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Abstract: Direct contact membrane distillation (DCMD) has been conducted to treat hydraulic
fracturing-produced water using polyvinylidenedifluoride (PVDF) membranes. Tailoring the surface
properties of the membrane is critical in order to reduce the rate of adsorption of dissolved organic
species as well as mineral salts. The PVDF membranes have been modified by grafting zwitterion
and polyionic liquid-based polymer chains. In addition, surface oxidation of the PVDF membrane
has been conducted using KMnO,4 and NaOH. Surface modification conditions were chosen in order
to minimize the decrease in contact angle. Thus, the membranes remain hydrophobic, essential
for suppression of wetting. DCMD was conducted using the base PVDF membrane as well as
modified membranes. In addition, DCMD was conducted on the base membrane using produced
water (PW) that was pretreated by electrocoagulation to remove dissolved organic compounds.
After DCMD all membranes were analyzed by scanning electron microscopy imaging as well as
Energy-Dispersive X-Ray spectroscopy. Surface modification led to a greater volume of PW being
treated by the membrane prior to drastic flux decline. The results indicate that tailoring the surface
properties of the membrane enhances fouling resistance and could reduce pretreatment requirements.

Keywords: fouling; hydraulic fracturing; polyionic liquid; surface modification; zwitterion

1. Introduction

Increasing oil and gas production is predicted by the International Energy Agency with a
corresponding increase in the volume of co-produced water that requires suitable treatment before
disposal [1]. Here we focus on gas production by hydraulic fracturing operations. Oil and gas
production from shale formations using hydraulic fracturing techniques has grown rapidly in the
U.S. [2,3]. In order to extract oil and gas from these non-conventional reservoirs, water together with
hydraulic fracturing fluids is injected at high pressure into the well in order to fracture the impervious
rock formation that contains the trapped oil and gas. When the pressure is released flowback and
co-produced water or ‘produced” water (PW) is recovered.

The PW is frequently highly impaired containing fracturing fluids as well as natural
contaminants [4]. Treatment of PW is a major challenge [5,6]. Today deep well injection is frequently
used to dispose the PW in the US in accordance with Environmental Protection Agency (EPA)
regulations [7]. However cost and environmental concerns continue to be hurdles for implementation
of this method of disposal. The simultaneous presence of large salt concentration in terms of total
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dissolved solids (TDS) and non-polar organic hydrocarbons makes the treatment of PW highly
chemically challenging.

Membrane technology using organic and inorganic membranes exhibits potential for treatment
of oily-wastewater feeds having high TDS [8]. The low energy requirement of membrane-based
technology is attractive [9]. Reverse osmosis (RO) has been used to treat PW with TDS in
the range 500-25,000 mg/L. However, the high fouling potential of RO membranes means that
adequate pretreatment of the PW is essential, increasing the overall processing costs [10]. Among
other membrane-based processes, electrochemical-charge-driven separation processes including
electrodialysis has been demonstrated as a technology for the treatment of PW. However, non-charged
contaminants, including organic molecules, silica, and boron are poorly removed [11].

Membrane distillation (MD) is an emerging membrane based separation technology with high
potential for treating different aqueous feed streams containing high TDS [12,13]. The vapor pressure
difference across a porous hydrophobic gas filled membrane is the driving force for mass transfer
across the membrane [14,15]. Water vapor as well as other volatile species will pass from the feed
to the permeate side. However, passage of nonvolatile species and dissolved salts is suppressed.
Since water vapor and not liquid water pass through the membrane pores the membrane must be
sufficiently hydrophobic to suppress ‘wetting” or passage of water together with dissolved salts and
other nonvolatile species [16,17].

A major challenge for the commercial implementation of MD for treating PW is the presence
of polar and nonpolar dissolved organic compounds that can easily adsorb onto the hydrophobic
membrane surface. This can lead to membrane failure [18]. Deshmukh et al. [19] review many of the
strategies used to modify the surface of the membrane in order to suppress fouling. In addition to flux
decline, pore wetting is caused by adsorption of foulants such as surfactants and low surface tension
dissolved species.

Strategies to suppress fouling must, on a fundamental level, increase the energy barrier
to foulant attachment as well as increase (i.e. make less negative) the Gibbs free energy for
adsorption. Development of omniphobic membranes that exhibit high contact angles for water
and non-polar organic compounds by tailoring membrane surface chemistry and morphology has
been investigated [20]. However, while many of these approaches show promise, development of
economically viable membrane casting and surface modification methods is likely to be challenging.

Here we focus on surface modification of polyvinylidenedifluoride (PVDF) membranes which
have been frequently used in membrane distillation studies [21]. Several methods of surface
modification of PVDF membranes, including zwitterionic self-assembly, nanoparticle induced
omniphobicity, inducing superhydrophobicity etc.; have been reported in literature in order to
impart fouling resistance during membrane distillation [20,22-24]. In our previous work we have
shown that electrocoagulation is effective in reducing the Total Organic Carbon (TOC) load in oily
wastewater streams [18,25-28]. Specifically, for PW we have shown that membrane stability is
significantly increased if the PW is pretreated using electrocoagulation. However, the viability of using
electrocoagulation depends on the equipment as well as operating cost. Thus, by imparting greater
resistance to fouling of the PVDF membrane by organic compounds a more robust membrane could be
developed for which the pretreatment costs would be less.

