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ABSTRACT: The growth of mineral crystals on surfaces is a challenge across multiple industrial processes. Membrane-based
desalination processes, in particular, are plagued by crystal growth (known as scaling), which restricts the flow of water through the
membrane, can cause membrane wetting in membrane distillation, and can lead to the physical destruction of the membrane
material. Scaling occurs when supersaturated conditions develop along the membrane surface due to the passage of water through
the membrane, a process known as concentration polarization. To reduce scaling, concentration polarization is minimized by
encouraging turbulent conditions and by reducing the amount of water recovered from the saline feed. In addition, antiscaling
chemicals can be used to reduce the availability of cations. Here, we report on an energy-efficient electrophoretic mixing method
capable of nearly eliminating CaSO, and silicate scaling on electrically conducting membrane distillation (ECMD) membranes. The
ECMD membrane material is composed of a percolating layer of carbon nanotubes deposited on porous polypropylene support and
cross-linked by poly(vinyl alcohol). The application of low alternating potentials (2 Vj,115,) had a dramatic impact on scale
formation, with the impact highly dependent on the frequency of the applied signal, and in the case of silicate, on the pH of the
solution.

1. INTRODUCTION

Membrane-based desalination technologies have been demon-

In the MD process, a high-salinity feed stream is heated and
passed along the surface of a microporous hydrophobic
membrane that separates the hot liquid feed from the
desalinated cool permeate. A partial vapor pressure difference
(generated by the temperature difference between the feed and
the permeate) leads to water vapor diffusing across the
membrane’s hydrophobic pores, which then condense in the
permeate channel, leaving concentrated dissolved constituents

strated to be the most energy-efficient methods to produce
fresh water from saltwater. Membrane distillation (MD) is a
membrane-based thermal desalination technology that has the
potential to become a mainstream process for the treatment of
high-salinity brines (e.g., oil and gas wastewater), particularly

when free thermal energy is available (e.g,, from geothermal
brines)."”” While nanofiltration (NF) and reverse osmosis
(RO) are by far the most common membrane-based
desalination methods, these membranes are not capable of
effectively treating high-salinity brines (>70 g L™"), due to the
excessive hydraulic pressure needed to overcome the solution’s
osmotic pressure. In fact, the treatment of high-salinity brines
is a growing challenge across multiple regions and industries,
and MD has shown great treatment potential due to its high
efficiency, excellent performance, and low capital costs.””
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(e.g., ions, p.articles, and pathogens) on the feed side of the
membrane.” Operating the MD system below the mem-
brane’s liquid entry pressure ensures that liquid feed water
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(carrying salt and other contaminants) does not penetrate into
the permeate stream.”” MD systems can be operated using
different configurations, including “direct contact” (DCMD),
“air gap”, “sweeping gas”, and “vacuum”. Electrically conduct-
ing MD membranes (ECMD), fabricated through the
deposition of a percolating network of carbon nanotubes
(CNTs) onto a hydrophobic porous substrate, have higher
water flux, self-heating capability, and self-cleaning proper-
ties.”® In addition, other electrically conducting membranes
have been shown to have multiple antifouling properties™®’
and have the potential of substantially improving many
membrane-based treatment processes.

All membrane-based desalination technologies (and indeed,
many other industrially important surfaces, such as heat
exchangers) experience multiple forms of surface fouling. In
desalination membranes, the passage of pure water through the
membrane leads to the formation of a stagnant concentration
polarization (CP) layer along the membrane surface.'” In this
layer, the concentration of ions can exceed the solubility limit
of certain sparingly soluble salts, which can form a deposit
layer on the membrane surface, known as the mineral
scale."'™"> Mineral scaling blocks the membrane’s pores,
which restricts the passage of water (either liquid or vapor)
and can physically damage the membrane’s fragile structure.'
Due to the porous structure of MD membranes, the mineral
scale can grow inside the membrane’s pores, which can lead to
membrane wetting (i.e., the formation of hydrophilic pathways
through the hydrophobic structure of the membrane) and
process failure.”> The conditions controlling the formation of
mineral scale vary widely and depend on feed water chemistry
(pH, dissolved species), feed physical conditions (temperature,
mixing), and membrane surface properties (roughness, charge,
and hydrophilicity).'®'” The degree of water recovery (i.e., %
of the feed water volume that becomes product water) in
desalination is largely controlled by fouling, with mineral
scaling being the primary limitation of achieving high
recoveries in groundwater desalination because groundwater
contains many multivalent ions that tend to form sparingl
soluble minerals (e.g,, CaSO,, CaCOs, and (SiO,_+297),)."®
There is a strong environmental and economic incentive to
increase water recovery during desalination, as this reduces the
volume of waste brine that requires disposal.'” In fact, mineral
scaling impacts other industrial processes, notably heat
exchangers, which reduces their efficiency due to the buildup
of poorly conducting layers on the exchanger surface.”””'
Thus, there is a need to develop new materials and processes
that minimize the formation or deposition of the mineral scale
at the solid/liquid interface.

The precipitation of minerals from solution can occur via a
homogeneous (slow) or heterogeneous (fast) precipitation
process.””>’ The conditions inside a membrane desalination
system favor heterogeneous precipitation, due to the presence
of a solid/liquid interface (i.e. the membrane/feed stream),
which can lead to rapid membrane scaling.”* During the
heterogeneous precipitation process, it is thought that
amorphous mineral “prenucleation clusters”, numbering just
a few atoms, rapidly (within seconds) form in the bulk in areas
with the hisghest concentration (e.g., at the membrane/water
interface).”” These clusters can aggregate and attach to a
surface and serve as induction sites (nuclei) for crystal growth
on the surface, where the nuclei grow due to the addition of
dissolved ions from the liquid phase, assuming a crystalline
structure as their size increases.”””” This results in surface scale

formation due to heterogeneous crystallization. Thus, to
prevent the formation of the mineral scale, an ideal system
would minimize the formation of these prenucleation clusters,
prevent any of these clusters from reaching the membrane
surface, and limit subsequent growth of a surface crystal
structure. Many studies have investigated the kinetics of
mineral scale formation during membrane desalination.”**’
These studies determined that the rate of scale formation is
highly dependent on the degree of supersaturation, with the
period of time between the onset of supersaturation and the
formation of mineral scaling defined as the “induction
period.”***!

