, USA). The feed tank was
placed in a water bath to maintain the temperature at 36 °C. The feed
water was pumped through a heat exchanger in order to increase the
temperature of the feed entering the MD module to 60 °C. From our
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Table 2
Bulk membrane properties.
Membrane Thickness Mean LEP Water 0il
(pm) pore size (kPa) contact contact
(pm) angle (°) angle (°)
Commercial 103 +5 0.45 233.7 144.6 +3 71.8+2
PVDF
Electrospun 100 + 7 0.60 155.1 137.7 £ 1 828 +1
PVDF-HFP
MWCNT PTFE 63 +1 0.21 96.5 150.0 + 4 33.7+3

previous work, we found that cooling the feed tank relative to the
temperature of the feed entering the MD module induces precipitation in
the feed tank and suppresses scale formation on the membrane surface
due to supersaturation of the feed. In this way we increase water re-
covery and limit scale formation on the membrane surface [34].

The water flux was calculated based on the weight change of the
permeate tank. The permeate conductivity was continuously monitored
using a conductivity meter (VWR, Radnor, PA, USA). Each MD experi-
ment was conducted using 800 ml of pretreated PW. It was assumed that
pore wetting and membrane failure occurred once the permeate con-
ductivity increased above 50 pS cm™'. A regeneration cycle was con-
ducted once the permeate conductivity reached 50 pS cm ™! or there was
no weight increase of the permeate for 20 min. Regeneration of the
membrane involved pumping DI water on both sides of the membrane at
0.5 L min~?! for 1 h.

3. Results and discussion
3.1. Wastewater characterization

Prior to receival the PW was treated with chlorine dioxide at the
hydraulic fracturing facility. Table 1 shows the water quality parameters
of the PW as received from the hydraulic fracturing facility as well as
after each treatment step. As can be seen the TDS is very high, being
about 7 times more than seawater. The majority of the inorganic ions
present are chlorine, calcium, magnesium potassium and sodium. A high
concentration of calcium ions (30,500 mg L™!) can potentially lead to
membrane scaling due to the precipitation of calcium sulfate [20]. The
TOC and TSS are 120.0 mg L ! and 131 mg L%, respectively. The water
is highly impaired. It is important to note that the quality of the PW in
general is highly variable, and this will affect the efficiency of the
treatment operations. By comparison with previous studies
[18,20,25,35], this PW contains much higher TDS. The percent differ-
ence (electroneutrality) between the sum of the cations and anions was
4.1% indicating that the analysis of the PW is of sufficient accuracy.

3.2. Membrane characterization

3.2.1. Bulk membrane properties

Table 2 lists the characteristics of the MD membranes, including
mean pore size, thickness, contact angle and LEP. As can be seen all
three membranes have a large water contact angles and are hydropho-
bic. This is essential for MD as only water vapor should pass through the
membrane pores. The membrane should be resistant to wetting by
water. However, Table 1 suggests that the dissolved organic compounds
present in PW could adsorb on the membrane surface. If these com-
pounds are polar, they could lead to scale deposition on the layer of
adsorbed organic compounds [18]. Consequently, an oleophobic mem-
brane surface is desirable. As indicated by Table 2, the electrospun
membrane has the highest oil contact angle.

3.2.2. SEM images

SEM images of all three membranes before and after MD are given in
Fig. 5. Fig. 5A, B and C are for commercial PVDF, electrospun PVDF-HFP
and MWCNT PTFE membranes before MD. Fig. 5D, E and F are for
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Fig. 5. SEM images of the membrane surface before and after MD: 5A, 5B 5C are for commercial PVDF, electrospun PVDF-HFP and MWCNT PTFE membranes before

MD and 5D, 5E, 5F are after MD.
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Fig. 6. AFM images (A, B and C) for commercial PVDF, electrospun PVDF-HFP and MWCNT PTFE membranes before MD. Images D, E and F are for commercial

PVDF, electrospun PVDF-HFP and MWCNT PTFE membranes after MD.

commercial PVDF, electrospun PVDF-HFP and MWCNT PTFE mem-
branes after MD. As can be seen some deposition (highlighted with
circle) on the membrane surface is observed after MD.