We have investigated two relatively simple surface modification method for altering the
properties of the base PVDF membrane. Specifically, we aim to hydrophilize the surface by
adding hydrophilic groups. While this could suppress adsorption of nonpolar organic compounds,
it is essential the surface is resistant to wetting. Thus, we must maintain a high-water contact
angle. In the first approach two different hydrophilic polymer chains have been investigated.
Poly N-(3-sulfopropyl)-N-methacroyloxyethyl-N,N-dimethylammonium betaine (SAMB, zwitterionic
polymer) has been grafted from the surface of the PVDF membrane. We have also grafted
1-allyl-3-vinylimidazolium bromide (Allyl, ionic liquid). In both cases the polymer chains were
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grafted using UV initiated free radical polymerization. The polymers contain fixed charges as well as
hydrophobic segments.

In the second approach we investigate the use of NaOH and KMnO; to hydrophilize the
membrane surface. Previous investigators [29-33] have indicated that incubating PVDF membranes in
alkaline solution can lead to dehydrofluorination as fluoride in the PVDEF backbone is replaced
by hydroxide groups. In the case of KMnO,; Wang et al [34] have shown that incubating
ploy(tetrafluoraethylene) (PTFE) films with KMnOy in a nitric acid solution led to the replacement of
fluoride by hydroxide and carbonyl groups. Here we use a similar procedure for PVDF membranes.
In this second approach we avoid grafting an additional nanostructure from the membrane surface
which could lead to an increase in the resistance to transport through the membrane and hence a
decrease in permeate flux.

Direct contact membrane distillation (DCMD) had been conducted using PW obtained from
Southwestern Energy Fayetteville Shale (Arkansas, USA). The driving force for water vapor transport
across the membrane is the vapor pressure difference generated by the temperature difference across
the membrane. Base PVDF as well as modified PVDF membranes have been tested. In addition, the
base PVDF membrane has been tested with water pretreated using electrocoagulation in order to
compare results with the modified membranes.

2. Materials and Methods

2.1. Materials

Methanol, vinyl imidazole, allyl bromide, Poly N-(3-sulfopropyl)-N-(methacryloxyethyl)-N,N-
dimethylammonium betaine (SAMB), potassium permanganate (KMnO,), and sodium hydroxide
(NaOH) were purchased from Sigma Aldrich (St. Louis, MO, USA). Benzophenone was purchased
from (Acros Organics, Morris, NJ, USA) while ethyl acetate was purchased from Alfa-Aesar (Ward Hill,
MA, USA). Nitric acid (HNOg3) was procured from VWR (Radnor, PA, USA). Deionized (DI) water
was obtained from a Thermo Fisher 18 M() (Barnstead Smart2Pure system, Schwerte, Germany).
Polyvinylidene fluoride (PVDF) membranes were provided by Millipore Sigma (Billerica, MA, USA).

2.2. Characterization of Base Membrane

The characteristics of the PVDF membranes are summarized in Table 1.

Table 1. Characteristics of the PVDF membranes.

Nomn}al Porosity ~ Thickness dmean G.as Liquid Entry Contact  Tortuosity
Membrane Pore Size () (6) (um) Permeation Pressure LEP Anele 0
(pm) H (um) (KPa) 8
PVDEF 0.2 0.69 110 0.22 400 145° + 2 2.01

2.3. Characterization of Produced Water (PW)

Hydraulic fracturing PW was used after pre-filtration using a screen filter to remove large
particulate matter. The PW was characterized for total dissolved solid (TDS), total suspended solids
(TSS), turbidity and total organic compounds (TOC) using EPA standard methods 160.1, 160.2,
415.1 and 180.1 [35], respectively as well as total nitrogen (TN) at the Arkansas Water Resources
Center (Fayetteville, AR, USA). Cations and anions were measured using EPA methods 200.7 and
300.0, respectively, while metal ions were analyzed by Inductively Coupled Plasma Atomic Emission
Spectrometry (ICP-AES). Table 2 summarizes the analytical results. The major ionic species present in
the PW are found to be Ca, Na, Mg and Cl resulting in high TDS. The PW sample was also found to
have a high TOC.
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Table 2. The characterization of Produced Water (PW).

Parameter Concentration (ppm)
Calcium 24052
Magnesium 2463
Sodium 50379
Chloride 128786
Sulfate 8.6
TOC 181
TSS 1460
TN 15
TDS 202130
Turbidity 273 NTU

2.4. Synthesis of lonic Liquid Monomer

To prepare 1-allyl-3-vinylimidazolium bromide (Allyl) monomer, 0.025 M of vinyl imidazole and
ally bromide were placed in a glass container and then the mixture was heated at 60 °C for three hours
with vigorous stirring. Phase separation occurs after the reaction is complete with a viscous yellow
color liquid setting to the bottom of the container. This is the ionic liquid phase. The top transparent
layer was carefully discarded, and the ionic liquid phase was washed with excess ethyl acetate (three
times) to remove unreacted precursors. The ionic liquid was used with no further purification.