The surface charge on a membrane surface has been
demonstrated to impact the formation of the mineral scale,
with negatively charged surfaces (e.g., rich in —COOH groups)
being more scaling resistant than positively charged surfaces
(e.g., rich in quaternary amine groups).32‘33 However, when a
direct current (DC) external anodic potential (1.5 V cell
potential) was applied to the surface of an electrically
conducting RO membrane, CaSO, scaling was significantly
delayed. The antiscaling phenomena were explained through
the formation of a thick electrical double layer (EDL), which
developed in response to the applied potential.>* In the EDL,
the concentrations of co-ions are depleted relative to those of
counter ions, which reduces the formation of crystal nuclei by
locally lowering the saturation index and slows down mineral
scaling. Importantly, these results suggest that external control
of ion concentrations along a surface can substantially impact
the rate of nucleation and potentially prevent mineral scaling.

In this study, we report on an efficient antiscaling method
employing alternating currents (AC) applied to the surface of
ECMD membranes. The method is applied to prevent both
gypsum (CaSO,) and silicate scaling, which are common
scaling species encountered during groundwater desalination.
We hypothesize that the application of an AC potential at an
appropriate frequency induces electrophoretic mixing of the
stagnant CP layer, which minimizes the formation of
prenucleation clusters and prevents the formation of the
mineral scale. The results presented in this study are relevant
to other membrane-based desalination processes and poten-
tially to other surfaces experiencing mineral scaling, such as
heat exchangers. These findings can be potentially applicable to
other common scaling species, such as CaCOj; and iron oxide.

2. MATERIALS AND METHODS

2.1. Chemicals. Sodium sulfate (Na,SO,), magnesium
sulfate (MgSO,), sodium metasilicate pentahydrate (Na,SiO;-
5H,0), aluminum chloride hexahydrate (AlCl;-6H,0), barium
chloride dihydrate (BaCl,-2H,0), ferric chloride hexahydrate
(FeCl;-6H,0), calcium chloride dihydrate (CaCl,), potassium
chloride (KCI), and magnesium chloride hexahydrate (MgCl,-
6H,0) were purchased from Sigma-Aldrich and used as
received to prepare the feed solutions. Sodium dodecylbenzene
sulfonate (Na-DDBS), poly(vinyl alcohol) (PVA), glutaralde-
hyde (GA), and hydrochloric acid (HCI) were purchased from
Sigma-Aldrich and used as received to prepare the membrane
materials. COOH-functionalized multiwalled CNTs were
purchased from Cheaptubes (Cheaptubes inc., Brattleboro,
VT). The CNTs are reported to have an outer diameter of 13—
18 nm, a length of 1-12 um, and purity >99% with a
functional group content of 7.0 + 1.5%.

2.2, Scaling Solution. Two different feed water solutions
were used to evaluate membrane scaling. The first solution
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simulates brackish groundwater from the California Buena
Vista Water Storage District (Table S1) and was unsaturated
with respect to all of the ions at a temperature of 90 °C (water
temperature in feed tank during the MD process). The
saturation index (SI) (calculated using visual MINTEQ
version 3.1) with respect to CaSO, (gypsum) was determined
to be 0.59, suggesting that CaSO, formation is not
thermodynamically preferable in the bulk solution.”> The SI
was calculated using eq 1

2+ 2—
. [[Ca 1[S04 ]]

I<sp, CaSO, ( 1 )
A feed solution prone to silicate scaling, simulating a
geothermal brine from Nevada, was used as the second feed
(Table S2). However, to speed up the scaling process, the
concentration of salts was increased by a factor of 6. The
saturation indices of the different potential insoluble salt
species in this solution are presented in Figure S1. While the
feed solution has multiple potential insoluble species (SI > 0),
the most likely species to form sufficient deposits to obstruct
flow (and reduce flux) are dominated by silicate species due to
their far higher concentrations (Figure S1). The SI of silicate
species in the feed was just below 0, indicating that
precipitation of these species in the feed solution was not
likely.

2.3. Fabrication of ECMD Membranes. Polypropylene
(PP) membranes with a nominal pore size of 0.59 ym and
thickness of 110 um (3M, Charlotte, NC) were used as the
substrate for the fabrication of ECMD membranes. These
substrates were coated with a CNT ink via a spray-coating
process.”® To prepare the CNT ink, a 1 g L™' CNT solution
was prepared by dispersing the CNTs (1 g) in water (1000
mL) along with the surfactant Na-DDBS (10 g) using an
ultrasonic horn sonicator (Branson, Danbury, CT).”” The
suspension was sonicated for 30 min, followed by centrifuging
(Beckman Coulter, Brea, CA) for 20 min at a speed of 11 000
rpm. A 0.1% solution of PVA was prepared by stirring and
heating a solution of PVA (1 mL) in water (100 mL) to 95—
100 °C for 1 h and then diluting it by a factor of 10. CNT ink
(200 mL) followed by PVA solution (2 mL) was spray-coated
in a layer-by-layer manner using a custom-built spray coater
onto a 16 cm X 30 cm piece of the PP substrate. The surfactant
was then washed away by rinsing the membrane with a steady
flow of deionized (DI) water for 2 h. The CNT/PVA network
was cross-linked by soaking the material in the crosslinking
solution at 70 °C for 1 h. The crosslinking solution was
prepared by dissolving HCI (10 mL) and GA (10 mL) in water
(1000 mL). Following this, the membrane was rinsed in
deionized water and air-dried. The membrane was then used
for testing without any further modification.