3.2.3. AFM images

The surface morphology of the membranes before and after MD was
imaged by AFM as shown in Fig. 6. Average roughness values are given
in Table 3. As can be seen the surface pore morphology changes for all
three membranes after MD. In addition, Table 3 indicates an increase in
surface roughness after MD for all membranes.

3.2.4. EDX results

The EDX spectra of commercial PVDF, electrospun PVDF-HFP and
MWCNT PTFE membranes before and after MD are given in Fig. 7. The
average elemental ratios of carbon/fluorine (C/F) and oxygen/fluorine
(O/F) for all three membranes before and after MD are given in Table 3.
As can be seen the C/F and O/F ratios of all the membranes increased
after MD, which is mainly due to the organic fouling.

3.3. EC performance

In the presence of an aluminum electrode, the main electrode
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Table 3

Average roughness and C/F and O/F atomic percent ratios for the three mem-

branes before and after MD.

Desalination 500 (2021) 114886

produced when coagulating ions (aluminum and/or hydroxide ions)
undergo hydrolysis in water. Reactions (3)-(5) are the dominant re-
actions at pH 6.7, the pH of the PW. Introducing aluminum hydroxides

Membranes Average roughness  C/F atom O/F atom can help destabilize suspended, emulsified and dissolved contaminants,
Ra (nm) percental ratio percental ratio which can further aggregate and precipitate as sludge or lift up to the
Before After Before After Before After surface as flocs. Soluble organic compounds can be adsorbed by the
MD MD MD MD MD MD aggregated aluminum hydroxides. This adsorption phenomenon is a
Commercial 77 236 901 336  0.17 0.35 result of the liquid-solid intermolecular attraction forces between the
PVDF adsorbable solute in the solution and the large surface area of the porous
Electrospun 275 404 1.61 2.32 0.08 0.14 floc that form.
PVDF-HFP The bipolar series (BPS) configuration was used in this work because
MWCNT PTFE 89 202 3.45 21.79  0.10 1.28 .
only the first and last electrodes are connected to the power supply,
simplifying the electrical connections (see Fig. 3). Further previous
reactions that occur are as follows [36]. studies indicated that using BPS configuration can enhance the TOC
At the anode: removal [37]. Initial experiments focused on determining an appro-
, ~ priate EC current and reaction time. A range of currents (1 to 9.5 A) and
Al=AI™ 43¢ (€] reaction times of 5 min and 20 min were studied. Each EC experiment
At the cathode: was conducted using 600 mL of PW. After EC, the treated water was
allowed to sediment for 6 h. Treated water was removed from the sludge
2H,0 +2e”—~H, +20H @ and settled floc. The TOC removal for the recovered water was defined
In the solution: as,
AP* + H,0—AIOH*" + H* 3)
AIOH*' + H,0—AI(OH)", +H" (C)) Table 4
Percentage removal of TOC for different currents and reaction
Al(OH)", + H,0—AI(OH), + H* (5) times.
0 EC operating conditions % TOC removal
- +
Al(OH)’, + H,0—AI(OH) ™, +H (6) 1A 5 min 179
During EC, the aluminum ions are generated continuously at the Z:’ Z (;nir} iz-i
anode. The reduction of water takes place at the cathode forming hy- 05 A 2:)11:111“ 48.45
droxide ions. In the solution, a variety of aluminum hydroxides are -
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Xpw-rw

pw

TOC removal (%) = x 100 7

where, ypw and y, are the TOC in the PW and recovered water after EC,
respectively.

The TOC removal is given on Table 4. As can be seen, the TOC
removal increases from 17.9% to 29.3% as the current increases from 1
to 5 A. To obtain higher TOC removal, higher currents and longer re-
action times were investigated. However, increasing the current above
8A for a reaction time of 20 min provided only a small increase in TOC
removal. On the other hand, increasing reaction time and current leads
to an increase in power costs. Consequently, all EC experiments con-
sisted of treating 3 L of PW for 20 min using a current to 8A. The TOC in
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the treated PW that was the feed for MD was 64 mg L™! as shown in
Table 1.