2.5. Membrane Modification

Prior to modification, the membranes were washed twice with (1:1) v:v water:ethanol to
remove preservatives and impurities and then rinsed with DI water. Membrane coupons were
cut (12.5 x 4.5 cm) and then modified.

2.5.1. UV Grafting of Hydrophilic Polymers

The membranes were soaked in 50 mL methanol containing 15 g of benzophenone for 30 min.
Since the membrane swells in methanol, benzophenone can enter the membrane matrix as well as
adsorb on the membrane surface. The membranes were then air dried for 12 h at room temperature.
Polymerization was conducted by placing the membrane coupon with active surface facing upwards
in a petri dish. Next 5 mL of 10 mg/mL of the aqueous SAMB solution was added and the petri dish
was placed in the UV reactor. In the case of the Allyl monomer, 2.4 mL of the monomer solution was
added to 10 mL of DI water. The solution was then poured on top of the membrane and exposed to UV
light. The UV reaction time was 5 min (UV irradiation 160 W). This time was chosen in order to ensure
the resistance due to the grafted polymer chains did not lead to a significant decrease in permeate flux.
Finally, the membranes were washed with DI water and dried at room temperature.

2.5.2. Surface Oxidation by KMnO4 and NaOH

KMnO; (3 g) were dissolved in DI water (50 mL) and then nitric acid (3 mL) was added to the
solution. The membrane was placed in a glass container containing KMnO4-HNOj solution, with
the active surface facing downwards. The container was then sealed securely and left for two hours
at 60 °C. Next the membrane was taken out and washed with DI water thoroughly. For surface
modification with NaOH a similar protocol was used. The membrane was incubated in 7.5 M NaOH
at 70 °C for 30 min.

2.6. Characterization of Modified Membranes

Fourier Transform Infrared (FTIR) Spectroscopy, Scanning Electron Microscopy (SEM),
Energy-Dispersive X-Ray (EDX) Spectroscopy and water contact angle measurements were carried
out in order to characterize the modified membrane surface. Each membrane sample was dried
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overnight prior to the analysis. The functional groups on the membranes were identified using FTIR
spectroscopy. The FTIR spectra was recorded by an IR Affinity instrument (Shimadzu, Columbia, MD,
USA) equipped with a PIKE single-reflection horizontal accessory. SEM images and EDX spectroscopy
results were obtained using a Nova Nanolab 200 Duo-Beam Workstation (FEI, Hillsboro, OR, USA).
The membrane surface hydrophobicity was measured using contact angle. The measurement was
taken using a sessile drop contact angle goniometer (Model 100, Rame-Hart Instrument Company,
Netcong, NJ, USA). Ten replicates were carried out for each measurement.

2.7. Direct Contact Membrane Distillation (DCMD)

In DCMD, the membrane is in direct contact with feed and permeate streams. The membrane
was inserted between the two plates of the module and spacers stacked on top of the membrane
from both sides to ensure an even flow distribution of the brine and DI water solutions over the
membrane. The effective surface area of the membrane was 40 cm?. 1L of PW was used as feed while
the temperature was kept at 60 °C by a heater. The permeate temperature was maintained at 10 °C
using a chiller. The temperatures of the feed and permeate were controlled by heater and chiller
procured from (PolyScience AD07R-40, Niles, IL, USA). A schematic diagram of the DCMD apparatus
is given in Figure 1. The tank on the permeate side was placed on a computer-connected balance from
(Mettler Toledo, Columbus, OH, USA) to measure the weight change every 5 min. The MD operation
was performed at a fixed flow rate (0.45 L min™!) for both feed and permeate streams in countercurrent
mode using two peristaltic pumps (Masterflex I/P, Cole Parmer, Vernon Hills, IL, USA).
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Figure 1. Schematic diagram of the DCMD apparatus.

The permeate flux was determined by the equation below [36]:

.

W @

where ] is permeate flux expressed in Lm2h"l. V,, is the volume of water permeated in L, Ay, is the
effective surface area of membrane expressed in m?, and t is the DCMD time in hour. The conductivity
of the permeate was measured continuously during the operation by a conductivity-meter (VWR).
If the permeate conductivity increased above 50 uS cm™ it was assumed pore wetting had occurred
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which is associated with a rapid increase in the permeate flux. Prior to every DCMD run, both feed
and permeate sides of the membrane were flushed with DI water at room temperature for one hour.

2.8. Pretreatment

Electrocoagulation was conducted to pretreat the feed [28]. Five electrodes (6061 aluminum alloy)
with a surface area of 180 cm? where inserted vertically in a 600 mL volume polycarbonate reactor
with 5 mm spacing. A DC power source (Hewlett Packard, Palo Alto, CA, USA) was used with the
cathode and anode attached to the first and last electrodes. 500 mL of the PW was transferred to the
electrocoagulation reactor. The reaction was run for 30 s based on our earlier work. The current was
kept constant at 0.5 A. The PW was then transferred to a separatory funnel for sludge sedimentation.
After a 6 h sedimentation time, the clear supernatant was recovered and later tested using DCMD
whilst the settled sludge was wasted.

