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ABSTRACT
Shale oil extraction with hydraulic fracturing consumes large volumes of 3 freshwaters and produces Produced Water

(PW) with a high level of organic and 4 inorganic contaminants. This study applied a Forward Osmosis (FO) process

to treat shale oil Produced Water (PW) obtained from a Permian Basin shale play in Texas. The FO membrane

surface was modified with 3-(3,4-dihydroxyphenyl)-L-alanine (L-DOPA) coating to enhance membrane fouling

resistance. The membranes were characterized before and after coating, with contact angle measurement and

Attenuated Total Reflection Fourier Transform Infrared (ATR-FTIR) spectroscopy. The L-DOPA coated FO

membrane was utilized to treat PW in a Pressure Retarded Osmosis (PRO) mode, after preliminary filtration with 0.1,

0.2 or 0.45 µm filters. Optimum performance of water flux and flux recovery was observed when pre-treated with 0.1

µm. The coated membrane was further used to filter simulated PW, and diluted PW which was similar to Eagle Ford

PW with TDS around 29,000 mg/L. Results showed that the zwitterionic coating reduced organic matter deposition

on the membrane surface, and repelled salt ions to alleviate internal concentration polarization.
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INTRODUCTION

The future of fossil fuel supply in the U.S. is dominated by the
unconventional hydrocarbon extraction from shale fracking
operations. However, the exploration and production of shale
gas and oil consume substantial amounts of freshwater, with
much of it returning from wells in the form of Flowback Water
(FW) and Produced Water (PW) [1-4]. PW contains high levels
of organic and inorganic compounds. A single well can generate
up to 5 million liters of PW during its lifetime [5]. PW and FW
need to be treated to meet the federal and state regulations
before discharge to surface water and groundwater in the U.S.
FW may be easily reused in hydrofracking of new neighboring
wells. However, reuse of PW is limited by the availability of new
wells being developed in surrounding areas. Discharge of large

volumes of PW has become a major ecological problem [6,7] and
a serious public concern. The industry is currently struggling to
dispose of PW through, for example, underground injection,
which has generated a host of additional concerns.

Various membrane technologies are widely applied in
bioseparation [8,9] and treatment of industrial and municipal
wastewater after necessary pre-treatment [10,11]. Microfiltration
(MF) and Ultrafiltration (UF) have been used to pre-treat
conventional oil PW for a long time, and Nanofilration (NF)
and Reverse Osmosis (RO) are widely used to treat brackish
water [7,12-16] that contains low Total Dissolved Solids (TDS).
However, it is extremely difficult to establish high hydraulic
pressure to overcome the osmotic pressure caused by high
salinity of PW with high TDS; for that reason, NF and RO do
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not work well for treatment of the PW with high TDS.
Membrane distillation [15,17-23] has also been widely explored
to treat PW, but it suffers from huge energy consumption,
contamination of the permeate caused by volatile organic
compounds and dissolved gases in PW, and membrane failure
caused by alcohols and surfactants in PW [6,24-27]. Among
various membrane technologies, Forward Osmosis (FO) is very
promising because of its natural working principle and light
membrane fouling [28-30]. In contrast to pressure-driven
membrane processes, such as MF, UF, Nanofilration (NF), and
Reverse Osmosis (RO), FO is naturally driven by the osmotic
pressure gradient.

FO process has been explored for industrial wastewater
treatment, seawater desalination, electricity generation, food
processing, and shale gas and oil PW treatment [12,29-35].
Cellulose Triacetate (CTA) and thin film composite FO
membranes were tested in shale gas and oil PW treatment, and
their performances and membrane fouling were evaluated
[12,34-36]. There is less membrane fouling in FO than RO or
NF due to the absence of hydraulic pressure. However, the
intense energy costs of draw solute regeneration and membrane
fouling have impeded the use of FO filtration for wastewater
treatment [33]. Comprehensive studies showed that zwitterionic
polymers coated on the membrane surface could dramatically
reduce biofilm formation, resist short-term bacterial adhesion,
and enhance membrane self-cleaning [37,38]. Recently, various
zwitterionic polymers have been explored as surface modifiers of
some substrates and osmotically driven membranes for
wastewater treatment, such as high salinity shale gas PW, and
grey water, and osmotic power generation [39-43], and these
modifications have improved the membrane antifouling
properties.