3.4. MF performance

Fig. 8 shows the variation of permeate flux with time. Results are
shown for two repeat runs. For the first run the initial flux was 28 L m?
h~L. The flux gradually decreased to 10 L m? h™! after 320 min. The
decrease in flux with time is due to the deposition of flocs on the
membrane surface [39]. The membrane was regenerated and tested with
a second batch of EC treated PW. The flux profile is very similar. The
initial flux was 26 L m? h™'. The result suggests that there is minimal
irreversible fouling. We have used the same membrane with many
different PW samples and have continued to regenerate the initial
permeate by simply recirculating the DI water for 1 h on 10 occasions.
The result suggests that EC was effective at flocculating the dissolved
organic compounds and particle matter that could plug the pores of the
MF membrane. A digital photo of the MF membrane after filtration is
shown in Fig. S1A, and the MF membrane after regeneration with DI
water is shown in Fig. S1B. It can be seen that most of the flocs that had
adhered on the membrane surface were removed after circulating DI
water for 1 h. SEM images of the unused and regenerated MF membranes
are given in Fig. 9. As can be seen from Fig. 9A and B, most of the re-
generated membrane appears to have an open structure similar to the
structure of the unused membrane. This suggests that regenerating the
MF membrane by circulating DI water is sufficient to remove flocs from
the membrane surface resulting in minimal irreversible fouling. There
were tiny pieces of residual floc left on the regenerated membrane,
which was observed by SEM (shown in Fig. 9C). The gap between the
flocs shows an open pore structure (Fig. 9D), which would have been
occupied by the flocs before regeneration by DI water circulation. This
further confirmed the pore structure was not irreversibly blocked by the
flocs.

Particle floc size distribution (see supplementary data, Fig. S2) was

Fig. 9. SEM images of MF membranes: A and B) unused; C and D) specific area with flocs after regeneration.
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Fig. 10. Cumulative permeate volume versus time for the (A) commercial PVDF membrane, (B) electrospun PVDF-HFP membrane, (C) MWCNT PTFE membrane.

determined after EC for 20 min with an 8 A current using a Beckman
Coulter (Indianapolis, IN) LS 13320 Laser Diffraction Particle Size
Analyzer. Particle with a diameter larger than 0.1 pm, contributed to
97.6% of the total sludge volume (based on the cumulative volume
percentage). Although 31.5% of the particles have a diameter smaller
than 0.1 pm based on the number percentage, they represent only 2.4%
volume of the fouling layer on the surface of the MF membrane. In fact, a
cake layer may be formed very quickly by large size particles. Thus, most
of the smaller particle will be rejected by the cake layer through size
exclusion. This can help prevent small particles entering the membrane
pores leading to irreversible pore blockage and fouling. The EDX result
for the MF membrane (supplementary data Fig. S3) indicates that
fouling may be mainly caused by Al(OH)s3, the major floc compound
generated during EC.

3.5. MD performance

Fig. 10(A), (B) and (C) give the cumulative permeate volume versus
time for the commercial PVDF membrane, the electrospun PVDF-HFP
membrane and the MWCNT PTFE membrane, respectively. Fig. 11(A),
(B) and (C) give the variation of permeate flux with permeate volume for
the commercial PVDF membrane, the electrospun PVDF-HFP membrane
and the MWCNT PTFE membrane, respectively. Table 5 summarizes the
initial permeate flux and the volume of the feed water recovered for the
three membranes.

As noted in Table 1 the feed TDS is 245,300 mg L~! which is
extremely high. The solubility of NaCl is around 360,000 mg L ™! at 30 °C
[30,40]. We aim to recover 250 ml of permeate (30% water recovery)
which would result in a feed TDS of 356,800 mg L. Given the number
of organic and inorganic compounds in the PW it is likely precipitation

will occur at a TDS below 360,000 mg L™!. The feed tank was kept at
36 °C while the temperature of the feed to the MD module was increased
to 60 °C in order to minimize the risk of supersaturation and precipi-
tation on the MD membrane. Precipitation was observed in the feed
tank. Though the combined EC-MF pretreatment step reduced the TOC
in the PW to around 44 mg L™}, deposition of polar organic compounds
on the membrane surface will increase the likelihood of precipitation of
dissolved salts on this layer of adsorbed organic species.