3. Results and Discussion
3.1. Surface Modification

3.1.1. Hydrophilic Polymer Grafting

Benzophenone, being a photo initiator, generated radicals on the PVDF surface. These radicals
reacted with the oleophilic moieties of monomer through radical coupling reactions and hence the
polymer chains grew. The grafting density is governed by the relative concentration of benzophenone
and the duration of the initiator immobilization step. Longer immobilization times can immobilize
more benzophenone, though a very high density of the polymer chains could lead to enhanced
scale formation on the membrane surface. The duration of UV radiation will affect the length of
hydrophilic polymers. The initiator concentration and UV irradiation time were chosen so that the
grafted nanostructure would reduce fouling by organic compounds while minimizing any decrease in
permeate flux due to the added resistance to permeate flow.

3.1.2. Surface Oxidation

Reaction conditions for dehydrofluorination were chosen in order to minimize damage to the
membrane morphology while adding OH groups to the membrane surface. Figure 2 summarizes the
membrane modification schemes.

O
NN
A » 60C
I P KMnO,-HNO; HG
NN H,0
on |
\—/ \—/
3 70C
N .
e-3 NaOH, H,0
J o

(b) 30 min photo-initiation (d)
5 min UV irradiation /K

Grafiing of hydrophilic polymers Surface oxidation by KMnO4 and NaOH

Figure 2. Schematic reaction schemes for modification of the PVDF membrane; (a) SAMB, (b) Allyl,
(c) KMnOQy, (d) NaOH.
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3.2. Characterization

3.2.1. FTIR Spectroscopy

FTIR spectra for the base and modified membranes are given in Figure 3. For base PVDF
membrane, the peaks ~ 860 em?, 1560 em™! and 2900 cm™ were attributed to C-C, C-F and C-H bond
stretching frequencies, respectively [20,21]. Grafting SAMB chains from the membrane surface was
found to result in additional peaks in the FTIR spectra. The peaks ~1190 cm™ and 1550 cm™ were found
to be signature peaks for -SO3;™ and N-H moieties, respectively [37]. Similarly, grafting Allyl chains
from the membrane surface resulted in signature peaks for the imidazolium ring at 1435 cm™ and the
carbonyl group around 1700 cm™ [38]. Surface oxidation by KMnOj resulted in highly intense -OH
peak along with a carbonyl peak. Surface oxidation by NaOH showed a broad peak in the wavelength
region 3300-3600 cm™ that was attributed to -OH groups. The broadening of this peak is an indication
of H bonding with other suitable moieties.

PVDF-NaOH

C-OH
PVDF-KMnO,
C=0
C-OH

PVDEF-Allyl

g
8
=
8
@
~ =
) &
L7
O &

A PN VY

SO, PVDF-SAMB

N-H
V- "\ Mo N
Cc-C C-F
PVDF-Base
C-H
Val
690 1190 1690 2190 2690 3190 3690

Wavelength cm™*

Figure 3. The FTIR spectra for virgin and surface modified PVDF membranes.

3.2.2. Water Contact Angle Measurement

Surface water contact angles are given in Figure 4.
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Figure 4. Water contact angles for base and modified membranes.
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As can be seen the base PVDF membrane is hydrophobic with a contact angle of 145° £ 2. Grafting
SAMB and Allyl chains from the membrane surface was found to reduce the water contact angle
slightly though the membranes are still hydrophobic. However, surface oxidation led to a much more
pronounced decrease in contact angle. NaOH treatment led to the greatest decrease in contact angle.

3.3. DCMD Performance

Figure 5 gives the variation of permeate flux with permeate volume during DCMD. Figure 5a
compares the flux results for the base membrane and SAMB and Allyl modified membranes as well as
the base membrane challenged with PW pretreated by electrocoagulation. Figure 5b compares results
for the base membrane and membranes modified via surface oxidation challenged with PW. In all
cases the conductivity never rose above 50 uS cm™. Thus, breakthrough of the feed was not observed.
The initial flux for the base membrane was found to be 17 L m2 h'!, which reduced gradually till
250 mL of permeate were removed followed a more drastic reduction. Though the flux declined and
eventually stopped breakthrough was not observed. The productivity of the base membrane was
about 300 mL of permeate. SAMB and Allyl grafting increased this value to be about 386 mL and
365 mL, respectively. The initial flux for the modified and base membrane is the same indicating little
additional resistance to mass transfer through the membrane due to the grafted nanostructure.

30 30
(a) [DBase membrane (b) DBase membrane
25 4 X SAMB 25 t.; KMnO4
. A A
- S Allyl
[} , A ANaOH
20 A L. m Base with EC = 20¢ A
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315 Q xq:r o Z 15 w) A
ol = & o
m
10 Oq Ix 10 O
n A
‘] 0o y .
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0o ox u ]
0 . . X ® 0 ; . ~ b
0 100 200 300 400 500 0 100 200 300 400 500
Permeate volume (mL) Permeate volume (mL)

Figure 5. Variation of permeate flux as a function of permeate volume during DCMD, (a) gives results
for the base and membranes modified by grafting polymer chains as well as the base membrane
challenged with PW pretreated by electrocoagulation (EC); (b) gives results for the base membrane
and membranes modified by surface oxidation.