2.4. System Design and Operation. Membrane perform-
ance was tested using a polycarbonate flow cell housing an MD
membrane in a flat-sheet configuration and operated in
DCMD mode (Figure S2). The flow channels on either side
of the membrane (feed and permeate) were 8 cm X S cm, with
a height of 4 mm. Temperature-resistant tubing, insulated
using ultra-high-temperature mineral wool insulation (McMas-
ter-Carr, Santa Fe Springs, CA), was used to circulate the feed
and permeate solutions. The feed was placed in a 10 L tank
(McMaster-Carr, Santa Fe Springs, CA) placed on a stir plate
(Fisher Scientific, Hampton, NH) and heated with an
immersion heater (Process Technology, VXIIII, Mentor,

OH) while stirring at 250 rpm. Five temperature sensors
(Vtech, DS18b20) were placed throughout the system: one in
the feed tank, and one at each of the flow cell inlets and outlets
(Figure S2). The temperature sensors were connected to a
temperature control unit, and the temperature of the hot feed
solution could be maintained at a constant value using a PID
cascade loop. A vertically mounted level float switch (Madison,
M8000, Branford, CT) was used to maintain the liquid level in
the feed tank by recirculating it from a permeate buffer tank;
this ensured the feed solution was kept at a constant
concentration and SI. This was done to ensure no bulk
precipitation occurred in the feed tank, which could deposit on
the membrane and lead to flux decline. A peristaltic pump
(Cole Parmer, Pump Drive Model 7553-70, Pump Head
Model 77200-50, Vernon Hills, IL) was used to circulate the
feed solution, and gear pumps (Greylor, PQ-12/24, Cape
Coral, FL) were used for the permeate and the buffer tank. The
permeate was collected in a plastic tank placed on a balance
(Fisher Scientific Education Precision Balance, Hampton,
NH), with cold water continuously circulated on the permeate
side; permeate temperature was maintained at 20 °C using a
chiller (6500 Series, 1/2 HP, Polyscience, Niles, IL). A
conductivity meter (Thermo Scientific, Orion Star A322,
Waltham, MA) was placed in the permeate tank to monitor
changes in salt concentration (and thus salt rejection and
membrane wetting). The system was operated and controlled
using the open-source hardware (Arduino) and software
(Python).*® Flux through the membrane was measured by
the change in weight of the permeate tank. The cross-flow
velocities of the feed and permeate solutions were maintained
at 8 cm s~/ resulting in Reynold’s number of 215. While the
temperature in the feed tank was maintained at 90 °C, there
was a 12 °C temperature drop from the feed tank to the flow
cell inlet, resulting in an inlet temperature of 78 °C. A plastic
mesh was used as a spacer on the permeate side, but no spacer
was used on the feed side (to encourage scaling). All
experiments were conducted in triplicate, with averages and
95% confidence intervals reported.

To connect the membrane to an external potential source,
the membrane surface was coupled to an electrode (a stainless-
steel machine key stock placed outside of the O-ring, so the
electrode does not come in contact with the feed stream), and
a Pt-coated Ti sheet served as the counter electrode and placed
3 mm above the membrane surface inside the feed channel. An
arbitrary waveform generator (Rigol, Beijing, China) was used
to provide the electrical potential to the membrane/counter
electrode. During the experiments, different electrical con-
ditions were imposed on the membrane/counter electrodes
while maintaining all other operating conditions constant (feed
and permeate flow rates and temperatures). To modify the pH
during one set of experiments, HCl was added to the feed
solution until a pH of 6 was reached.

2.5. Membrane Characterization. Membrane surfaces
were analyzed using scanning electron microscopy (SEM)
(Zeiss Supra 40 VP, Carl Zeiss Microscopy, LLC, NY).
Samples were secured on SEM stubs using double-sided
carbon tape and sputter-coated (Ion beam sputtering/etching
system, South Bay Technology, San Clemente, CA) with
iridium before imaging. Quantitative analysis and surface
elemental mapping were carried out using energy-dispersive X-
ray spectroscopy (EDAX), which is a module included with the
Zeiss Supra SEM. Crystal structures deposited on the
membrane surface were studied using X-ray diffraction
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Figure 1. Surface and electrochemical properties: SEM micrographs of (a) the bare PP membrane and (b) the ECMD membrane; AFM
micrographs of (c) the bare PP membrane and (d) the ECMD membrane; water contact angles of (e) the bare PP membrane and (f) the ECMD
membrane; CV curves of the ECMD membrane as the working electrode in (g) CaSO, feed solution and in (h) silicate feed solution.

(XRD: Panalytical X’Pert Pro). The scaled membrane was
placed in the sample holder for analysis. The ordinary method
for XRD analysis is by scraping off the powder and putting it in
the sample holder. However, we could not recover sufficient (2
g) powder for this and had to use the scaled membrane directly
in the sample holder. Current was measured using a digital
multimeter (Mastech, MS8268, Pittsburgh, PA). Surface
roughness was determined using a Bruker Dimension FastScan

Scanning Probe Microscope (Bruker, Billerica, MA). Mem-
brane sheet resistance was measured using a 4-point
conductivity probe (Mitsubishi, MCP-T610, Tokyo, Japan).
Contact angle measurements were conducted using a contact
angle goniometer (Rame-Hart, Model 250, Netcong, NJ).
Electrochemical impedance spectroscopy (EIS), cyclic voltam-
metry (CV), open circuit potential (OCP), and current
response measurements were carried out using a potentiostat
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Figure 2. Flux decline under different applied electrical conditions with (a) CaSO, and (b) silicate solutions as the feed. The rate of flux decline

under different conditions for (c) CaSO, and (d) silicate solutions.