Poly amino acid 3-(3,4-dihydroxyphenyl)-L-alanine (L-DOPA) is a
zwitterionic polymer, which has been used to modify membrane
surface for enhancing membrane antifouling properties [44-47].
Nguren et al. recently modified CTA FO membranes (Hydration
Technology Innovations LLC, USA) with poly L-DOPA. Their
study demonstrated that a better antifouling improvement for
the FO membrane was achieved with 12-h modification when
filtering a solution containing 1g/L Alginic Acid Sodium (AAS)
and 0.2 g/L CaCl2 salts [48]. Their success inspired us to
challenge a zwitterion-modified FO membrane in PW treatment
with high concentration salt present in PW. To the best of our
knowledge, there is no report of a zwitterion-modified FO
membrane used in shale gas and oil PW treatment. In our work,
the flux behavior of a CTA FO membrane modified with the
same poly L-DOPA as before was investigated in the treatment of
shale oil PW. The effects of some pre-treatments on PW were
also evaluated, and these pre-treatments were vacuum
microfiltration with 0.1, 0.2, or 0.45 µm filters.

MATERIALS AND METHODS

Materials

3-(3,4-dihydroxyphenyl)-L-alanine (L-DOPA) (≥ 98%) and Tris
(hydroxymethyl) aminomethane (Tris) (≥ 99.8%) were obtained
from Sigma-Aldrich (USA). Different salts such as AAS, NaCl,

KCl, Na2SO4, MgCl2 and CaCl2 with the purity at the ACS
reagent level were purchased from Fisher Scientific, Inc. (USA).
Deionized water (DI) (1 megaohm/cm) was first used in FO
process to examine the membrane flux performance. Feed
solutions are a typical organic foulant solution, Permian Basin
PW, diluted PW and simulated PW. The organic foulant
solution contains 1 g/L AAS and 0.2 g/L CaCl2. The raw
Permian Basin PW was obtained from a shale oil company
which is extracting shale oil in Permian Basin. The diluted PW
was obtained by reducing the TDS of the Permian Basin PW
with DI water to 29,000 ppm with deionized (DI) water
dilution, which is similar to the TDS of the Eagle Ford PW [48].
The simulated PW was made from various salts according to the
major salt ion concentrations of Permian Basin PW. It
contained major salt ions such as Na+, Ca2+, Mg2+, K+, Cl- and
SO4

2- present in the Permian Basin PW, and these ion
concentrations are the same as the corresponding ion
concentrations of the real Permian Basin PW. 2 M NaCl
solution was first used as the draw solution when the feed
solution is the organic foulant solution. 2 M MgCl2 solution was
used as the draw solution for the FO treatment of PW because
MgCl2 can generate 65.8% more osmotic pressure compared to
the same concentration of NaCl. 110 µm CTA FO membranes
were purchased from Fluid Technology Solutions, Inc. (Albany,
OR).

Characterization of water samples

Different solids present in the water samples were determined
according to the 2005 Standard Methods 2540B-2540F. These
solids are classified as total solids, total volatile solids, total fixed
solids, total suspended solids, volatile suspended solids, fixed
suspended solids, Total Dissolved Solids (TDS), volatile
dissolved solids, and fixed dissolved solids. Chemical Oxygen
Demand (COD) was measured by using a reactor digestion
method (Hach ’ s Method 8000 approved by United States
environmental protection agency, i.e., Standard Method 5220
D). Analysis of different salt ions, silicon organic nitrogen, and
total organic carbon (TOC), was conducted by a commercial Lab
SGS Accutest (Dayton, NJ). The particle size distribution of PW
after the pre-treatment with 0.45, 0.2, or 0.1 µm filter was
determined by using a nanosizer (Nano ZS Zetasizer, Malvern
Instruments Inc, UK). The osmotic pressures of the PW and
draw solution were measured by an osmotic pressure meter
(5002 Osmette A, Precision Systems Inc., USA).

Surface modification of FO membrane

A 10 mM Tris-HCl buffer solution was used to dissolve L-DOPA.
The L-DOPA concentration was 2 g/L, and the pH of the buffer
solution was adjusted to 8.0. The solution was well mixed with a
magnetic stirrer, and it was used to coat FO membranes on the
porous side with a typical bench-scale FO system shown in
Figure 1.

The FO system consists of a membrane cell, two circulating gear
pumps, two tanks of feed and draws solutions, a digital balance
(linearity 0.006 g), and a computer. When an FO membrane is
loaded at the center of the membrane cell, two symmetric flow
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channels form on both sides of the membrane with an effective
membrane surface area of 42.09 cm2.