Surface oxidation also led to an increase in productivity. As indicated in Figure 3, surface oxidation
led to the presence of OH groups on the membrane surface. In the case of KMnOy treatment, carbonyl
groups are also present. NaOH treatment led to the greatest increase in productivity, greater than the
three other surface treatments. The total permeate volume was around 420 mL. Figure 6 indicates
that surface oxidation led to an increase in the initial water flux of the base membrane. This is not
unexpected as surface oxidation not only imparts a more hydrophilic surface (see Figure 4) it also
damages the membrane polymer. In fact, the degree of surface treatment must be carefully controlled
as over treatment will lead to damage to the membrane. Results for the base membrane using PW
pretreated by electrocoagulation indicate a slightly higher productivity of 440 mL as well as initial
flux though there is a continuous flux decline. The result suggests that initially adsorption of organic
species on the membrane surface occurs. In addition, when testing small membrane coupons there is
much greater variation between the base membrane coupons which tend to even out in actual modules
with large surface areas.
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Figure 6. The SEM images for (A) base membrane after DCMD; (B) base membrane after DCMD with
PW pretreated using EC; (C) SAMB modified membrane after DCMD; (D) Allyl modified membrane
after DCMD; (E) KMnQOy treated membrane after DCMD; (F) NaOH treated membrane after DCMD.

3.4. Membrane Fouling

The results in Figure 5 indicate that while no breakthrough occurs membrane fouling leads to a
decrease in permeate flux. Membrane surfaces were analyzed after DCMD. Figure 6 gives SEM images
for the base and modified membranes after DCMD using PW as well as the base membrane after
DCMD with pretreated PW by electrocoagulation. In addition, SEM images are given of the modified
membranes after DCMD. Finally, Table 3 gives the elemental analysis results from EDX spectroscopy:.

Table 3. EDX analysis for the virgin base membrane, base membrane after DCMD with PW pretreated
by electrocoagulation as well as base and modified membranes after DCMD. EC = PW pretreated
by electrocoagulation.

Base After DCMD
Element (at. %)
Membrane Base Base with EC SAMB Allyl KMnO, NaOH
C 41.3 32.7 354 40.3 38.9 37.7 35.8
F 56.1 234 24.7 19.1 18.4 13.3 12.1
O - 104 3.1 4.6 2.6 19.8 21.4
N - 5.2 1.9 4.8 5.9 14 0.8
Au 2.6 4.6 5.2 4.1 7.3 4.9 5.2
Na - 6.3 7.4 6.8 7.3 7.1 8.1
Cl - 6.9 10.5 8.5 8.7 6.7 7.6
Ca - 8.4 74 9.3 8.1 5.6 6.4
Mg - 2.1 44 2.5 2.8 35 2.6

Figure 5 indicates that adsorption on the membrane surface occurs for all membranes after DCMD
though it appears more severe for the base membrane challenged with PW. This is in agreement with
the rapid flux shown in Figure 5. Table 3 provides insights into the type of fouling that occurs. The base
membrane contains C and F as is expected for PVDEF. The presence of gold is due to the coating added
prior to analysis. After DCMD the percentage of C and F on the surface decreases due to adsorption of
rejected species from the PW. Comparing the elemental analysis for the base membrane after DCMD
with PW and PW pretreated with electrocoagulation it can be seen that adsorption of inorganic species
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is higher for the pretreated PW. This is not unexpected as electrocoagulation is used to remove organic
species. The result indicates that the base membrane is fouled by adsorption of both organic and
inorganic species.

For the SAMB and Allyl modified membrane the percentage nitrogen is much higher than the
KMnO,4 and NaOH modified membranes. This is not unexpected as the grafted polymers contain
N. In fact, it is similar to the percentage N detected for the base membrane after DCMD with PW.
However, the amount of N for the KMnO4 and NaOH modified membranes is similar to that for the
base membrane tested with pretreated PW by electrocoagulation. The pretreated PW will contain very
little N associated with dissolved organic compounds. Taken together these results suggest that the
modified membranes, especially modification by surface oxidization are more resistant to adsorption
of organic compounds.

Again, all membranes indicate the presence of gold due to the coating used. Though there is some
variation all modified membranes show higher amounts of adsorbed inorganic species on the surface
than the base membrane after DCMD. For the base membrane challenged with pretreated PW, the
amount of inorganic species detected on the surface is similar to the modified membranes. These results
suggest that surface modification does not improve resistance to adsorption by inorganic species. It is
important to note however, that the amount of water processed by the modified membranes especially
the NaOH treated membrane is greater than the base membrane.

Increasing the stability of the membrane during DCMD is critical to suppress wetting and flux
decline during DCMD. For modified membranes, we have tried to minimize the decrease in the
air/water contact angle. However, it is the underwater adsorption of solutes in the PW onto the
membrane surface that is most relevant [39,40]. Air/water contact angles provide a general indication
of the likely resistance of the surface to fouling.

The results suggest that simple surface oxidation procedures could enhance the membrane
resistance and increases membrane productivity. It may also lead to reduced pretreatment requirements.
In the case of electrocoagulation which has been used here, optimizing reaction conditions will depend
on the fouling resistance of the modified membrane as well as the quality of the PW. Optimization of the
electrocoagulation conditions must minimize corrosion of the electrodes as well as power requirements.
Further regeneration of the membrane after DCMD may be easier leading to longer membrane lifetimes.
Here NaOH treated membranes showed the greatest improvement in performance. While this may
be a simple and economical way to modify the base membrane, it is essential not to damage the
membrane and degrade performance by over modification.