(CH Instruments, Austin, TX) with a Ag/AgCl reference
electrode. In these experiments, the feed solution was placed in
a stirred (250 rpm) beaker with the two electrodes (the
ECMD membrane as the working electrode and Pt-coated Ti
as the counter electrode) separated by 4 cm to allow for the
placement of the Ag/AgCl reference electrode. EIS tests were
carried out over a frequency range between 0.1 and 100 Hz
with an amplitude of S mV (10 mV,,). Cyclic voltammetry
measurements were conducted over a range of =2 V to +2 V.
Open circuit potential measurements were conducted at =2V,
and current response measurements were carried out under
conditions of 2 Vpec and 2 Ve 1y,

3. RESULTS AND DISCUSSION

3.1. Membrane Characterization. The pure water flux
for an uncoated PP membrane with a feed temperature of 78
°C and cross-flow velocity of 8 cm s~ was determined to be
392 + 3.3 L m™>h™' (LMH). However, the flux for the CNT/
PVA membrane composite was 51.7 + 2.9 LMH, a 32%
increase. This increased flux is consistent with previous reports
that describe a significant flux enhancement when hydrophobic
support is coated with a hydrophilic CNT layer, although the
mechanism behind this enhancement is unclear. When 2 Vp¢
was applied, the steady-state pure water flux was similar (49.1
+ 1.3 LMH), indicating that applied potential has no
significant effect on pure water flux through the CNT-coated
membrane. SEM micrographs of the membrane surface (both
the bare PP substrate and the CNT/PVA-coated substrate)
can be seen in Figure la)b. While the addition of the CNT/

PVA layer added an additional barrier to water transport,
formed by the nonwoven mesh-like structure of the deposited
CNTs with an average pore size of 100 nm, the membrane’s
performance was still enhanced (in terms of flux). The analysis
of a cross-sectional image of the CNT/PVA-coated membrane
shows that the thickness of this layer was 2 gm (not shown).
AFM was used to determine the surface roughness of the bare
PP and the CNT/PVA composite materials, with the root
mean squares of roughness found to be 390 + 68 and 121 + 20
nm, respectively (Figure lc,d). The membrane’s sheet
resistance was determined to be 228 + 14 €/square, which
translates into a conductivity of approximately 2200 S m™".
The contact angles of the bare PP membrane and the CNT/
PVA-coated membrane were determined to be 135.5 + 0.8 and
39.7 + 0.3° respectively (Figure lef). CV curves show the
onset of water electrolysis at 0.9 and —0.7 V vs Ag/AgC], for
anodic and cathodic conditions, respectively, in the CaSO,
scaling solution (Figure 1g). In the silicate solution, water
electrolysis occurred at 1 and —0.55 V vs Ag/AgCl for anodic
and cathodic conditions, respectively (Figure 1h). The OCP vs
Ag/AgCl was measured as —0.16 V in the CaSO, and —0.21V
in the silicate feed streams. The OCP of an oil—water emulsion
using a CNT-coated membrane and Pt-coated Ti as the
electrode pair was —0.13 V in a 0.1 M NaCl solution.” The
OCP observed in our system is slightly higher for CaSO,
(=0.16 V) and significantly higher for silicate (—0.21 V).
Another study comparing the OCP of DI water to a 0.15 M
KClI solution showed that solutions with higher ionic strength
typically have lower OCPs (0.3 V for 0.15 M KCl and 0.38 V
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for DI water, respectively).”” The CaSO, solution, with an
ionic strength of 0.139 M, had a lower OCP (—0.16 V), while
the silicate solution, with an ionic strength of 0.037 M, had a
higher OCP (—0.21 V), in agreement with previous reports.*'
The current response measurements showed that under 2 Vp
conditions, the steady-state current decreased to 354 & 17 and
313 + 9 pA from initial values of 873 + 30 and 814 + 51 pA
(for CaSO, and silicate, respectively). This resulted in a
current density (normalized to the membrane surface area) of
0.09 A m™2 Under 2 V,¢ 1y, conditions (Figure S3), the peak
current was identical in each cycle during charging and
discharging phases, after reaching the steady state, for both
feed solutions (880 uA for CaSO, and 810 uA for silicate).
The salt rejection achieved by the membrane exceeded 99% in
all experiments.

3.2. Membrane Distillation Performance. During all
experiments, the initial water flux (time zero) through all
membranes ranged between 38 and 43 LMH when the salt
solution was used as the feed. These values were similar to the
pure water flux measured through the uncoated PP membrane
(39.2 LMH), but were lower than the pure water flux through
the CNT/PVA membrane composite (51.7 LMH). The
presence of the solute in the feed alters the vapor pressure,
density, and viscosity and also affects heat transfer due to a
change in heat capacity and thermal conductivity. Typically,
salts present in feed water lower the flux.* It is not clear why
the presence of salt lowered flux through the CNT/PVA
membrane but did not impact the flux through the uncoated
PP membrane.

Scaling occurs when ions accumulate in the CP layer with
the highest concentrations at the membrane surface and
decaying from there out into the bulk.*’ Supersaturation
conditions are likely to develop in the CP layer first, leading to
heterogeneous crystal nucleation and growth on the membrane
surface, resulting in flux decline.** Because our experiments
were operated using constant feed conditions (i.e, not in
concentration mode), the ion concentrations along the
membrane surface (i.e, inside the CP layer) could be
calculated using eqs S1—S14. Based on these equations and
visual MINTEQ), the SI values along the membrane surface
were determined to be 2.28 and 3.18 for CaSO, and silicate,
respectively. These values indicate that supersaturated
conditions did indeed develop along the membrane surface,
and mineral scaling would likely occur given sufficient time.
Importantly, an SI of 2.3 is considered the highest SI where
antiscalant chemicals are capable of minimizing CaSO, scaling,
emphasizing the difficult nature of the operating conditions
employed herein.*> We estimated membrane surface temper-
ature (using eqs S1—S14) to be 70 °C on the feed side and 27
°C on the permeate side (with bulk temperatures of 78 and 20
°C, respectively), resulting in a temperature polarization
coefficient of 0.74. While electrothermal heating of the
membrane is possible, the required electrical power needed
to significantly raise the surface temperature is far higher than
what was applied here (0.0008 W). Therefore, it is unlikely
that the application of the surface potentials in this study
would lead to any significant surface temperature increase.

