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ABSTRACT: Colloidal fouling remains an operational challenge
for numerous membrane filtration processes. While various
approaches exist for fouling mitigation, the use of time-periodic
electric fields represents a particularly interesting, relatively
unexplored one. Here, we report experimental results of colloidal
deposition onto an electrically conductive membrane in the
presence of AC electric fields of varying frequency. We show that
fouling mitigation can be achieved in the presence of an AC
electric field at a relatively low applied potential amplitude of 1 V.
Moreover, an extremum in the frequency response is observed in

Asymmetric
Electrolyte

A +
\ e
- ACEF,

+ o Same
Flux

e

Critical flux
PUCE SN

-7 Experimental flux "~

Permeate flux (LMH)

+
Microparticle ®
N

* [ \

Electrically Conductive Membrane
5 0 1000

Frequency (Hz)

the medium frequency range (represented by 100 Hz), where deposition is greatly reduced with slow kinetics and remains reversible,
all while maintaining constant permeate flux. Our results serve as an initial, experimental proof of concept, demonstrating the

potential of tuning AC fields for fouling control.
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B INTRODUCTION

Ultrafiltration (UF) and microfiltration (MF) membranes are
used for a range of separation processes, from water and
wastewater treatment to biotech, pharmaceuticals, food,
automotive, and high tech."® However, membrane fouling
remains a significant challenge, hindering eflicient opera-
tion.*™° Foulants, such as inorganic colloidals, macromole-
cules, or biomass, accumulate on the membrane surface,
increasing hydraulic resistance and, therefore, operational costs
due to the higher energy input and frequent maintenance,
which can also reduce the membrane lifespan.”” Current
strategies to decrease the rate and extent of membrane fouling
include feed pretreatment, operational optimization back-
washing, and surface modifications.”*®’ However, since the
fouling process is a complex combination of physical and
chemical interactions between the membrane material and
various foulants, fouling remains a persistent issue and effective
solutions are still needed.

Use of electric fields has been demonstrated as a means to
control fouling via various mechanisms, such as electro-
phoresis, dielectrophoresis, and electroosmosis.'*™'* To date,
these have primarily focused on direct current (DC), applied
to a variety of membrane—foulant systems, presenting
successful fouling mitigation through mechanisms of increased
electrostatic repulsion °~'® and the promotion of detachment
via electrochemical reactions.'” '

The use of alternating current (AC) offers potential benefits
over DC in addressing some of its key limitations, namely,
reducing Joule heating and minimizing electrochemical
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reactions that lead to membrane deterioration and the release
of chemical species into the treated water. Thus, AC
application may provide a more energy-efficient and practical
approach to fouling control.”' ~** However, far less has been
reported on AC application, warranting further research into
the mechanisms at play and their potential for fouling
mitigation. When an AC field is applied, frequency dependence
adds an inherent layer of complexity. Previous studies have
offered some insights to the effect of the AC field on
microparticles near a rigid metal electrode.”*™® In an
asymmetric electrolyte with different ion diffusivities-arising
from differences in ion charge or mobility, the diffusivity

mismatch is defined as 6 = % # 1, where D_ and D, are the

diffusivities of the anion and cation, respectively. It was shown
that, in the presence of an oscillating electric field, this
diffusivity mismatch leads to the formation of a long-range
electric field that can counteract gravity, resulting in the
levitation of microparticles up to several micrometers above
the electrode surface.**

In the context of membrane fouling, the effect of low-

frequency AC fields on the fouling of commercial (non-
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Figure 1. (a) Schematic illustration of the experimental system: (1) Fouling and cleaning solutions are pressurized with N, to a pressure according
to the desired permeate flux through the membrane, using a pressure controller. Fouling solution consists of the model foulant microparticles
(orange) and the model electrolyte (blue and purple), (2) pump, (3) flow cell, (4) flow meter for the permeate, (S) signal generator, and (6)
confocal microscope. (b) Schematic side view inside the flow cell, where the direct microscopic observation is performed using an inverted
microscope and the membrane is located at the upper part of the flow cell and acts as an electrode.

electrically conductive) ultrafiltration membranes by bovine
serum albumin was studied,”” concluding that low frequency
and high field strength are optimal for reducing membrane
fouling. To further understand the mechanism of fouling
mitigation using AC fields, a recent study by Bhattacharjee et
al.”® numerically calculated the time-averaged electric field near
the surface of an electrically conducting membrane, demon-
strating that the critical flux is maximized for a specific
resonant frequency. Above the critical flux, the propensity for
fouling dramatically increases, primarily due to the increase in
the permeate drag force.”*™*°

