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ABSTRACT: Membrane-based treatment of oily wastewater
remains a significant challenge, particularly under high salinity
conditions. The main difficulty associated with this separation
process is membrane fouling, mostly caused by wetting and
coalescence of emulsified oil droplets on the membrane sur-
face. In this study, electrically conducting carbon nanotube-
based ultrafiltration membranes were used to treat an emul-
sified oil suspension at ionic strengths as high as 100 mM. By
tuning the electrical potential applied to the membrane sur-
face, we demonstrate how fouling can be dramatically reduced,
even under high salinity conditions. Permeate water quality is
shown to improve upon application of a negative potential.
Using optical microscopy, we observed dramatic changes in
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the shape of oil droplets at the membrane/water interface in response to the applied electric potential; this change is associated
with a redistribution of charged surfactant molecules at the oil/water interface in response to the external electric field.
Specifically, using the membrane as a cathode repels surfactant molecules away from the oil/membrane interface, while anodic
conditions lead to increased surfactant concentrations. We speculate that this change in surfactant molecule distribution is
responsible for changes in the surface tension of oil droplets at the membrane/water interface, which results in a decrease in oil
coalescence and subsequent fouling. The membranes used in this study offer an attractive treatment option when separating

emulsified oil from water under high salinity conditions.

1. INTRODUCTION

Oily wastewater is generated from a wide range of industrial
activities.'~* For example, hydraulic fracturing of geologic for-
mations in the pursuit of oil and gas generates large volumes of
produced water which can contain large amounts of emulsified
0il.”~” In the United States, there are approximately 60 million
barrels of produced water generated daily.” The disposal of
this water often requires transportation to remote deep-well
injection sites, dramatically increasing the cost of produced
water treatment.”'? Another example is the treatment of oil-
contaminated bilge water.'" Traditional gravity-based separa-
tion methods are effective at removing large and unstable
oil droplets (>10 um)."”” However, emulsified oil drops with
sizes <10 pm are not easily removed by gravity.” Thus, the
treatment of contaminated bilge water has been particularly
challenging for ship operators. The effective separation of
emulsified oil from water would be a step toward the
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discharge of this contaminated water directly to receiving
water bodies."”

Membrane separation has been demonstrated to be an effec-
tive method for emulsified oil/water separation, with a variety
of membrane processes explored for this purpose. Hydrophilic
polysulfone ultrafiltration (UF) membranes can reject over
90% of well stabilized droplets;'* hydrophobic polyvinylidene
difluoride membranes allow the hydrophobic oil phase rather
than the water to pass through, increasing energy efficiency due
to the smaller fraction of oil than water in an emulsion;" for-
ward osmosis membranes demonstrated high water flux and oil
rejection;m’17 thermally driven membrane distillation processes

Received: May 14, 2018

Revised:  September 12, 2018
Accepted: September 17, 2018
Published: September 17, 2018

DOI: 10.1021/acs.est.8b02578
Environ. Sci. Technol. 2018, 52, 11591—-11600


pubs.acs.org/est
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.est.8b02578
http://dx.doi.org/10.1021/acs.est.8b02578

Environmental Science & Technology

were shown to be capable of purifying produced water with
high salinity and oil content;'*~*" inorganic membranes, such
as glass fiber and copper meshes, decorated with hydrophilic
substances to become superhydrophilic or superoleophobic,
achieved high rejection rates across a broad pH range
(1-13).>>** Due to the relatively large size of emulsified oil
drops in water (typically >1 ym), low pressure membrane pro-
cesses (such as UF) are highly effective at removing these oil
drops from water;”* the low energy consumption associated
with these membranes make them particularly attractive for the
treatment of oily wastewater.”’

While membrane-based separation processes are highly
effective for oil/water separations, membranes suffer from foul-
ing, which reduces their performance and requires periodic
cleaming.%_28 During the treatment of oil emulsion in water,
the emulsified oil droplets accumulate on the membrane
surface, where they are subject to various forces. While some
forces limit membrane fouling (electrostatic repulsive forces
between neighboring emulsified oil drops, and between drops
and the membrane surface, and lifting forces caused by the
tangential flow of water across the membrane surface), other
forces promote membrane fouling (drag forces generated by
water flowing through the accumulated oil drop layer, and van der
Waals forces). In addition to these forces, the dielectrophoretic
force has been used for particle separation due to a net repul-
sive force resulting from a nonuniform electric field.””*° When
the fouling forces dominate, membrane fouling can result from
oil drop coalescence and/or from membrane wetting (i.e.,
when the oil is absorbed by the membrane).”**"*