Figure 1: Schematic of a typical bench-scale forward osmosis system.

During the surface modification of an FO membrane, the FO
membrane was loaded in the membrane cell in a Pressure-
Retarded Osmosis (PRO) mode, which implies that the active
layer of FO membranes is facing the draw solution. The buffer
solution containing L-DOPA was applied on the feeding side,
and the other draw side was circulated with DI water.
Depending on the pre-determined coating time, the L-DOPA
solution was circulated to coat the membrane at 25.0 cm/s. The
coating time varied from 8 to 14 h. After coating for a
specialized and preselected time period, the membranes were
washed with DI water 3 times and preserved in the refrigerator
at 4°C.

Membrane characterization

The water contact angle of the membrane surface, which
indicates the hydrophilicity of the membrane, was measured by
using a CAM-PLUS contact angle meter. Attenuated total
reflection-Fourier transform infrared (ATR-FTIR) spectra of the
virgin and modified membranes were obtained in the range of
4000-800 cm-1 (Shimadzu IRAffinity-1 spectrometer with MIR
acle 10 single reflection ATR accessory).

FO process

All the FO experiments were conducted in the PRO mode
because it is easy to modify the support layer side of a
commercial FO membrane and the PRO mode achieves higher
water flux than the FO mode. The typical organic foulant
solution was used to standardize the coating time of poly L-
DOPA on the porous side of the FO membrane. Shale oil PW
that went through vacuum filtration with 0.1, 0.2 or 0.45 µm
filter was fed on the feed side. The cross-flow rates of the feed
and draw solutions were maintained at 25.0 cm/s and the flux
behavior of the virgin and coated membranes during PW
treatment were observed for 12 h. The weight change of the
draw solution tank (i.e. the weight change of permeate) was
measured with the digital balance at every minute and was
recorded by the computer. The weight change of permeate was
used to calculate the water flux (Jw) during each min with the
following equation:�� = �����ℎ�Water density  ×  Effective area  × �Time

RESULTS AND DISCUSSION

Standardization of L-DOPA coating on the FO
membrane surface

The coating time of poly L-DOPA on the FO membrane surface
was standardized by feeding the typical organic foulant solution
containing AAS and CalCl2, and using 2 M NaCl solutions as
draw solution. Before coating, the flux insistency of the virgin
FO membranes was checked by feeding DI water and using 2 M
NaCl solution as draw solution. Although Nguyen et al.
optimized the L-DOPA modification time of a CTA FO
membrane surface as 12h [49], we still need to justify it because
our CTA FO membranes were obtained from a different
company. The flux behaviors of the uncoated and coated FO
membranes were analyzed along operating time. The flux
changes were observed by plotting normalized fluxes (J/Jo)
(Figure 2), where J is the real-time flux, and Jo is the initial flux.
In order to clearly show the flux trends, a moving average
function that averages 10 data points was applied.

Figure 2: The normalized flux of the virgin and membranes coated
with L-DOPA when filtering the AAS solution.

After 300 min of FO treatment, the virgin membrane exhibited
flux reduction to 46.2% while the membranes with L-DOPA
coating showed less flux decline. It can be seen that the
normalized flux decreased to 51.9% for the 10h coated
membranes, 55.4% for the 12h and 56% for the 14h. The flux
of the 8h coated membrane reduced similarly to the 10h coated
membrane. The flux behavior of the 12h and 14h coated
membrane is also similar, so the coating time was standardized
to 12h as same as the previous report [49].

Surface characterization of FO membranes

The improvement in hydrophilicity of the coated membrane
surfaces was examined using contact angle analysis. It showed
that the membrane wettability was directly related to the coating
time. Initially, the contact angle was 46.0° for the uncoated
membrane, and it reduced to 40.4° for the 8h coating, to 39.2°
for the 10h, and to 36.8° for the 12h. The decline of contact
angle with an increase in coating time is attributed to more
distributed poly L-DOPA on the surface of the membrane
support layer. Poly L-DOPA is a zwitterionic polymer possessing
a cationic and an anionic unit, and more favorable to attract
water molecules than the original material of the support layer.
The distribution intensity of poly L-DOPA on the support layer
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increases with the increased coating time, and thus the
hydrophilicity of the membrane surface increases.