4. Conclusions

A major challenge for commercialization of DCMD is membrane stability due to the possibility of
fouling by dissolved organic species as well as inorganic salts. Membrane fouling leads to flux decline
and breakthrough of the feed into the permeate side. Four different surface modifications of base
PVDF membranes have been investigated. Polymer chains consisting of zwitterionic groups as well as
polyionic liquids and surface oxidation by KMnO4 and NaOH were studied. Modification conditions
were chosen in order to minimize the decrease in water contact angle compared to the base membrane.

All four modifications led to improved membrane productivity when tested with PW. For PW
that was pretreated by electrocoagulation to remove dissolved organic compounds, the increases in
productivity was the greatest. This result suggested that adsorption of dissolved organic compounds was
a major cause of membrane fouling. Elemental analysis indicated that all modified membranes were more
resistant to fouling by organic compounds though increased resistance to adsorption of inorganic species
relative to the base membrane was not observed. The result suggests that simple surface modification
procedures may enhance membrane fouling resistance thus improving membrane stability.

Author Contributions: Conceptualization, S.R.W. and A.S.; Data curation, M.K.; Funding acquisition, SR.W.;
Investigation, M.K., A.G., and Y.-H C.; Supervision, S.R.W.; Writing the manuscript M.K.; Writing-review &
editing, S.R.W.



Int. J. Environ. Res. Public Health 2019, 16, 685 11 of 12

Acknowledgments: Funding for this work was provided by Southwestern Energy through the National
Science Foundation Industry/University Cooperative Research Center for Membrane Science, Engineering
and Technology, the National Science Foundation (IIP 1361809) and the University of Arkansas.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ernest, M.; Henry, J.; Meggs, A. Future of The Natural Gas—An Interdisciplinary MIT Study; MIT: Cambridge,
MA, USA, 2011; ISBN 9780982800836.

2. Duong, H.C. Membrane distillation for strategic desalination applications. Ph.D. Thesis, School of Civil,
Mining and Environmental Engineering, University of Wollongong, Wollongong, Australia, August 2017.
Available online: https://ro.uow.edu.au/theses1/155.

3. Badruzzaman, M.; Voutchkov, N.; Weinrich, L.; Jacangelo, J.G. Selection of pretreatment technologies for
seawater reverse osmosis plants: A review. Desalination 2019, 449, 78-91. [CrossRef]

4. Gregory, K.B,; Vidic, R.D.; Dzombak, D.A. Water management challenges associated with the production of
shale gas by hydraulic fracturing. Elements 2011, 7, 181-186. [CrossRef]

5. Termpiyakul, P; Jiraratananon, R.; Srisurichan, S. Heat and mass transfer characteristics of a direct contact
membrane distillation process for desalination. Desalination 2005, 177, 133-141. [CrossRef]

6.  Vidic, R.D.; Brantley, S.L.; Vandenbossche, ].M.; Yoxtheimer, D.; Abad, J.D. Impact of shale gas development
on regional water quality. Science 2013, 340, 6134. [CrossRef] [PubMed]

7. Shaffer, D.L.; Arias Chavez, L.H.; Ben-Sasson, M.; Romero-Vargas Castrillon, S.; Yip, N.Y.; Elimelech, M.
Desalination and reuse of high-salinity shale gas produced water: Drivers, technologies, and future directions.
Environ. Sci. Technol. 2013, 47, 9569-9583. [CrossRef] [PubMed]

8.  Xu, P; Drewes, J.E; Heil, D. Beneficial use of co-produced water through membrane treatment:
technical-economic assessment. Desalination 2008, 225, 139-155. [CrossRef]

9.  Munirasu, S.; Haija, M.A.; Banat, F. Use of membrane technology for oil field and refinery produced water
treatment - A review. Process Saf. Environ. Prot. 2016, 100, 183-202. [CrossRef]

10. Taherifar, H.; Rezvantalab, S.; Bahadori, F.; Sadrzadeh Khoei, O. Treatments of reverse osmosis concentrate
using natural zeolites. J. Water L. Dev. 2015, 25, 41-46. [CrossRef]

11. Jiang, C.; Wang, Y.; Zhang, Z.; Xu, T. Electrodialysis of concentrated brine from RO plant to produce coarse
salt and freshwater. J. Memb. Sci. 2014, 450, 323-330. [CrossRef]

12. David, M.; Swaminathan, J.; Guillen-, E.; Arafat, H.A_; Scaling, J H.L.V,; Link, C. Scaling and fouling in
membrane distillation for desalination applications: A review. Desalination 2016, 356, 294-313.