Droplet interfacial properties play an important role in
droplet coalescence and membrane surface wetting. In general,
an oil-in-water emulsion is stabilized by a layer of surfactant
molecules that break strong hydrogen bonds between water
molecules along the oil/water interface. This lowers the inter-
facial tension between oil and water, and also forms a charged
droplet surface that can repel one droplet from another, pre-
venting neighboring oil drops from coalescing.*

The interfacial tension at the oil/water interface is depen-
dent on the solution ionic strength, with higher salt concen-
trations leading to lower interfacial tensions;> " at elevated
ionic strengths, screening of the charged surfactant head, as
well as possibly a “salting-out” effect allows for higher surfac-
tant packing density at the oil/water interface, leading to
enhanced steric hindrance that prevents droplet coalescence.”

Carbon nanotube (CNT)-based electrically conducting
membranes have shown great promise in preventin§ numerous
types of membrane fouling, such as organic fouling, 37 biofilm
formation,”®*” and inorganic salt scaling.*”*" The goal of study
paper is to investigate the fouling behavior of electrically
charged membranes during the treatment of well-stabilized oil
emulsions under high salinity conditions. Different electrical
potentials, as both AC and DC, were applied on CNT mem-
branes at various fluxes and ionic strengths. Membrane prop-
erties, droplet characteristics and permeate chemistry were
investigated accordingly.

2. MATERIALS AND METHODS

2.1. Membranes and Chemicals. Commercially available
Poly(ether sulfone) (PES) UF membranes with a molecular
weight cut off of 20 kDa (Synder Filtation, CA) were used as
the conducting membrane substrate in all filtration experi-
ments. Hexadecane (99.8%, Fisher Scientific), sodium chloride
(NaCl, 99.5%, Sigma-Aldrich), dodecylbenzenesulfonate

sodium salt (DDBS, technical grade, Sigma-Aldrich) and
carboxylic groups functionalized multiwalled CNTs (99 wt %,
Cheap Tubes, outer diameter of 13—18 nm, tube length of
3—30 um, and COOH content of 7.0%) were used as received.

2.2. Membrane Fabrication and Characterization.
Electrically conducting membranes were fabricated based on
a previously published method.*' In short, a solution con-
taining 0.1 g/L CNTs and 1 g/L DDBS was sonicated for
30 min using a horn sonicator (450 Digital Sonifier, Branson),
followed by centrifugation at 11 000 rcf (Avanti J-E Centrifuge,
Beckman Coulter) to remove undispersed particulates. After
this, 75 mL of the CNT suspension were pressure-deposited
on the PES membrane support using a dead-end filtration cell
at 60 psi. A uniform CNT layer with a thickness of approxi-
mately 2 ym was formed. Membrane surface morphology,
expressed as the root-mean-square of roughness, was charac-
terized by atomic force microscopy (AFM) in tapping mode
(scan rate: 0.2 Hz), based on a grid size of 10 ym X 10 um
(MFP-3D Classic, Asylum). A 4-point conductivity probe was
used to characterize the membrane sheet resistance (MCP-
T610, Mitsubishi). Membrane surface potentials vs a Ag/AgCl
reference were measured using a 3-electrode configuration
(with a Pt-coated Ti plate as a counter electrode) connected to
a potentiostat (Supporting Information (SI) Figure S1, 600E
Potentialstat, CH Instruments).

2.3. Emulsion Preparation and Characterization. Oil
emulsions were prepared by homogenizing S g/L hexadecane,
100 ppm DDBS, and 0, 10, or 100 mM NaCl in 1.5 L deionized
(DI) water at 4000 rpm for 2 min (IKA TS0 homogenizer,
Cole-Parmer). Size and charge of the oil droplets were charac-
terized by an optical microscope (Axioskop 2 plus, Zeiss) and a
zeta potential analyzer (ZetaPALS, Brookhaven Instruments
Corporation), respectively. Droplet size distributions were
calculated based on the diameters of more than 100 drops,
using image analysis software (Image]).

2.4, Contact Angle and Interfacial Tension Measure-
ment. Hexadecane was injected into 100 ppm DDBS solution
with 0 and 100 mM NaCl electrolyte. The underwater contact
angle and interfacial tension (of the oil/water interface) were
measured using a contact angle goniometer equipped with
proprietary image analysis software (model 250, Rame-hart).