The ATR-FTIR spectra of the virgin and L-DOPA modified FO
membranes are shown in Figure 3. It is well known that poly L-
DOPA and the CTA FO membrane have three functional
groups in common such as -C-O-C-, -C=O, and -O-H, which can
be detected from ATR-FTIR spectroscopy. The peak at
approximate 3500 cm-1 represents the existence of the -O-H
group, the peak appearing at 1750 cm-1 is identified as the -C=O
group and the peaks appearing at 1050 and 1250 cm-1 are
caused by the -C-O-C- group. These peaks were previously
identified by Ilharco et al. [50] as the presences of -C=O, -O-H
and -C-O-C- groups in CTA films during the aggregation of
cyanine on the films. It is seen that the transmittance intensities
of the bands of the groups C=O and -C-O-C- decease with the
coating time because more CTA is covered by poly L-DOPA with
the increase of the coating time. The numbers of the groups -
C=O and -C-O-C- in poly L-DOPA per unit area are smaller than
those in the CTA material. The peaks of the -O-H group present
in the CTA membrane disappeared in the 8-,10, and 12h coated
membranes, and this was attributed to the chemical reactions
between the catechol group of L-DOPA and the -O-H group on
the CTA membrane surface.

Figure 3: ATR-FTIR spectra of (a): virgin membrane; (b): 8 hour L-
DOPA coated membrane; (c): 10 hour L-DOPA coated membrane; and
(d): 12 hour L-DOPA coated membrane.

Produced water characterization

Table 1 lists pH, nine solids of the raw Permian Basin PW and
concentrations of some particles and various salt ions present in
PW after the 0.45 µm filtration. When COD of the raw PW was
measured, the raw PW was diluted 25 times. The pH of 7.48
indicates that PW is slightly basic and it is ready for vacuum MF
followed by FO treatment. The raw PW has a high TDS of
124,920 mg/L and TOC of 168 mg/L, which agree with the
previous findings investigated by Khan et al. [46]. However, the
raw PW contains low total suspended solids of 140 mg/L
compared to the previous report. The concentrations of sodium
and chloride ions are 32,300 mg/L and 48,100 mg/L, and they
are the major ions in PW. The osmotic pressure of PW, diluted
PW, and 2 M MgCl2 draw solution are 63.1, 8.50 and 203 atm,
respectively. The measured TDS and osmotic pressure had no
obvious change after performing the different micro filtrations.

The size distributions of particles are presented in Figure 4 after
the raw PW is filtered through vacuum filtration using 0.1, 0.2

or 0.45 µm filter. The major particles after 0.2 or 0.45µm
filtration are dominated in the size range of 2-7.4 µm.

Table 1: Analysis of Permian Basin produced water.

Analyte Water sample Unit pH or
concentration

pH Raw produced
water (PW)

- 7.48

Total solids Raw PW mg/L 125,060

Total volatile solids Raw PW mg/L 65,060

Total fixed solids Raw PW mg/L 60,000

Total suspended
solids

Raw PW mg/L 140

Volatile suspended
solids

Raw PW mg/L 80

Fixed suspended
solids

Raw PW mg/L 60

Total dissolved solids
(TDS)

Raw PW mg/L 124,920

Volatile dissolved
solids

Raw PW mg/L 64,980

Fixed dissolved solids Raw PW mg/L 59,940

Chemical oxygen
demand

Raw PW mg/L 2,125

Barium PW After 0.45 µm
filtration

mg/L 3.7

Boron PW After 0.45 µm
filtration

mg/L 51.0

Calcium PW After 0.45 µm
filtration

mg/L 2,200

Iron PW After 0.45 µm
filtration

mg/L 0.5

Lithium PW After 0.45 µm
filtration

mg/L 22.1

Magnesium PW After 0.45 µm
filtration

mg/L 448

Manganese PW After 0.45 µm
filtration

mg/L 1.1

Potassium PW After 0.45 µm
filtration

mg/L 563
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Silicon PW After 0.45 µm
filtration

mg/L 11.4

Sodium PW After 0.45 µm
filtration

mg/L 32,300

Sulfur PW After 0.45 µm
filtration

mg/L 63.1

Bromide PW After 0.45 µm
filtration

mg/L 416

Chloride PW After 0.45 µm
filtration

mg/L 48,100

Fluoride PW After 0.45 µm
filtration

mg/L 7.6

Nitrogen, Ammonia PW After 0.45 µm
filtration

mg/L 409

Nitrogen, Nitrite PW After 0.45 µm
filtration

mg/L 3.4

Nitrogen, Total
Kjeldahl

PW After 0.45 µm
filtration

mg/L 756

Nitrogen, Total
Organic

PW After 0.45 µm
filtration

mg/L 347

Sulfate PW After 0.45 µm
filtration

mg/L 144

Total Organic
Carbon (TOC)