Fig. 10(A) and Table 5 indicate that 131 ml of permeate were
removed in the first run for the commercial PVDF membrane before the
flux dropped to zero and the membrane was regenerated. The membrane
was regenerated by simply running DI water on both sides of the
membrane for 1 h. The flux for the second run was a little lower than the
first run indicating some adsorbed species could not be removed by
simply flushing the membrane with water. During the second run the
desired total permeate volume of 250 ml was recovered.

The electrospun PVDF-HFP membrane behaved differently. Though
the initial flux was similar to the commercial PVDF membrane, the flux
dropped much more rapidly. In fact, the membrane had to be regener-
ated 3 times before the desired permeate volume of 250 ml was reached.
As indicated in Figs. 10B, 11B and Table 5, for each subsequent run
though the initial permeate flux was similar the rate of decrease of the
flux was faster and the volume of recovered permeate was less. How-
ever, the membrane could be regenerated, and the conductivity was
always less than 50 pS cm ™.

The MWCNT PTFE membrane displayed the highest constant flux out
of all three membranes during the first run. In fact, during the first run
186 ml of water were recovered. However, after regeneration the con-
ductivity during the second run reached 50 pS cm ! very quickly. In fact,
it was not possible to recover 250 mL of permeate. The results indicate
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Table 5
Summary of membrane performance results.

Run 4 initial Run 4 water Total water

Membrane Run 1 initial Run 1 water Run 2 initial Run 2 water Run 3 initial Run 3 water
water flux recovery water flux recovery water flux recovery water flux recovery recovery
Cm2hh (mL) @m2hh (mL) @m=2hh (mL) @m2hh (mL) (mL)
Commercial 13 131 10.0 121 - - - - 252
PVDF
Electrospun 12 87 12 59 11 56 11 50 252
PVDF-HFP
MWCNT PTFE 10 186 4 17 - - - - 203

the importance of membrane surface properties when treating real PW.

Table 2 indicates that the water contact angle for the commercial
PVDF membrane is a little greater than the electrospun PVDF-HFP
membrane, but the reverse is true for the oil contact angle. However,
Table 3 indicates the increase in roughness for all three membranes after
MD is significant. Thus, for all three membranes significant deposition
occurs after MD. The oil contact angle of the MWCNT PTFE membrane is
very low.

Our results indicate that a very low oil contact angle is undesirable if
the PW contains dissolved organic compounds. The MWCNT membrane
contains carbon nanotubes which provide channels for water vapor
transport. Hence the membrane displays a much higher flux over a
longer period of time which results in much greater water recovery
during the first run before regeneration. Given the low oil contact angle,
dissolved organic compounds can easily adsorbed onto the channels of
carbon nanotubes, which leads to eventual flux decline. However,
regeneration by flushing both sides of the membrane with DI water did
not lead to release of the adsorbed foulants as evidenced by the low
permeate flux at the start of the second run.
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In MD, the feed is typically kept at the same temperature in both the
feed tank and the MD cell. However as one approaches the solubility
limit of the lest soluble components in the feed, scale formation on the
membrane is likely [38]. In fact, both concentration and thermal po-
larization will provide a driving force for precipitation on the membrane
surface. In order to maximize the water recovery and membrane life, we
would like to promote precipitation in the feed reservoir, not the
membrane surface.

Here, we cooled the feed reservoir relative to the temperature of the
feed entering the MD module. Thus, we promoted precipitation in the
feed reservoir but the least soluble component in the feed entered the
MD module below its solubility limit due to the increases in temperature
of the entering feed. Evidence of the fact that scale formation on the MD
membrane was minimal is provided by EDX results (Fig. 7). No metallic
elements were detected except for gold due to coating the samples.
However, the change in C: F and O:F ratios given in Table 3 as well as the
observed decline in flux indicate that fouling by organic compounds is
significant [19,39]. Fluorine is present in all three membranes but not
the PW (Table 1). After MD, the C/F ratios of the commercial PVDF,
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electrospun PVDF-HFP, and MWCNT PTFE membranes have been
increased by 52.0%, 44.1%, and 531.6%, respectively. As can be seen,
the greatest increase in the C/F ratio was for the MWCNT PTFE mem-
brane due to the adsorption of the organic compounds by the carbon
nanotubes.