2.5. Membrane Filtration Process. For the filtration
experiments, electrically conducting membranes were placed
into a custom-built cross-flow filtration cell (active membrane
area of 10 cm X 4 cm, with a channel height of 3.8 mm)
designed to accommodate electrically conducting mem-
branes.”” A Pt-coated Ti plate, with dimensions identical to
active membrane surface area, was placed 3.8 mm above the
membrane surface and used as a counter-electrode. Water was
circulated through the flow cell using a diaphragm pump
(Hydra-Cell, MN), at a flow rate of 1 L/min, which translates
into a cross-flow velocity of 11 cm/s. Prior to studying
membrane surface fouling, CNT membranes were prewetted
with methanol, then compressed at 100 psi until water flux
stabilized at between 60 and 90 L-m~*h~! (LMH). Membrane
fouling was investigated using a customized filtration system
operating in constant flux mode, with the flux maintained at
10, 20, and 30 LMH.*"** For each experimental condition, the
filtration process was operated for 2 h in three cycles, with a
S min backwashing step and a S min cross-flushing step
(together termed “hydraulic cleaning”) using the feed solution
at 0 psi between each cycle. Membrane fouling was expressed
as an increase in the required pressure needed to maintain the
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Figure 1. Membrane and droplet characterization: Membrane surface morphology and surface roughness of (a) PES membrane and (b) PES-CNT
membrane; (c) droplet zeta potentials under different ionic strength conditions; (d) droplet size distribution in DI water and 100 mM NaCl
solutions; contact angle of DDBS-stabilized oil droplets on CNT membranes in (e) DI water, and (f) 100 mM NaCl solution; interfacial tension of
DDBS stabilized oil droplet in (g) DI water, and (h) 100 mM NaCl solution.

constant flux. Electrical potentials of 0 V, 2.5 Vg, § Vg, and
2.5 V,. @ 1 Hz were applied to the membrane/counter elec-
trode during the entire filtration process using an arbitrary
waveform generator (DG1022, Rigol), with the membrane
always functioning as the cathode (ie., the membrane was
negatively charged) when DC potentials were applied; for the
2.5 V,. conditions, a Sine waveform was used (i.e., + 2.5 V).
Two ionic strength conditions, 0 and 100 mM NaCl, were
tested. All experiments were done in triplicate.

2.6. Permeate Water Quality Analysis. Permeate water
quality was evaluated by measuring the total organic carbon
(TOC) using a TOC analyzer (TOC, 1030W, O.L Analytical).
The surfactant concentration was measured using the forma-
tion of the ionic pair between methylene blue and the anionic
surfactant.”

3. RESULTS AND DISCUSSION

3.1. Membrane and Emulsion Characterization. Mem-
brane surface contours, as measured by AFM in tapping mode,
were used to evaluate surface roughness (Figure 1a, 1b). The
pristine PES membranes have a very smooth surface with a rough-
ness of 1.1 = 0.8 nm (Figure 1a). The deposition of the CNT
layer increased surface roughness to 47 + 37 nm (Figure 1b).
The sheet resistance of CNT membranes was measured to be
176.1 + 9.3 €/, which translates into a conductivity of
2839.3 + 149.9 S/m. The electrical resistance of the dry mem-
brane inside the flow cell was 289.6 + 20.1 Q (measured across
a 10 cm flow channel); once water was introduced into the cell,
the resistance increased to 412.1 + 20.4 €, and stayed constant
throughout the experiment. The increase in resistance is likely
caused by slight swelling of the CNT layer, which would increase
the contact resistance between neighboring CNTs. Furthermore,
the fact that the electrical resistance did not change over the
course of the experiments indicates that the CNTs formed a
stable layer that did not lose CNTs. Our previous study indicated
that the pore-size of these membranes was approximately
125 nm, which agrees with findings that state that the pore sizes
of a fiber network range between 6 and 8X the fiber diameter.**