PW After 0.45 µm
filtration

mg/L 168

Compared to the 0.45 µm filtration; fewer particles after the 0.2
µm filtration are present in this range. After 0.1 µm filtration,
the particle sizes distribute in a broad range of 40-550 nm. The
PW filtration with 0.1 µm would benefit for the later FO
process, however, it requires more energy than the other two.

Figure 4: Particle size distribution of the produced water after filtering
through 0.1, 0.2 or 0.45 µm filter.

Effects of microfiltration on the treatment of PW with
FO membranes

In order to investigate the effects of MF on the performance of
the later FO membrane process, three batches of the raw PW
were individually filtered through 0.1, 0.2 or 0.45 µm filter, and
were fed to the FO system. In all the FO experiments, the initial
volumes of the fed PW and the draw solution are 2 L, and 1 L
of 2 M MgCl2 solution, respectively. The virgin CTA membrane
was tested first. The actual water fluxes at the beginning and
end of the FO process are listed in Table 2.

Table 2: Actual water flux of FO filtration after Permian Basin PW was
pretreated with different micro-filters (Unit: L/(m2·h)).

Membrane 0.1 µm filter 0.2 µm filter 0.45 µm
filter

Beginning End Beginning End Beginning End

7.4 3.7 7.0 3.5 6.8 3.4

L-DOPA modified
FO membrane

6.7 3.6 6.3 3.2 6.0 3.0

Figure 5 represents the normalized flux behavior of the virgin
membrane after the raw PW was pre-filtered with 0.1, 0.2 or
0.45 µm filter. In the initial stage of the experiments, a sudden
drop in flux around 10% was observed, and this could be
attributed to the quick fouling during the FO process with the
virgin membrane. The flux decline appeared to be linear
throughout the rest of the experiment.

Figure 5: The normalized flux behavior of the virgin membrane after
the PW was pre-treated with 0.1, 0.2 or 0.45 µm filter.

The flux declined to about 50% of the initial value, after 12h in
all three cases. Although no significant difference can be
detected among the three flux curves, the marginal difference
can be observed after 500 min. The pre-treatment conducted
with 0.1 and 0.2 µm filters, show slightly higher fluxes, than that
the 0.45 µm filtration. Overall, it can be inferred decreasing the
pore size of microfiltration filters, only results in marginal
improvement for FO process.

Figure 6 describes the normalized flux behavior of the L-DOPA
coated membrane after the raw PW was pre-treated with 0.1, 0.2
or 0.45 µm filter. There did not exist an initial stage in these
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three fluxes like the initial behavior observed for the uncoated
FO process. Among the three cases, the L-DOPA coated
membrane exhibited the best performance after the raw PW was
pre-filtered with 0.1 µm filter. Even in the other two cases of the
prefiltration with 0.1 and 0.2 µm filters, some clear differences
in the FO fluxes can be seen till 500 min. After 500 min of FO
process, the normalized fluxes of the two FO processes are
similar. After 720 min, the 0.1µm case has 3.5% higher flux
than the 0.45 µm case. It is obvious that the 0.1 µm filter
inhibits more particles than the other two during the pre-
treatment, and would benefit for the later FO process. It is
interesting that different flux behaviors were observed for the
virgin and coated FO membranes after the raw PW was pre-
filtered with 0.1, 0.2 or 0.45 µm filters. The flux differences
were very small for the virgin membrane after three individual
MFs, and the flux differences were clearly present for the
zwitterion-modified membrane. It demonstrates that the L-
DOPA modification of the FO membrane surface works well for
PW treatment and the better performance is achieved when
more particles are removed in the MF pre-treatment. The L-
DOPA coating on the support layer of CAT FO membrane
repels organic compounds and salt ions from the FO membrane
surface to some degree, thus improving the membrane
antifouling properties. When the sizes of particles present in
PW gets smaller, the L-DOPA coating exhibits better
performance.

Figure 6: The normalized flux behavior of the L-DOPA coated
membrane after the PW was pre-treated with 0.1, 0.2 or 0.45 µm filter.