13. Eykens, L,; De Sitter, K.; Dotremont, C.; Pinoy, L.; Van der Bruggen, B. Membrane synthesis for membrane
distillation: A review. Sep. Purif. Technol. 2017, 182, 36-51. [CrossRef]

14. Lawson, KW,; Lloyd, D.R. Membrane distillation. . Memb. Sci. 1997, 124, 1-25. [CrossRef]

15. Hendren, Z.D.; Brant, J.; Wiesner, M.R. Surface modification of nanostructured ceramic membranes for direct
contact membrane distillation. J. Memb. Sci. 2009, 331, 1-10. [CrossRef]

16. Drioli, E.; Ali, A.; Macedonio, F. Membrane distillation: Recent developments and perspectives. Desalination
2015, 356, 56-84. [CrossRef]

17.  Malmali, M.; Fyfe, P,; Lincicome, D.; Sardari, K.; Wickramasinghe, S.R. Selecting membranes for treating
hydraulic fracturing produced waters by membrane distillation. Sep. Sci. Technol. 2017, 52, 266-275.
[CrossRef]

18. Sardari, K.; Fyfe, P.; Wickramasinghe, S.R. Integrated electrocoagulation—-Forward osmosis-Membrane
distillation for sustainable water recovery from hydraulic fracturing produced water. . Memb. Sci. 2019, 574,
325-337. [CrossRef]

19. Deshmukh, A.; Boo, C.; Karanikola, V.; Lin, S.; Straub, A.P; Tong, T.; Warsinger, D.M.; Elimelech, M.
Membrane distillation at the water-energy nexus: Limits, opportunities, and challenges. Energy Environ. Sci.
2018, 11, 1177-1196. [CrossRef]

20. Boo, C.; Lee, J.; Elimelech, M. Omniphobic Polyvinylidene Fluoride (PVDF) Membrane for Desalination of

Shale Gas Produced Water by Membrane Distillation. Environ. Sci. Technol. 2016, 50, 12275-12282. [CrossRef]
[PubMed]


https://ro.uow.edu.au/theses1/155
http://dx.doi.org/10.1016/j.desal.2018.10.006
http://dx.doi.org/10.2113/gselements.7.3.181
http://dx.doi.org/10.1016/j.desal.2004.11.019
http://dx.doi.org/10.1126/science.1235009
http://www.ncbi.nlm.nih.gov/pubmed/23687049
http://dx.doi.org/10.1021/es401966e
http://www.ncbi.nlm.nih.gov/pubmed/23885720
http://dx.doi.org/10.1016/j.desal.2007.04.093
http://dx.doi.org/10.1016/j.psep.2016.01.010
http://dx.doi.org/10.1515/jwld-2015-0012
http://dx.doi.org/10.1016/j.memsci.2013.09.020
http://dx.doi.org/10.1016/j.seppur.2017.03.035
http://dx.doi.org/10.1016/S0376-7388(96)00236-0
http://dx.doi.org/10.1016/j.memsci.2008.11.038
http://dx.doi.org/10.1016/j.desal.2014.10.028
http://dx.doi.org/10.1080/01496395.2016.1244550
http://dx.doi.org/10.1016/j.memsci.2018.12.075
http://dx.doi.org/10.1039/C8EE00291F
http://dx.doi.org/10.1021/acs.est.6b03882
http://www.ncbi.nlm.nih.gov/pubmed/27762141

Int. J. Environ. Res. Public Health 2019, 16, 685 12 of 12

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Liu, F.; Hashim, N.A ; Liu, Y,; Abed, M.R.M.; Li, K. Progress in the production and modification of PVDF
membranes. . Memb. Sci. 2011, 375, 1-27. [CrossRef]

Wei, X.; Zhao, B.; Li, XM.; Wang, Z.; He, B.Q.; He, T.; Jiang, B. CF4 plasma surface modification of
asymmetric hydrophilic polyethersulfone membranes for direct contact membrane distillation. J. Memb. Sci.
2012, 407408, 164-175. [CrossRef]

Dizon, G.V.; Venault, A. Direct in-situ modification of PVDF membranes with a zwitterionic copolymer to
form bi-continuous and fouling resistant membranes. J. Memb. Sci. 2018, 550, 45-58. [CrossRef]
Rahimpour, A.; Madaeni, S.S.; Zereshki, S.; Mansourpanah, Y. Preparation and characterization of modified
nano-porous PVDF membrane with high antifouling property using UV photo-grafting. Appl. Surf. Sci. 2009,
255,7455-7461. [CrossRef]

Sardari, K.; Askegaard, J.; Chiao, Y.H., Darvishmanesh, S.; Kamaz, M.; Wickramasinghe, S.R.
Electrocoagulation followed by ultrafiltration for treating poultry processing wastewater. J. Environ. Chem.
Eng. 2018, 6, 4937—4944. [CrossRef]

Sardari, K.; Fyfe, P; Lincicome, D.; Wickramasinghe, S.R. Aluminum electrocoagulation followed by forward
osmosis for treating hydraulic fracturing produced waters. Desalination 2018, 428, 172-181. [CrossRef]
Malmali, M.; Askegaard, J.; Sardari, K.; Eswaranandam, S.; Sengupta, A.; Wickramasinghe, S.R. Evaluation of
ultrafiltration membranes for treating poultry processing wastewater. J. Water Process Eng. 2018, 22, 218-226.
[CrossRef]

Sardari, K.; Fyfe, P.; Lincicome, D.; Wickramasinghe, S.R. Combined electrocoagulation and membrane
distillation for treating high salinity produced waters. J. Memb. Sci. 2018, 564, 82-96. [CrossRef]