The pH of the emulsion was determined to be 6.01 + 0.50
and 5.72 + 0.30 in the 0 and 100 mM NaCl solutions,
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respectively. Zeta potentials of oil droplets in DI water and in
100 mM NaCl solution are reported in Figure lc. As can be
seen, the zeta potential increased from —63.9 + 3.5 to —81.4 +
3.2 mV with the addition of NaCl. Using the Gibbs adsorption
isotherm (SI Section SI 3), we calculated that the surfactant
concentration at the oil/water interface increased from 6.268 X
1077 mol/m? in 0 mM NaCl to 3.092 X 10~° mol/m?* in
100 mM NaCl (SI Table S2, Figure S2). This increase is a
result of enhanced charge screening of the charged sulfonate
groups of the surfactant molecules at higher electrolyte concen-
trations.*”*® This increase in charge density can lead to the
observed enhanced zeta potential at higher ionic strengths
(Figure 1c). While an increase in solution temperature leads to
increased measured mobility, we determined that no significant
temperature differences occurred under the 0 mM and 100 mM
conditions (due to resistive heating in the solution), and thus,
the zeta potential measurements were reflective of enhanced
surface charge density at higher ionic strengths. The increased
adsorption of surfactant molecules at the oil/water interface is a
result of decreased electrostatic repulsion between neighboring
adsorbed surfactant molecules, which allows for higher sur-
factant concentrations at the oil/water interface, Interestingly,
there was a dramatic reduction in droplet size after the mem-
brane filtration process (in the retentate), with the size of
emulsified oil drops decreasing from 14.9 + 11.0 before the
experiment to 2.4 + 1.5 ym after the experiment in DI water,
and from 7.5 + 4.5 to 22 + 0.9 pym in 100 Mm NaCl
(SI Table S1, Figure 1d). This was likely caused by shear forces
in the fluid channel and pump head, which sheared larger
drops into progressively smaller droplets."” Oil droplets in
both DI water and NaCl solutions have similar sizes after
filtration, which suggests that droplet size is controlled by the
shear rate in the membrane filtration system. Figure 1d demon-
strates the wide size distribution of freshly made emulsions,
ranging from O to 40 um, and the far narrower distribution fol-
lowing the filtration experiments. We believe that the relevant
emulsion sizes during these experiments are 2.4 + 1.5 ym in
DI water, and 2.2 + 0.9 ym in 100 mM NaCl.

3.2. Contact Angle and Interfacial Tension. Contact
angle and interfacial tension measurements are summarized in
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Figure 2. Membrane filtration under different ionic strengths and electrical conditions. Membranes were back-flushed every 2 h, as indicated by the
break between symbols. Membranes were charged with 0, 2.5 V,, S Vy, or 2.5V, and system was operated at fluxes (a) 10, (b) 20, and (c) 30 LMH in
0 mM NaCl. (d), (e), and (f) represent the system being operated under the same conditions except the solution was changed to 100 Mm NaCl.

Figure lef. PES-CNT membranes are readily wetted by DDBS
stabilized oil emulsion in DI water, with a contact angle of
35.1 + 3.5 degree (Figure le). The contact angle dramatically
increased to 163.2 + 1.7 degree when the solution was changed
to 100 mM NaCl (Figure 1f). This dramatic shift is likely a result
of the increased surfactant concentration at the oil/water
interface, which forms a more robust layer between the
membrane and oil and reduces the likelihood of the oil coming
into direct contact with the membrane surface itself. This
conclusion is further supported by interfacial tension measure-
ments in the presence and absence of the electrolyte. The
interfacial tensions of droplets in 0 mM NaCl and 100 mM NaCl
solution were measured using the pendant drop method. In DI
water, the oil/water interfacial tension was determined to be
22.8 + 3.5 mN/m (Figure 1g); however, in the presence of
100 mM NaCl, the interfacial tension dropped by a factor of 10 to
2.0 + 0.6 mN/m (Figure 1h). This drop in interfacial tension is
associated with the higher packing of surfactant molecules at the
oil/water interface enabled by the reduced electrostatic repulsion
between the charged groups of the hydrophilic surfactant heads.

3.3. Membrane Filtration Results. Oil emulsions in DI
water or in 100 mM NaCl were filtrated using PES-CNT

membranes at 10, 20, and 30 LMH, under different applied
electrical potentials (Figure 2); Membrane surface potentials
versus a Ag/AgCl reference at 2.5 Vg and 5 Vg cell potentials
were determined using the open circuit potential method,”
with potentials of —1,000 mV and —2,300 mV in DI water, and
—1300 mV and —3400 mV in 100 mM NaCl, under 2.5 Vg,
and S V. conditions, respectively (SI Figure S1). While we did
not observe any bubble formation (caused by water electrolysis
on the membrane), we cannot completely rule out their forma-
tion and/or participation in the observed fouling phenomena.
When filtering emulsions in DI water, PES-CNT membranes
experienced instant fouling at 0 V (data not shown). This
indicates that intrinsic membrane properties such as surface
hydrophobicity leads to rapid membrane wetting, which
obstructs the flow of water. The application of 2.5 V4. and
5 Vg reduced membrane fouling, allowing the filtration pro-
cess to run continuously, with no fouling observed, at 10 LMH
(Figure 2a). A similar trend was observed in a study by Zhang
& Vecitis, where they conclude that a potential-induced change
in the concentration polarization layer is responsible for the
observed antifouling phenomena.**Interestingly, the pressure
required to maintain a flux of 10 LMH was dependent on
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the applied potential. When 2.5 V. were applied, the required
pressure was 18 + 3 psi, whereas when 5 V. were applied, the
required pressure was 10 + 2 psi. The lower initial pressure
requirements at higher potentials (5 V4. vs 2.5 V4.) may be
caused by capacitance-induced hydrophilicity, which results in
lower hydraulic resistance. These results indicate that under
low ionic strength conditions, the induced electrostatic repulsive
forces between the membrane and the emulsified oil drops (both
negatively charged) are capable of repelling the oil drops from
the membrane surface, which prevented membrane fouling.