An improvement of the flux recovery is also achieved by
zwitterionic modification of the FO membrane surface. The
recovery of the membrane indicates the amount of flux that can
be gained after cleaning the membrane. After running for 12h,
the FO membranes were cleaned by hydraulic flushing, which
was verified to completely recover the water flux to its initial
status in the treatment of real coal seam gas associated water
[51]. The flux recovery rates of the uncoated and coated FO
membranes used in our PW treatment are listed in Table 3.

The uncoated membrane has less flux recovery than the L-
DOPA coated membrane, and the flux recovery in the 0.1 µm
case is higher than the other two cases for both membranes. The
L-DOPA coated membrane shows a recovery of 2.4%-3.8%
higher than that of the uncoated membrane. The highest
recovery of 78.0% was achieved for PW filtration with L-DOPA

coated membrane after the raw PW was pre-filtered with 0.1 µm
filter.

Table 3: FO membrane recovery when the PW is pretreated with
microfiltration.

Membrane 0.45 µm filter 0.2 µm filter 0.1 µm filter

Virgin FO membrane 65.5% 73.1% 75.0%

L-DOPA modified FO
membrane

67.9% 76.9% 78.0%

Our recovery rates are 22%-35% lower than the flux recovery in
the previous study [51], and the reason is that the Permian Basin
PW is a more complex mixture than the real coal seam gas
associated water used in the earlier study. Both observations of
membrane flux and flux recovery here suggest that PW can be
better treated with the L-DOPA coated membrane after it is pre-
filtered with 0.1 µm filter.

Antifouling mechanism of L-DOPA coating with diluted
PW and simulated PW

In order to further observe the flux behavior of the L-DOPA
coated FO membrane in the treatment of different PW and
investigate the influence of organic compounds and salt ions on
the membrane performance, diluted PW and simulated PW
were also applied to the FO process. The FO experiments of the
diluted PW were conducted after the diluted PW was pre-
filtered with 0.1 μm filter. The concentrations of all the species
in the PW are reduced in the dilution, so higher flux and less
fouling are expected in the FO treatment of the diluted PW. The
simulated PW was used to investigate the influence of salt ions
without the organics on the flux behavior of the L-DOPA coated
FO membrane.

Effect of L-DOPA coating on the treatment of diluted PW:
The FO treatment of diluted PW was conducted with the virgin
and coated membrane for 12 h. Both actual water fluxes of FO
process of diluted PW after pre-treated with 0.1 µm filters are
listed in Table 4, and the normalized fluxes are presented in
Figure 7.

Table 4: Actual water flux of FO filtration of diluted PW after
pretreated with 0.1 µm filters and simulated PW (Unit: L/(m2·h)).

Membrane Diluted PW Simulated

Beginning End Beginning End

Virgin FO membrane 15.8 7.6 7.0 4.0

L-DOPA modified FO
membrane

14.4 7.5 6.8 4.0

It is evident that zwitterionic modification of the FO membrane
surface has a significantly positive effect on the performance of
diluted PW treatment compared to the treatment of the

Kommalapati RR, et al.

J Membr Sci Technol, Vol.9 Iss.3 No:200 6



Permian Basin PW. After 12h process, the L-DOPA coated
membrane has flux reduced to 52.0% while the uncoated
membrane exhibited reduction to 48.4%. The L-DOPA coated
membrane has more advantage to treat the diluted PW due to
its lower organic content and TDS present. The L-DOPA coating
on the support layer in our study is comparable to the surface
modification of an osmotically driven membrane, which was
coated with 2-methacryloyloxyethyl phosphorylcholine (MPC)
on its membrane support layer, and was used in power
generation from municipal wastewater [52]. In our FO process
of diluted PW, the water flux recovery rates of the virgin and 12
h L-DOPA coated membranes are 91.5% and 93.5%,
respectively. Both recovery rates are much higher than the
corresponding recovery rates in the treatment of the Permian
Basin PW due to lower fouling rate with the diluted PW.

Figure 7: The normalized flux behavior of the virgin and L-DOPA
coated membrane in the treatment of the diluted PW.