The normalized (to time zero) flux during the treatment of
solutions prone to CaSO, and silicate scaling can be seen in
Figure 2a,b, respectively; the average flux decline rate (LMH
h™'), determined by fitting a linear function through the data
points, can be seen in Figure 2c,d, along with the associated R?
values. Figure 2c,d also shows induction time for flux decline

under different applied potentials. Based on the SI calculated
for the two feed solutions, we anticipated that the time scales
for scaling would be significantly different. As expected, the
silicate solution, having a higher SI, scaled the membrane in a
much shorter time span. In addition to the high SI of the
silicate solution, previous studies have demonstrated that the
presence of certain cations, such as calcium and magnesium,
promote silicate nucleation and polymerization during the
fouling of MD membranes.*®

During the scaling experiments, some of the runs exhibited
two distinct flux regimes: an initial period of no flux decline
(ie., the induction period) and a period where flux decline
occurred (Figure 2). However, these two regimes were not
obvious in all experiments. For example, during the experi-
ments with the uncoated membrane, rapid flux decline was
immediately observed (Figure 2a,b). We fitted linear functions
through the region where flux decline did occur for each
experimental condition tested (Figure 2a,b). Nghiem and Cath
(2011) reported that the induction period of CaSO, and
silicate scaling manifested as a period with no flux decline,
followed by a period of rapid flux decline and scaling. Similar
observations were made during the scaling of NaCL"" In our
most successful experimental runs, there was a long induction
time, with only slow flux decline observed later on during the
experiments (e.g., when 2 V¢ y, were applied, Figure 2a,b).

Because the trends in flux decline as a function of the
applied surface potential were similar, we will discuss the
results of CaSO, and silicate scaling together. In both cases,
the uncoated PP membrane exhibited rapid flux decline, with
flux decline rates of 10 and 25 LMH h™}, respectively (Figure
2¢,d). These rates are in-line with the higher SI of the silicate
solution, which would lead to more rapid precipitation relative
to CaSO,. The higher SI increases the probability of reaching
supersaturation conditions in the CP layer. This rapid flux
decline is also in agreement with prior studies where flux
decline for silicate solutions begins instantly while scaling by
CaSO, has a non-zero induction period.” Several striking
observations emerge when viewing the scaling results on the
CNT/PVA membranes. Simply coating the PP support with
the CNT/PVA composite increased the induction period for
CaSO, from 40 to 60 min and lowered the rate of both CaSO,
and silicate scaling, reducing the rate of flux decline from 10 to
3.75 LMH h™ for CaSO, (a 62.5% decline) and from 25 to 18
LMH h™" for silicate (a 28% decline) (Figure 2c,d). This is in-
line with previous reports that indicate that the addition of a
hydrophilic layer (i.e., CNT/PVA) onto the hydrophobic MD
membrane reduces the degree of scaling. In general, hydro-
philic surfaces are more resistant to scaling due to the presence
of a tightly bound water layer at the membrane/water
interface, which minimizes the attachment of foulants,
including mineral scale.*” The surface roughness of the
CNT/PVA-coated membrane is less than that of the bare PP
support (390 + 68 vs 121 + 20 nm). This could also be a
contributing factor to the reduced flux decline rate in the tests
with the CNT/PVA-coated membrane, since surface rough-
ness has been shown to impact mineral scaling, with more
rough surfaces being more prone to scaling,>’

For the case of CaSO, scaling, the application of a 2 Vp¢ cell
potential did not increase the induction time, but did result in
a drop in the rate of flux decline (compared to the 0 V), from
3.75 to 1.35 LMH h™! (a 64% decline). For the silicate system,
2 Vp cell potential increased the induction time to 40 min and
reduced the rate of flux decline from 18 to 12.5 LMH h™' (a
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Figure 3. SEM and EDAX micrographs of the membrane surface post-scaling experiments under different applied electrical conditions (a) CaSO,,
0V; (b) silicate, 0 V; (c) CaSO,, 2 Vpe; (d) silicate, 2 Vpe; (€) CaSOy, 2 Vac 1omy (f) silicate, 2 Ve 1om, (g) CaSOy, 2 Ve 1y and (h) silicate 2
Vac, i

30% decline) (Figure 2a—d). There is a possibility that the been caused by a change in pH at the membrane surface.
enhanced performance due to the applied potential may have Under 2 Vp potential, we used eq S1S to estimate the pH at
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the surface and obtained a surface pH of 10 for silicate and 6.9
for calcium sulfate. This represents a negligible change in
surface pH conditions. When AC conditions were used, the net
change in pH is likely zero. Therefore, changing pH conditions
are not likely to contribute to the observed phenomena. When
an AC potential was applied to the membrane, the results were
significantly different than the DC conditions. During CaSO,
scaling, when 2 V,c oy, were applied, the flux decline was
faster than the 2 Vp¢ case (with a rate of 2.82 vs 1.35 LMH
h™'), and no induction period was apparent (Figure 2a,c).
However, when the silicate solution was treated during the
application of 2 V¢ 1o, the flux decline rate decreased to 8
LMH h™}, down from 12.5 LMH h™" under 2 Vp. It is unclear
why the silicate solution exhibited better performance under
these conditions (2 Vjcon,), while the CaSO, performed
worse.

For both scaling solutions, the best performance was
observed when 2 V,cy, cell potential was applied to the
membrane surface. For the CaSO, case, the induction period
increased dramatically to 200 min, and the flux decline rate
declined to 0.7 LMH h™' (81% smaller than at 0 V). For
silicate, the induction time increased to 100 min, and the rate
of flux decline decreased to 3.8 LMH h™! (79% decrease vs 0
V). However, when the pH of the silicate-rich feed solution
was decreased to 6, the rate of flux decline increased to 4.2
LMH h™' (when 2 Vac,im, were applied) and the induction
period decreased to 20 min (Figure 2b). At lower pH
conditions, silicate solutions are less soluble, which could cause
silicates to precipitate at pH 6, resulting in increased flux
decline. To evaluate this possibility, we conducted a control
experiment with the CNT-coated membrane and no potential
applied (0 V) and a silicate solution at a pH of 6 (Figure 2b).
Under these conditions, the flux decline rate was 18.44 LMH
h™" (Figure 2d). This was very similar to the flux decline rate
under 0 V at pH 10 (18.08 LMH h™'). Based on this, the
increased membrane scaling observed under the lower pH
conditions (at 2 V¢, conditions) cannot be attributed to
enhanced precipitation of silicate in the solution. Hence, we
can rule out bulk precipitation as the cause for the increased
flux decline rate under 2 V,cp, conditions for the silicate
solution at pH 6.