When the flux was increased to 20 LMH, membrane fouling
was very mild under both applied potentials (Figure 2b).
Under these conditions, hydraulic pressure gradually increased
from 44 to 48 psi, and from 33 to 36 psi after running three
cycles under 2.5 V4 and 5 Vy, respectively. Importantly, the
fouling, while mild, was not reversible, with the hydraulic cleaning
steps (backwashing and cross-flow washing) not capable of
restoring flux. Once again, the higher applied potential resulted
in lower pressures needed to maintain the flux. When flux
increased to 30 LMH, pressure requirements rose sharply
(from 80 to 95 psi, and from S5 to 100 psi under 2.5 V4. and
S Vy, respectively), indicating that sever fouling occurred
(Figure 2c). Again, hydraulic cleaning was not capable of
recovering the membrane’s flux.

When treating emulsions in 100 mM NaCl solution, both
AC potentials and DC potentials were investigated; here, AC
conditions were tested with the goal of inducing dielectropho-
resis, which may prevent oil drops from accumulating on the
membrane surface. DC potentials where the membrane serves
as an anode were not studied because of the probable occur-
rence of CNT electro-oxidation.** As shown in Figure 2d and
SI Figure S4a, applying 2.5 V,. potentials at 1 and 10 Hz
accelerated membrane fouling at 10 LMH, while DC potentials
at 0 V, 2.5 Vg and § V. did not foul membranes, with the
required pressure remaining constant throughout the experi-
ment. These results indicate that dielectrophoresis does not
contribute to fouling prevention, but negative potentials were
able to prevent fouling. When oil drops stabilized with the
positively charged CTAB surfactant were treated at 10 LMH at
2.5 V., the membranes experienced a rapid increase in pres-
sure (SI Figure S4b). This result shows that electrostatic attrac-
tive forces between the negatively charged membrane and the
positively charged emulsified oil drops contribute to rapid
membrane fouling. Furthermore, as in the DI water conditions,
the application of a negative potential to the membrane surface
resulted in lower pressures needed to maintain flux. When the
flux was increased to 20 LMH, membranes were irreversibly
fouled by oil droplets under 0 V, with pressure increasing
rapidly from 65 to 100 psi (Figure 2e). However, the system
pressure remained steady (i.e., no fouling was observed) when
2.5 V4. and S Vg4 were applied to the membrane surface, with
pressures being slightly lower under the S Vy  conditions
(Figure 2e). At 30 LMH, membrane fouling became more
significant, resulting in a pressure increase from 68 to 80 psi
(2.5 Vg.) and 60—75 psi (S V) within each cycle (Figure 2f).
Interestingly, membrane fouling was reversible at this high
ionic strength, and the flux could be restored using hydraulic
cleaning.

The additional energy associated with the application of
electrical potentials to the membrane surface is explored in the
SI (SI 12). The energy was estimated to be 0.08 kWh/m® and
0.42 kWh/m? at 2.5 and 5 V, respectively, in 100 mM NaCl,
and 0.008 kWh/m?® and 0.10 kWh/m® for 2.5 and 5 V,

respectively, in 0 M NaCl; these calculations assume a flux of
30 LMH.