Herein, we experimentally show that the critical flux near an
electrically conductive UF membrane can be controlled
through the application of a finely tuned AC field. Specifically,
a minimum initial deposition rate and maximum release of a
model foulant (polystyrene microparticles) are achieved at
~100 Hz, consistent with the existence of a resonant frequency
within this range. The fouling solution contained an
asymmetric model electrolyte (sodium hydroxide, § = 4),
chosen to increase the repulsive electric forces between the
negatively charged particles and the electric field. As § # 1, a
non-zero time-average electric field is formed when AC is
applied, with negative peaks forming over the range of several
micrometers.”””">" Thus, the interplay between the formed
electrodynamic, frequency-dependent force and the permeate
drag leads to an increased critical flux, resulting in a wider
range of operating fluxes with lower fouling propensity.

B MATERIALS AND METHODS

Electrically Conductive Membranes. Ultrafiltration
electrically conductive membranes were fabricated based on
a previously published method by Dudchenko et al.'® In short,
the CNT—COOH suspension was pressure-deposited onto a
PS-35 membrane support and cross-linked in a heated, acidic
environment. The average membrane water permeability of the
coupons (38 X 8 mm*) was ~40 LMH/bar. The measured

electric potential difference between the membrane and the
counter electrode was 0.95 V (see Figure S1 of the Supporting
Information).

Feed Solution. The feed consisted of a background
asymmetric electrolyte (1 mM NaOH, Sigma-Aldrich) and a
model colloid (carboxylated polystyrene particles, 1 pm
diameter, 10° particles/mL, excitation/emission at 540/560
nm, respectively, Thermo Fisher). It should be noted that the
type of electrolyte in the feed stream substantially affects the
developed electric field. NaOH was chosen as it amplifies the
AC field frequency effect due to its high diffusivity asymmetry
(6 ~ 4) and enhances the observation and analysis of the
underlying mechanism. This effect is reduced when an
electrolyte with a lower § is present in the solution, such as
NaCl (6 ~ 1.33), which is a common constituent of natural
waters. Nevertheless, the effect persists and may still be
substantial, as discussed in detail by Bhattacharjee et al.”* and
Hashemi et al.”>**'!

Experimental Setup. The feed solution was pressurized
with N, and circulated with a gear pump (Cole-Parmer)
through a custom-made flow cell (sized 38 X 8 X 0.6 mm) that
enabled in situ visualization of the membrane surface during
the filtration process under an applied electric field. A
sinusoidal electric signal with an amplitude of 1 V (~16 V/
cm) was applied at varying frequencies by using a signal
generator (Rigol) and monitored by using a multimeter. The
flux during fouling experiments was maintained using a flow
sensor connected to a pressure regulator (Fluigent). Double
distilled water (DDW) were circulated from an additional
vessel during the cleaning procedure. Images of the membrane
surface were taken with a confocal microscope (TCS-SPS,
Leica Microsystems), as described in previous studies.”* >* A
schematic diagram of the system and an internal view of the
flow cell are presented in Figure 1.

Fouling and Cleaning Procedures. The experiments
were conducted under a constant flux of 47 LMH in dead-end
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Figure 2. (a) (i—iv) Confocal images of the microparticulate deposition on the electrically conductive membrane, where (i) no AC field was

Colloidal deposition after 30 and 60 min. (c) Respective deposition rate coefficients for deposition after 60 min. (d) Deposition reversibility at
frequencies of S, 100, and 1000 Hz and without an AC field. Standard deviations were calculated based on the average of three repetitions at three

different locations.

mode (to generate severe deposition) in three steps: (1)
permeability test with DDW, (2) fouling experiment with
pressurized feed solution with or without an applied electric
field, and (3) cleaning procedure with DDW, without an
applied pressure and electric field. Images of the membrane
surface (140 X 200 um*) were taken at three separate locations
at t = 0.30 and 60 min as well as following the cleaning cycle,
conducted by a simple physical rinse with DDW under a
crossflow rate of 15 mL/min (0.05 m/s) for S min.

In the images, the membrane is the black background, while
the deposited particles are white. Surface coverage (as % of the
total) was calculated using Image]. Each experiment was
repeated 3 times to ensure reproducibility. Mean surface
coverage (%) and the standard deviation, for each condition,
were calculated based on 9 measurements. The degree of
reversibility for the observed deposition was determined as

(1)

where A, and Ay, are the surface coverage after the cleaning
procedure and at the end of the deposition experiment (after
60 min), respectively.