Since the exact speciation of the silicates in our feed
solutions is impossible to predict (and is likely a mix of several
species), it is likely that reducing the pH of the feed solution
will transform some (or all) of the silicates to their noncharged
forms, which will not respond (or respond to a lesser extent) to
the applied electrical potential.”" Thus, it is not surprising that
the membrane flux started declining after a shorter time and
the rate of flux decline was faster, as silicate scaling was not
effectively prevented through the application of potential.
Since CaSO, is insensitive to pH changes, we do not expect the
scaling behavior of the CaSO, solution to change at a reduced
pH. From the above results and from Figure 2¢,d, it is evident
that the membrane surface properties, applied electric
potential, and solution pH (in the case of silicate) had a
significant impact on the rate of flux decline and induction
time.

3.3. Membrane Surface Characterization after Scal-
ing. We have provided pictures of the scaled membrane
surface for visual inspection of the scaling layer (Figure S4). A
dense scaling layer is observed under 0 V conditions for both
feed solutions. In the test with CaSO,, the rate of flux decline
was faster under conditions of 2 V¢ oy, than 2 V¢ (2.82 vs

1.35 LMH h™!), and we expected to see a more densely scaled
layer on the membrane scaled under 2 V¢ oy, conditions.
However, the surface of the membrane scaled under 2 Vp¢
conditions appeared to be more densely coated with the
CaSO, scale. The reason for this is not clear. They were both
less densely coated than the membrane scaled under 0 V
conditions. For the silicate-scaled membrane, the surface
coverage appeared to be similar for 2 V¢ and 2 V¢ 1o, (both
less dense than 0 V conditions). The surface of the membrane
scaled under conditions of 2 V¢ 14, was sparsely covered by a
scaling layer for membranes scaled by both solutions. This
agrees with our experimental results that 2 V3, conditions
provide the best scaling resistance. SEM images were used to
qualitatively assess membrane scaling. A SEM micrograph of a
CaSO,-scaled CNT/PVA-coated membrane with no potential
revealed a mixture of needle-like and plate-like crystals (Figure
3a). Past investigations have shown that the morphology of
crystals depends on the SI and crystallization kinetics.'®**
Needle-like crystallization is observed when crystals formed in
the bulk phase (due to formation of nuclei in the bulk phase
and subsequent attachment on dissolved ions) attach to the
membrane surface (bulk crystallization), while plate-like
formations are observed when crystal growth occurs on the
membrane surface (due to the formation of nuclei on the
membrane surface and subsequent deposition of dissolved
ions) (surface crystallization).”” EDAX analysis showed that
the membrane was primarily covered by a thick layer of
calcium and sulfur (Figure 3a). XRD analysis of the membrane
scaled under 0 V (Figure SSa) showed a diffractogram that can
be associated with the presence of gypsum, with peaks at 26
values of 11.6, 20.5, 23.4, and 29.07.”

On the silicate-scaled membrane, a uniform colloidal layer
was observed covering the surface (Figure 3b). This is
consistent with past studies that show the polymerization of
silicate monomers in the presence of divalent cations results in
a colloidal, gel-like scaling layer.>> Some structures were
observed deposited on top of this silicate scaling layer. EDAX
analysis of the deposits indicated that the surface was covered
by silicon- and magnesium-containing minerals (Figure 3b).
XRD analysis of the silicate-scaled membrane (Figure SSb) did
not reveal diffraction patterns that could be associated with any
major silica-containing crystals. This is likely due to the
amorphous gel-like layer of silicates on the fouled membrane
surface.

A SEM micrograph of the CNT/PVA membrane surface
after 2 Vi cell potential was applied while treating the CaSO,
solution shows a large number of needle-like crystals that are
characteristic of bulk crystallization,””*® suggesting that bulk
crystallization dominates scaling under 2 Vpc conditions
(Figure 3c). SEM and EDAX analyses of the silicate-scaled
membrane after the application of 2 Vp showed a similar
colloidal layer interspersed with a larger number of plate-like
structures (Figure 3d), indicating more scaling on the surface.
SEM micrographs of the membrane surface after the
application of 2 V¢ jon, showed uniform crystal deposition
throughout the membrane surface for both the CaSO, and
silicate-scaled membranes (Figure 3e). SEM micrographs of
the CasO,-scaled membrane after 2 V¢ 5, were applied to the
membrane surface revealed a very sparse cover of sharp needle-
like crystals, similar to those formed by the crystallization of
gypsum in bulk liquid.'® A zoomed-in micrograph revealed the
presence of smaller crystals (150 nm) on the surface (Figure
3g). In Figure 3h, the silicate-scaled membrane was not as
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thoroughly covered by silicon. For both CaSO, and silicate-
scaled membranes, the CNT network was visible in the SEM
micrographs, indicating poor surface coverage when 2 Vac,imz
were applied. These observations match our flux decline
observations, where under the 2 Vjc 4, conditions, the
membrane experienced dramatically less flux decline.