3.4. Membrane Permeate Quality. TOC concentrations
(a measure of water quality and oil rejection) were measured
in the membrane permeate as a function of the applied
electrical conditions and ionic strength (SI Figure S3). In DI
water under 0 V, the membrane fouled instantly and no per-
meate could be collected. When 2.5 V4. and 5 V4. were applied
to the membrane surface, TOC values of 32 + 13 and 21 +
4 ppm were measured (99.3% and 99.5% removal), respec-
tively. TOC concentrations in permeate generated from
emulsions in 100 mM NaCl, were higher: 73 + 12 and 30 +
S ppm under 2.5 V4. and 5 V4 (98.3% and 99.3% removal),
respectively. Under 0 and 2.5 V. conditions, the permeate
showed higher TOC values of 170 + 30, and 115 + 45 ppm
(96.1% and 97.3% removal), respectively. Not surprisingly, the
applied negative electrical potentials behaved as a barrier that
repelled both droplets and surfactants, reducing TOC values in
the permeate.”” Using the formation of the ionic pair between
methylene blue and the anionic surfactant,” the concentra-
tions of surfactant in the permeate were determined to be fairly
independent of the ionic strength and electrical conditions,
ranging between 10 and 18 ppm (SI Figure S3). Thus, majority
of the TOC measured in the permeate was likely contributed
by oil penetrating through the membrane. Based on our calcu-
lations, an average-sized oil droplet in our system (2.2 ym in
diameter) would require a minimum pressure of 554 psi to
deform and penetrate through the membrane’s pores, which is
dramatically greater than the operating pressures in our system
(SI Section SI 10).>' However, the critical pressure needed to
deform oil drops declines with their size. Thus, it is likely that
smaller droplets could deform and penetrate the membrane. In
addition, it is likely that the application of an electrical poten-
tial increases the rejection of these small oil droplets, which
results in the overall lower TOC levels measured in the perme-
ate upon the application of cathodic potentials (SI Figure S3).

3.5. Force Analysis for Droplets near Membrane
Surface. To understand the mechanism behind the observed
antifouling phenomena, we conducted an overall force analysis
on emulsified oil drops along the membrane surface. In our fil-
tration system, the membranes were facing down, which caused
the buoyancy force to push the oil drops against the mem-
brane surface, as illustrated in Figure 3. The total attractive
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Figure 3. Proposed surfactant redistribution at (a) S V, with
membrane as cathode, (b) 0 V, and (c) S V4 with membrane as
anode; Droplet contact angle and interfacial tension in 100 mM NaCl
in response to the applied electrical potential (d—f).

force between the membrane and the oil droplet is a sum
of the permeate drag force (F;), the buoyance force (F,), and
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the short-range Van der Waal force (F,4,). The repulsive force
(keeping the oil away from the membrane) is the sum of the
cross-flow lifting force (F;) and the electrostatic repulsive force
(F.,). The detailed equations used to calculate these specific
forces are listed in the SI (SI 6). Based on our calculation, F,
gives a net attractive force of 107> nN; the repulsive lift force,
F,, has a value of 107 nN. These forces are independent of
the distance from the membrane surface. At close ranges to the
membrane surface (less than 100 nm), the magnitude of these
forces was significantly smaller than the other forces in the
system (F, is larger than 107> nN at 100 nm and larger than
107 nN at 50 nm). The magnitude of the drag forces
experienced by an oil drop are impacted by water flux (10, 20,
or 30 LMH). However, these differences are not dramatic, with
F, values of 3 X 107 5 X 1072 and 8 X 107% nN for a flux of
10, 20, and 30 LMH at a distance of 5 nm, respectively
(SI Figure S4). The overall force curves at all fluxes are
presented in SI Figure S5. In these curves, positive values
represent repulsive forces between the oil droplet and the
membrane surface, while negative values represent attractive
forces. We assumed a membrane surface potential of =100 mV
when no electrical potential was applied, with the negative
potential attributed to surface hydroxyl and carboxylic groups
on the CNTs.***° Our modeling results indicate that using the
membrane as a cathode can significantly enhance the maxi-
mum repulsive force in DI water; for example, at 20 LMH the
maximum force increased from 2 nN at —100 mV to 21 nN at
—1000 mV (SI Figure SSb). Increasing the applied potentials
(to —2300 mV) did not dramatically increase the repulsing
force (maximum of 21 nN), although the distance from the
surface where the maximum repulsive force occurs extended
further away from the membrane (from 5.3 nm at —1,000 mV
to 6.7 nm at —2300 mV). This is not surprising, as the maxi-
mum repulsive force is a function of the maximum ionic con-
centration in the electrical double layer (EDL), with the
concentrations reaching saturation at these high potentials.*®
Therefore, increasing the potential from 2.5 Vg to S V. simply
increases the thickness of this saturated layer, pushing the point
of maximum repulsive force away from the surface. When the
ionic strength was increased to 100 mM, our calculations showed
that the maximum repulsive force declined relative to the DI
water case (SI Figure SSd—f). Here, the maximum repulsive
force was calculated to be 9 nN, 10 nN, and 10 nN for surface
potentials of —100 mV, —1,300 mV, and —3,400 mV, respec-
tively (at 20 LMH, SI Figure SSe). This is caused by the
increased ionic strength of the bulk solution, which results in a
smaller difference between the concentration in the bulk and the
EDL, and consequently to a smaller difference in osmotic pres-
sure between the bulk solution and the space between the mem-
brane and oil drop. At 20 LMH, the distance where the maxi-
mum repulsion occurred increased from 3.6 nm (at —100 mV)
to 5.2 nm (at —1,300 mV), to 6.3 nm (at —3,400 mV). Our
model also indicates the presence of a very shallow secondary
repulsive peak at approximately 17 nm, although it is unclear
whether this shallow peak has any real significance. While the
force models are quite similar across all fluxes, our experiments
show rapid fouling at 30 LMH under all conditions (Figure 2c,f).
Thus, we speculate that an additional mechanism/s are respon-
sible for the observed fouling (i.e., other droplet/membrane and
droplet/droplet processes are taking place, which are not
accounted for by the force balance described above).