Rabuni, M.; Nik Sulaiman, N.; Aroua, K.; Awanis Hashim, N. Effects of Alkaline Environments at Mild
Conditions on the Stability of PVDF Membrane: An Experimental Study. Ind. Eng. Chem. Res. 1976, 9,
341-342. [CrossRef]

Xu, Z,; Li, L.; Wu, F; Tan, S.; Zhang, Z. The application of the modified PVDF ultrafiltration membranes in
further purification of Ginkgo biloba extraction. . Memb. Sci. 2005, 255, 125-131. [CrossRef]

Sethunga, G.S.M.D.P; Rongwong, W.; Wang, R.; Bae, T.H. Optimization of hydrophobic modification
parameters of microporous polyvinylidene fluoride hollow-fiber membrane for biogas recovery from
anaerobic membrane bioreactor effluent. . Memb. Sci. 2018, 548, 510-518. [CrossRef]

Awanis Hashim, N.; Liu, Y.; Li, K. Stability of PVDF hollow fibre membranes in sodium hydroxide aqueous
solution. Chem. Eng. Sci. 2011, 66, 1565-1575. [CrossRef]

Zheng, Z.; Gu, Z.; Huo, R.; Luo, Z. Fabrication of Self-Cleaning Poly(vinylidene fluoride) Membrane with
Micro/Nanoscaled Two-Tier Roughness. Appl. Polym. Sci. 2011, 122, 1268-1274. [CrossRef]

Wang, S.; Li, J.; Suo, J.; Luo, T. Surface modification of porous poly(tetrafluoraethylene) film by a simple
chemical oxidation treatment. Appl. Surf. Sci. 2010, 256, 2293-2298. [CrossRef]

Metcalf, E.; Eddy, H. Wastewater Engineering: Treatment and Reuse, 5th ed.; McGraw-Hill: New York, NY, USA,
2003; ISBN 0-07-041878-0.

Mondal, S.; Wickramasinghe, S.R. Produced water treatment by nanofiltration and reverse osmosis
membranes. . Memb. Sci. 2008, 322, 162-170. [CrossRef]

Li, J.H.; Li, M.Z.; Miao, J.; Wang, ].B.; Shao, X.S.; Zhang, Q.Q. Improved surface property of PVDF membrane
with amphiphilic zwitterionic copolymer as membrane additive. Appl. Surf. Sci. 2012, 258, 6398-6405.
[CrossRef]

Jebur, M.; Sengupta, A.; Chiao, Y.H.; Kamaz, M.; Qian, X.; Wickramasinghe, R. Pi electron cloud
mediated separation of aromatics using supported ionic liquid (SIL) membrane having antibacterial activity.
J. Memb. Sci. 2018, 556, 1-11. [CrossRef]

Huang, Y.-X;; Wang, Z; Jin, J.; Lin, S. Novel Janus membrane for membrane distillation with simultaneous
fouling and wetting resistance. Environ. Sci. Technol. 2017, 51, 13304-13310. [CrossRef] [PubMed]

Eykens, L.; De Sitter, K.; Dotremont, C.; Pinoy, L.; Van der Bruggen, B. How to Optimize the Membrane
Properties for Membrane Distillation: A Review, Ind. Eng. Chem. Res. 2016, 55, 9333-9343. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.memsci.2011.03.014
http://dx.doi.org/10.1016/j.memsci.2012.03.031
http://dx.doi.org/10.1016/j.memsci.2017.12.065
http://dx.doi.org/10.1016/j.apsusc.2009.04.021
http://dx.doi.org/10.1016/j.jece.2018.07.022
http://dx.doi.org/10.1016/j.desal.2017.11.030
http://dx.doi.org/10.1016/j.jwpe.2018.02.010
http://dx.doi.org/10.1016/j.memsci.2018.06.041
http://dx.doi.org/10.1021/ie402684b
http://dx.doi.org/10.1016/j.memsci.2005.02.001
http://dx.doi.org/10.1016/j.memsci.2017.11.059
http://dx.doi.org/10.1016/j.ces.2010.12.019
http://dx.doi.org/10.1002/app.34254
http://dx.doi.org/10.1016/j.apsusc.2009.10.055
http://dx.doi.org/10.1016/j.memsci.2008.05.039
http://dx.doi.org/10.1016/j.apsusc.2012.03.049
http://dx.doi.org/10.1016/j.memsci.2018.03.064
http://dx.doi.org/10.1021/acs.est.7b02848
http://www.ncbi.nlm.nih.gov/pubmed/29083888
http://dx.doi.org/10.1021/acs.iecr.6b02226
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Characterization of Base Membrane 
	Characterization of Produced Water (PW) 
	Synthesis of Ionic Liquid Monomer 
	Membrane Modification 
	UV Grafting of Hydrophilic Polymers 
	Surface Oxidation by KMnO4 and NaOH 

	Characterization of Modified Membranes 
	Direct Contact Membrane Distillation (DCMD) 
	Pretreatment 

	Results and Discussion 
	Surface Modification 
	Hydrophilic Polymer Grafting 
	Surface Oxidation 

	Characterization 
	FTIR Spectroscopy 
	Water Contact Angle Measurement 

	DCMD Performance 
	Membrane Fouling 

	Conclusions 
	References