3.4. Proposed Mechanism of Scaling Inhibition.
Mineral scaling is induced by supersaturated conditions,
which in our system can rapidly develop due to concentration
polarization adjacent to the membrane (Figure 4a). It has been
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Figure 4. Graphical representation of scaling mitigation by electro-
phoretic mixing. (a) Formation of the CP layer near the surface of an
uncharged membrane; (b) formation of EDL near the membrane
surface through the application of 2 V¢ potential (membrane as the
cathode); (c) electrophoretic mixing within the CP layer due to EDL
disruption and reformation caused by switching the polarity of the
membrane.

shown, using CaCQy3, that nanoscale amorphous prenucleation
clusters rapidly form on the time scale of seconds in areas
where supersaturation conditions exist in the bulk liquid phase.
These clusters then attach to a surface and serve as a template
for further (and rapid) crystal growth due to the deposition of
ions from the solution.”>” A similar phenomenon has been
observed with hemihydrate CaSO,.>® In our previous work, we
observed that the application of a 1.5 V¢ cell potential to the
surface of an electrically conducting RO membrane slowed the
rate of CaSO, scaling,'’ The mechanism responsible for the
observed antiscaling phenomena was hypothesized to be the
formation of a thick EDL along the membrane surface. When a
DC potential is applied, counter ions from the bulk solution
are attracted to the membrane surface (forming the EDL
structure within the CP layer), which creates an imbalance in
the concentration of anions and cations (Figure 4b). It has
been demonstrated that the rate of nucleation is impacted by

the degree of saturation and by the availability of both anions
and cations to come together and form the crystal structure,
with the highest rates occurring when the ratio between anions
and cations is stoichiometric.””®® Thus, in the EDL, where
there is an imbalance between anion and cation concentrations
(pushing the ratio away from stoichiometry), the nucleation
rate is lower. The EDL thickness was calculated using the
Debye—Huckel theory (eq S16) and found to be 1.46 nm for
calcium sulfate scaling solution and 2.64 nm for silicate scaling
solution, while the CP layer can vary in thickness from a few
microns to a few hundred microns.®® Therefore, this imbalance
does not extend throughout the CP layer, and as a result, the
nucleation zone is only pushed a short distance away from the
membrane surface (Figure 4b).””%* Thus, just a few nm away
from the membrane surface (i.e., outside of the EDL), the ratio
between anions and cations returns to that which enables rapid
scale formation and prenucleation clusters can be formed
under these conditions. That being said, the newly formed
prenucleation clusters have to transport over a longer distance
to reach the membrane surface, and once there, the imbalance
between the anions and cations slows further crystal growth.
When considering membrane roughness and the thinness of
the EDL relative to the CP layer, it becomes clear that a DC
potential, while capable of slowing down nucleation, cannot
completely prevent scaling, which is evident by our
experimental results presented in Figure 2. Furthermore,
since applying DC potential pushes the nucleation zone away
from the membrane surface, bulk crystallization is expected to
dominate the scaling process. Our SEM micrographs of the 2
Vpc condition (Figure 3c,d) show needle-like deposits, which
are characteristic of bulk crystallization.

In contrast to the steady EDL formed in response to a DC
potential, the application of an AC potential periodically forms
and disrupts the EDL, with the periodicity of this disruption
dependent on the frequency of the applied electrical
potential.”> When the field direction is changed, anions and
cations move in opposite directions in response to the field,
potentially leading to electrophoretic “mixing” within the CP
layer (Figure 4c). Studies on the current response during the
charging and discharging of the EDL show that the current is
highest at the instance when a potential is applied and
exponentially decreases as the EDL is formed, reaching a
constant value after complete formation of the EDL. Thus, if
the polarity of the electrode is switched at a sufficiently rapid
rate, this ion flux (current) can be maintained at a higher rate
to encourage better mixing. In our current response curves
(Figure S3), for calcium sulfate, the initial peak current of 880
UA decreases to 480 uA before changing direction (when the
polarity is changed) and immediately surging to 880 yA in the
opposite direction. For silicate (Figure S3b), the initial peak
current is 810 uA, which decreases to 390 yA before changing
direction and immediately surging to 810 yA (when the
polarity is switched). Thus, switching polarity at a rapid rate
will induce movement of ions, encourage mixing, and prevent
the formation of prenucleation clusters by preventing co-
location of scale-forming ions. We hypothesize that this mixing
may extend beyond the boundaries of the EDL, thus
promoting longer-range disruption of ion concentrations
along the membrane surface. This disruption limits the time
anions and cations spend in close proximity in the near-
membrane region, which limits the formation of prenucleation
clusters critical for heterogeneous nucleation.®* Importantly, it
is unlikely that the ion migration will result in significant water
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movement, as the applied fields (500 V m™') are relatively
weak.”> We hypothesize that the periodic switching of the
membrane’s polarity will induce long-distance (i.e., beyond the
EDL boundaries) disruption of ion concentrations within the
CP layer and that this mixing is due only to the movement of
ions and does not result in any bulk liquid motion.

When we reduced the pH of the silicate solution to 6, which
transformed silicate monomers primarily to their uncharged
state, scaling prevention was curtailed. This strengthens our
hypothesis that ion migration in response to the changing
electric field is responsible for the observed antiscaling
phenomenon.

We explored the role of electrosorption in the CNT network
by measuring the specific capacitance of the membranes, which
was determined to be 0.54 F g~' (eq S17). This value is
significantly lower than the values associated with capacitive
deionization CDI electrodes composed of activated carbon
(143 F g").° In addition, CV curves typically observed during
CDI are rectangular in shape, indicating consistent ionic
loading during the charging step, while the CV curves
associated with our membranes show limited charging
behavior, indicating a limited role of electrosorption in our
system (Figure 1g,h).67’68

To assess the dynamics of the EDL under a periodically
applied potential, we consider the time scale required for
“charging” an EDL, the so-called “RC” time scale, trc ~ ApL/
D, in which 4y, is the Debye length, characterizing the distance
over which the EDL is formed, L is the distance between the
electrodes, and D is the diffusivity of the ionic species.’”
Comparing this time scale with that of the applied oscillations,
the inverse of the frequency produces a dimensionless
parameter —7 = wApL/D. When 7 > 1, phase lags are observed
between different regions of the EDL as it responds to the
oscillating force.”” Furthermore, it has been recently shown
that if there is a diffusivity mismatch between ionic species, the
symmetry breaks down and a long-range, time-averaged
electric field is established.”"