3.6. Proposed Mechanisms of Reduced Membrane
Fouling. The impact of the applied electrical potential on the

shape, contact angle, and interfacial tension of emulsified oil
droplets at the membrane/water interface can be seen in
Figure 3. The shape of the drop changed dramatically as a
function of the applied potential. When the membrane was
used as a cathode, the oil drop assumed a more oblong shape,
compared to the 0 V case (Figure 3d and e). However, when
the membrane was used as an anode, the oil drop became
more circular (Figure 3f). The shape of an oil drop can be used
to calculate the interfacial tension of the drop.”' Based on
drop-shape image analysis, we determined that the interfacial
tension was 1.55 + 0.30 mN/m at 0 V, decreasing to 0.80 +
0.11 and 0.59 + 0.22 mN/m under cathodic 2.5 and S V con-
ditions, and increasing to 2.69 + 0.41 mN/m under anodic
conditions (Figures 3d—f). The applied potential also resulted
in a change in the contact angle of the oil drop, with a contact
angle of 1509 + 6.6° at 0 V, decreasing to 135.0 + 4.0
and 124.3 + 4.7° with a cathodic membrane (2.5 and 5 V,.),
and increasing to 155.7 + 6.7° with an anodic membrane
(Figures 3d—f). We propose that these changes are caused as a
result of a change in the surfactant distribution at the oil/water
interface in response to the applied potential. We confirmed
this interfacial tension (oil/membrane interface) change using
our experimental contact angle data in SI Section 1.5 (used to
model surface wetting). DDBS (used to stabilize the oil) is an
anionic surfactant with a negatively charged sulfonated func-
tional group. When the membrane was used as a cathode, the
ionic heads of the surfactant were repelled from the membrane
and redistributed around the oil drop (Figure 3a). As a result,
fewer surfactant molecules were left at the oil/membrane
interface, while more surfactant molecules were located at the
oil/water interface, which would explain the lowering of the
membrane/oil contact angle, and the lower oil/water inter-
facial tension measurement. The opposite phenomenon
occurred when the membrane was used as an anode, that is,
the negatively charged surfactant molecules were attracted to
the membrane surface, which results in more surfactant at the
membrane/oil interface (higher contact angle) and less
surfactant at the oil/water interface (higher interfacial tension,
and less electrostatic repulsion between neighboring droplets).
Oil in water emulsions with a higher interfacial tension (at the
oil/water interface) tend to coalesce more, which can lead to
enhanced membrane fouling.52

In general, emulsions with lower contact angle will wet the
membrane surface more easily, causing membrane fouling.'”
However, in our system we observed an opposite phenomen-
on, namely, reduced fouling under cathodic conditions. There-
fore, we propose that the dominant fouling mechanism under
high ionic strength conditions is due to droplet coalescence,
which results in larger oil droplets, making pore blocking and
membrane wetting more likely.””* A schematic of our pro-
posed fouling mechanism can be seen in Figure 4a. As can be
seen, cathodic or anodic potentials lead to different surfactant
distributions around oil drops along the membrane surface,
which impacts their propensity to coalesce and wet the mem-
brane. To determine the likelihood of oil drops at the membrane
surface to experience coalescence under our experimyental
conditions, we used the film drainage model (SI 8, Table $4).>
In this model, the coalescence frequency, 4, is defined by the
drainage time, f4,inae and contact time, fenue (see eq 1).
The explicit expressions used to describe tyipage a0d feontace are
listed in the SI (Section 1.6). Upon rearrangement, A can
be expressed as a function of the interfacial tension, and a
positive constant (©) (eq 1). Based on our calculations,
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Figure 4. (a) Illustration of mechanistic pathways of membrane surface wetting under anodic and cathodic membrane potentials. Impact of droplet
size on membrane surface wetting under (b) 10 LMH, (c) 20 LMH and (d) 30 LMH;.