Hydrophobic and oleophobic surfaces will not suppress adsorption of
low surface tension liquids as wetting by these liquid remains thermo-
dynamically favorable [13]. Low surface tension compounds commonly
found in PW include oils, alcohols and surfactants [7]. In addition as
shown in Fig. 12, micelles can form in the feed solution once the con-
centrations of the surfactants exceeded their critical micelle concentra-
tion (CMC), which could lead to blockage of the membrane pores [41].
These micelles can grow from spherical aggregates to an elongated
structures with an increase in concentration, which can lead to more
severe fouling [42]. The proposed fouling mechanism is shown in
Fig. 12A. There is also a chance of bilayer sheet formation on top of the
membrane surface, as shown in Fig. 12B, leading to an increased
roughness of the membrane as observed in the AFM images (Fig. 6(D),
(E), and (F)).

Organic foulants (surfactant [43] and organic contaminants [44])
built up on the membrane surface during the MD forming an adsorbed
layer. The presence of polar groups in the layer of deposited organic
compounds can lead to scale formation on the adsorbed layer. This will
lead to a decrease in permeate flux. Simply flushing both sides of the
membrane with DI water may remove deposited scales but will be less
effective at removing adsorbed organic compounds. Hence the flux is
always lower after membrane regeneration. Given the very low oil
contact angle for the MWCNT PTFE membrane as well as the much
higher permeate flux, it is likely that adsorption of organic compounds
was more rapid. In fact, during the second run the permeate conduc-
tivity increased above 50 ps cm™?, indicating breakthrough of water
through the membrane pores.

In this work we have attempted to recover water from an extremely
high TDS PW. Under these challenging conditions we show that a
combined EC-MF-MD process can recover water up to the solubility limit
of NaCl. The concentration of CaSO, is around 677 mg L™! in the PW
(calculation based on sulfate present). Thus while CaSO4 scale could
form in this case, removal of 250 ml of permeate will not reach the
solubility limit of CaSO4 (>4000 mg L~ ! with 1 mol/L NaCl) [45].
Further we show that a combined EC-MF-MD system where the feed
reservoir is cooled relative to the feed entering the MD module will in-
crease water recovery and move closer to a zero liquid discharge pro-
cess. However, the energy cost will also be increased.

Here we have evaluated three different membrane structures. Our
results suggest that simply optimizing the membrane surface properties
is insufficient. It is important to consider the properties of the PW and
the operating conditions. The MWCNT PTFE provided the highest flux
and best performance as long as there are no organic compounds that
can adsorb onto the membrane surface. On the other hand, the elec-
trospun PVDF-HFP membrane appears to be easy to regenerate. AFM
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mad SEM images appear to show less absorption on the nanofibers. In
reality it is unlikely a single membrane will be used to concentrate the
reject from a low TDS to above the solubility limit of the salts present. A
staged process with inter-stage heat exchange is more likely. In addition,
one can optimize the membrane for the TDS of the stage. Our future
work will focus on development of an EC-MF-MD process that could be
used to treat at a side stream at a hydraulic fracturing facility.

4. Conclusion

We have investigated a combined EC-MF-MD process for treating
hydraulic fracturing PW. The PW investigated here had a TDS of
245,300 mg L™l Nevertheless, the process developed here could
concentrate the reject to the solubility limit of the dissolved salts. By
reducing the temperature of the feed tank to 36 °C while the tempera-
ture of the feed entering the MD module was maintained at 60 °C pre-
cipitation on the membrane is suppressed and occurs in the feed tank.
We show that EC can lead to adequate reduction in the PW TOC (67 mg
L™1) and MF can efficiently remove the particulate matter. The stability
of the MD membrane is critical. Three different membranes with
different surface properties were tested. An ideal membrane is one
which provides a high flux at high TDS and is resistant to breakthrough.
It is likely that ideal membrane will depend on the TDS and other
properties of the PW.
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