Comparison of the treatments of Permian Basin PW, diluted
PW and simulated PW: Simulated PW can be considered as
ideal PW in which organic compounds are removed during the
primary and secondary treatments. When the simulated PW is
fed to FO, membrane fouling is not a significant factor, due to
the salt concentrations in being much lower than salt solubility
in water. The interactions of zwitterionic polymers with salt ions
were recently modeled by Leng et al. [53], and their findings
showed that the densely grafted zwitterionic polymers on a
substrate have the ability to repel salt ions from the substrate.
Our experiments with simulated PW treatment using the virgin
and L-PODA coated FO membrane demonstrated that the L-
PODA coated FO membrane had greater flux because the salt
ions were repelled from the membrane surface by poly L-PODA
and the Internal Concentration Polarization (ICP) in the
support layer of the FO membrane was alleviated. Figure 8
presents the comparison of normalized water flux behavior of
the L-PODA coated FO membrane during the treatment of
Permian Basin PW, diluted PW and simulated PW. In contrast
to Figures 2 and 5-7, only the 10 min moving average plots are
presented in Figure 8, to separate noise and fluctuations due to
the experimental setup. This comparison of moving averages
allows for better identification of macro trends, by minimizing
background noise. During the first 200 min, the flux behaviors
of three cases are similar, and the flux behavior in the diluted
PW treatment is slightly better than the case of Permian Basin
PW. From 200 min, the flux behavior in the case of simulated
PW deviated from the other two, and some flux fluctuations

appeared after 300 min. After running for 12h, the flux of
simulated PW reduced to 58.1% which is much greater than
those for the two cases of Permian Basin PW and diluted PW.

Strong hydration of zwitterionic terminals is believed to be the
key antifouling mechanism of such zwitterionic coatings [54].
After the FO membrane surface was modified with zwitterionic
L-DOPA polymers, a negatively charged ultrathin film was
developed on the membrane surface, enhancing the
hydrophilicity of the membrane surface.

Figure 8: The normalized flux behavior of the L-DOPA coated
membrane in the treatment of Permian Basin PW, the diluted PW and
simulated PW.

Thus, the resistance to organic fouling was improved. During
the FO process of PW, salt cations and anions present in PW
interacts with the partial positive and negative charges of
zwitterionic polymers distributed on the membrane surface, and
a metastable thin water layer develops on the membrane surface
[55]. The thin layer further helps to prevent organic fouling
because the metastability slows down the diffusion of organic
compounds, salt ions and water molecules in it. Observed from
the flux comparison of three cases, the flux behavior in the case
of simulated PW is much better than the other two. There is no
doubt that in the case of simulated PW the membrane can be
100% recovered with hydraulic cleaning even some salt deposits
on the membrane surface. During the FO treatment of Permian
Basin PW and diluted PW, various particles, especially organic
foulants, accumulated on the membrane surface more and more
during the 12h period, and their flux recovery was 78.0% and
93.5%, respectively. This suggests that it would be much better
to remove organic compounds before the FO treatment, thus
avoiding organic fouling on the membrane surface and reducing
the operating cost of membrane cleaning during FO treatment
[56]. It could be done through digestion of PW organic
compounds with the aid of efficient photocatalysts, ozone, and
H2O2 in the PW pre-treatment.

CONCLUSIONS

In this study, a controlled circulating method was employed to
directly deposit L-DOPA on the support layer of a commercial
FO membrane, and a coating time of 12h was found to be
optimized. The L-DOPA coated FO membranes were used to
treat shale oil PW obtained from Permian Basin shale play, after
pre-filtration with 0.45, 0.2 or 0.1 µm filters. In the PW
treatment with FO membranes, the coated FO membrane
demonstrated enhanced fouling resistance than the virgin
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membrane, and the best performance of the coated FO
membrane was achieved after the raw PW was pre-filtered with
0.1 µm filter. Membrane flux recovery by backwashing also
improved with zwitterionic coating, compared to the virgin
membrane. The coated FO membrane was further used to filter
diluted PW in which TDS is similar to that of Eagle Ford PW,
and simulated PW which has the same ion concentrations of
major salt ions present in Permian Basin PW. Results from this
study indicate that zwitterionic modification of FO membrane
surface not only hinders organic fouling on the FO membrane
but also repels the salt ions to alleviate ICP when PW, which has
high TDS, is filtered with zwitterion-modified FO membrane.
Results from this study indicate that surface modification of FO
membranes would be a potential process alternative for PW
treatment, and further studies with multiple coatings could
elucidate details on the fouling mechanism. This study could
serve as a benchmark for establishing the value of integrating
FO process as a component of sequential membrane systems for
PW treatment.
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