A decreases from 0.19 + 0.04 at 0 V to 0.04 + 0.02 at 2.5 Vy,
and 0.02 + 0.01 at 5 V, in 100 mM NaCl. Under anodic
5 V condition, 4 increased to 0.38 + 0.02. Therefore, negative
membrane potentials reduced the probability of droplet
coalescence.

tdrainage

A= exp[— ] ~ exp(—Cr7)

(1)

To estimate the relationship between the increased droplet
size (from coalescence) and membrane wetting, we made some
highly simplifying assumptions. Specifically, we assumed that
when oil drops accumulate in the cake layer, they do not
deform, instead acting as solid spheres that are in direct con-
tact with each other. In fact, for droplet coalescence to occur,

contact

oil drops must first come in direct contact with each other
(ie, film drainage must occur). Thus, we believe these
assumptions are supported by our experimental findings. We
use these assumptions to calculate specific values for the dif-
ferent forces occurring at the membrane/oil interface; impor-
tantly, while these assumptions ignore certain droplet proper-
ties, we believe our results are relevant in terms of trends, if not
necessarily in terms of absolute values.

The accumulation of oil drops at the membrane surface
forms a cake-layer, which results in a pressure drop across the
layer; this pressure-drop was determined from the increase in
pressure during the first cycle (Figures 2d—f) and used to
calculate the compressive force (F,,) acting on an oil dro
at the membrane/water interface (SI SI 9; Table $5).°"**
We defined AF as the difference between Fj, and the surface
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force resisting membrane oil wetting (F,,; SI eqs S25—S27).
The magnitude of AF is highly dependent on the droplet size,
with larger drops leading to more wetting (SI eq S28).
A positive AF value indicates membrane wetting will occur.
AF values were plotted as a function of the droplet size
(Figure 4b—d). At 10 LMH, AF is negative for droplet sizes
smaller than the average droplet size (a radius of 1.1 ym in
100 mM NaCl), regardless of applied electrical potentials
(Figure 4b). However, under the 2.5 Vac condition, droplets
have a higher probability of coalescence (4 = 0.38 + 0.02). We
speculate that under these conditions, droplets will coalesce,
with their radius increasing beyond the size where AF becomes
positive when (radius >1.6 pm), resulting in membrane wet-
ting (Figure 2d, Figure 4b). When flux was increased to
20 LMH, no significant fouling was observed under the 2.5 Vg,
and S Vg4 conditions, but the membrane rapidly fouled at 0 V
(Figure 2e). In the case of 0 V, the model predicts wetting
when droplets are larger than 0.2 ym (Figure 4c). In contrast,
the model predicted positive AF values for droplets >0.6 ym
under the 2.5 V,. and S Vg, conditions (Figure 4c). Under the
0 V conditions, some coalescence is likely taking place (1 =
0.19 + 0.04), which would grow the droplet drops, and facili-
tate wetting. Under 2.5 V4. and 5 V4. 4 decreases to 0.04 +
0.02 and 0.02 + 0.01, respectively, which would limit coa-
lescence. It is known that small particles (droplets) are prefer-
entially deposited on rough surfaces, such as our mem-
brane.”>® Thus, considering the droplet size distribution, and
the very low coalescence probability, it is possible that the
fouling layer is composed of noncoalescing drops with sizes
<0.6 um, which do not wet the membrane, and do not lead to
irreversible fouling. When the flux increased to 30 LMH, no
irreversible fouling was observed under 2.5 V4. and S Vg4, con-
ditions (Figure 2f), indicating that no membrane wetting
occurred. Again, we reason that this is caused by the domi-
nance of small oil drops in the cake layer (<0.25 pm) and the
lack of coalescence events (Figure 4d). Interestingly, the model
predicts larger AF values under S V4 conditions, compared to
2.5 V4 when the droplet size exceeds the critical threshold
(Figure 4b-d). This is likely caused by the higher interfacial
tension (oil/membrane interface) and lower contact angles at
the higher potential induced by the enhanced redistribution of
surfactants (SI Section 1.5).
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