Under the conditions prevailing in our experiments, 7 < 1,
meaning that the EDL is quasi-static and responds
instantaneously to the change in potential. In this case, the
disruption to the scale formation process is unlikely to be
caused by a reduction of the concentrations below super-
saturation. Rather, we hypothesize that the shift in local ionic
composition during the polarity switch reduces the co-location
of anions and cations to a time scale small enough to minimize
the formation of the prenucleation clusters. These ideas are
motivated by our experimental data that show a dramatic
decline in scaling when an AC potential is applied to the
membrane, as well as SEM micrographs that show far less
crystal formation on the membrane surface under AC
conditions. This is further supported by experimental evidence
showing that prenucleation clusters form over a time scale in
the order of seconds under supersaturated conditions, hence,
when the electrophoretic motion is sufficiently frequent (i.e.,
the membrane polarity is switched at a high enough
frequency), anions and cations will not be co-located for the
amount of time necessary to induce the formation of these
prenucleation clusters.

Based on this hypothesized mechanism and the diffusivity
mismatch present in our system, it would seem that higher
frequencies would lead to better performance (moving away
from the quasi-static regime). Higher frequency would cause a
more rapid mixing of ions and should be more effective at

preventing co-location of scale-forming ions. However, in our
experiments, we clearly observed increased fouling when
operating at 10 vs 1 Hz (Figures 2 and 3). In an attempt to
understand this discrepancy, we conducted EIS measurements
to determine the capacitive behavior of the conducting
membranes under different applied frequencies (Figure S6).
In Figure S6, the phase shift vs the applied frequency (i.e., a
Bode plot) is displayed for the ECMD and a Pt-coated Ti sheet
as working electrodes in both the CaSO, and silicate feed
solutions. In EIS measurements, a negative phase shift
indicates the capacitive charging of the EDL.”” When no
phase shift is measured, this typically means the system is
acting more like a resistor. When the ECMD membrane was
used as the working electrode in the CaSO, solution, the phase
shifts were —2.8 and —3.6° at 10 and 100 Hz, respectively; in
the silicate solution, the phase shifts were —1.6 and —1.2° at 10
and 100 Hz, respectively. These values are very low and
indicate that at these frequencies, little capacitive charging is
taking place, and the ECMD material is functioning primarily
as a resistor, with little EDL formation. However, at 1 Hz, the
phase shift was measured to be —14.7 and —14.2° for the
CaSO, and silicate solutions, respectively. These larger phase
shift values indicate that the material is indeed acting more like
a capacitor with an EDL associated with it. This could possibly
be due to the relatively high electrical resistance of the ECMD
(228 + 14 Q/square), which was preventing effective charge
distribution across the membrane surface, which prevented the
formation of a robust EDL when high frequencies were
applied. To test this hypothesis, we performed identical EIS
measurements using a Pt-coated Ti sheet as a working
electrode (Figure S6); the Pt-coated Ti had a very low sheet
resistance (8 X 107™* + 9.6 X 10™° Q/square), and thus, we
anticipated that this material would express capacitive charging
at higher frequencies. Indeed, when the highly conducting
material was used, a large phase shift (—31.7°) was observed at
10 Hz (in the CaSO, solution), with a larger shift (—57.4°) at
1 Hz. A similar behavior was observed in the silicate solution.
While not a perfect comparison (the solid metal sheet is not
identical to a porous CNT electrode, which can impact the way
ions interact with the surface and would require different
circuit elements when constructing equivalent circuits to
describe these systems), this comparison is meant to illustrate
the impact of conductivity on capacitive charging. Therefore,
we conclude that the poor antiscaling performance observed at
10 Hz using the ECMD material is a result of the material’s
inability to effectively distribute charge throughout its surface
at this frequency (due to the short period of time before
polarity is switched). This ineffective charge distribution will
prevent the EDL from fully forming and be unable to influence
the ions to move within the CP layer. This results in poor
electrophoretic mixing. However, if a membrane material with
a lower resistance could be fabricated, we anticipate that higher
operating frequencies would yield better antiscaling perform-
ance due to the fact that a more conductive membrane
material would enable faster charge distribution through the
surface, allowing the EDL to fully form before the potential is
switched. In our system, due to poor conductivity and charge
distribution, there is a reduced driving force for the ions in
solution to respond to the applied potential, due to the
incomplete formation of the electric field (as a result of
inefficient charge distribution).

In summary, an effective antiscaling method was developed,
which significantly reduced the occurrence of CaSO, and
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silicate scaling on ECMD membrane surfaces. When an
electrical potential was applied to the membrane surface, the
occurrence of mineral scaling could be greatly reduced, with
the frequency of the applied potential having a dramatic impact
on the scaling rate. In our experiments, AC conditions
performed better than DC conditions due to the mixing
within the EDL. We hypothesize that this reduces the
opportunity for anions and cations to co-exist in the same
space under supersaturated conditions and prevents them from
forming prenucleation clusters needed to form larger crystals.
We identified 2 V¢ 5, as the optimal electrical condition that
minimized both CaSO, and silicate scaling to the largest
extent. While we expect that higher frequencies will improve
the performance of the system, the relatively poor electrical
properties of our conducting membrane limited the capacitive
charging behavior to relatively lower frequencies. Improving
the membrane’s conductivity is expected to allow higher
operating frequencies, which should improve antiscaling
performance. Over a S year period, power requirements are
180 kWh m™? for this treatment process. An economic analysis
(details in the Supporting Information) indicated that the
additional costs associated with the optimal antiscaling
performance are $0.024 per m® of water produced. In terms
of savings, these costs need to be compared to the cost of
antiscalants and brine disposal, which vary depending on the
physical location and the chemical composition of the water
requiring treatment.
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minerals that could potentially precipitate in the feed
during the desalination of silicate solution (Figure S1);
system process diagram (Figure S2); chronoamperom-
etry curves with the CNT membrane and the metal plate
(Pt—Ti) as electrodes for (a) CaSO, and (b) silicate
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