B RESULTS AND DISCUSSION

We examined colloidal deposition of the model solution with
and without the presence of an AC field [frequencies of S Hz
(low), 100 Hz (intermediate), and 1000 Hz (high)], in order
to explore the frequency response and prove that it has a
“maximum”, for which deposition is minimal, and the
detachment is highest. This would imply that the system is
within proximity to the resonant frequencz that was
theoretically predicted in previous studies.”’ First, we
investigated the effect of the AC field on deposition kinetics.
Representative confocal images of deposited particles on the
membrane surface after 60 min are presented in Figure 2a (i—
iv). Corresponding particulate surface coverage after 30 and 60

min of deposition is presented in Figure 2b. In the
experiments, the highest deposition was observed when no
AC was applied (~45% after 30 min and ~65% after 1 h).
While all three applied AC frequencies resulted in reduced
surface coverge after both time points, a significant trend was
observed, with a clear minimum at 100 Hz. The application of
AC at the intermediate frequency (100 Hz) resulted in a very
low colloidal deposition observed (~3.5% after 30 min and
~5% after 1 h). At low and high frequencies (S and 1000 Hz),
conversely, the surface coverage was reduced by only ~21 and
~24%, respectively. We note that the standard deviation can
largely be attributed to the inhomogeneities of the membrane
coupons, resulting in potentially large, localized permeation
rates. Nevertheless, the observed trends of surface coverage
remain consistent with the AC frequency.

To further understand the fouling behavior under the
applied AC field, the deposition rate coefficient, kg, is

calculated as'”*>°
_ 6 6w
4= =
At-Nod, At (2)

where 6(t)/At is the surface coverage percentage of particles
attached to the membrane per time, A, is the surface area of a
single particle (um?), and Ny, is the number of microparticles in
the bulk (number/um?). For derivation, see eqs S1 and S2 in
the Supporting Information. k4 is calculated from the slope of
the normalized surface coverage percentage 0(t)* plotted with
time (see Figure S2 of the Supporting Information). According
to Figure 2c, k4 follows the same trend: it is highest when no
electric field was applied and lowest at 100 Hz. This shows a
maximum in the frequency response, implying proximity to the
resonance frequency, affecting the kinetics of the deposition
process.

We hypothesized that the AC-induced repulsive force affects
not only the deposition of the microparticles but also their
ability to detach from the surface when the permeate flux and
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the electric field are turned off. To study the reversibility, we
analyzed the surface coverage after a washing procedure at the
end of each fouling experiment. Image analysis of the surface
coverage in Figure 2d shows that, without AC field application,
the average deposition reversibility was 9%. However,
application of the AC field with a frequency of 100 Hz
resulted in a 50% increase of the uncovered surface. The
proposed explanation for this observation is that application of
the AC field leads to the development of a long-range (on the
scale of micrometers or more), time-averaged electrodynamic
force, arising from the response of the asymmetric electrolyte
to the AC field. This force, when applied at the appropriate
frequency, can overcome the permeate drag force, hence
effectively increasing the critical flux and the reversibility of
particle deposition. The relation between the critical flux and
deposition reversibility was established in previous stud-
ies:*>*°7% jrreversible deposition occurs when operating
above the critical flux, where the drag force exceeds the
repulsive electrostatic or acid—base interactions (XDLVO
theory). In a similar fashion, the repulsive time-averaged
electrodynamic force is added to the force balance and reduces
the propensity for deposition and adhesion of the particles to
the membrane, effectively bringing the system to below the
critical flux, though the operating flux remains constant.

To further explain the results, we present a schematic
illustration of equilibrium positions versus permeate flux and
frequency (see Figure 3a). Here, we distinguish between stable
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Figure 3. Schematic illustrations: (a) Equilibrium positions at various
distances from the membrane vs permeate flux and frequencies (f; <
fa < f3 < fi < fs).® (Star) Critical permeate flux. Inset: (i) Force
balance on a microparticle and (ii) total force vs distance from the
membrane for various permeate fluxes J (J; < J, < Juicat) at @ constant
frequency, with stable (@) and unstable (O) equilibrium positions
shown, at Y F = 0. (b) Proposed phase diagram for colloidal fouling in
the presence of an AC field: permeate flux vs frequency. The dotted
line is the critical flux, above which the drag force is increased and
deposition occurs. Below the critical flux, there is a metastable
equilibrium. The applied frequency dictates whether the experimental
flux is above or below the critical flux.

and unstable equilibrium positions (for which ) F = 0), where
two equilibrium positions are obtained for each permeate flux
at values below the critical flux. Each line in Figure 3a
represents the equilibrium positions at a given frequency and
permeate flux, with stable equilibrium positions represented
with solid lines and unstable ones represented with dotted
lines. The intersection of these lines is the critical flux. At the
critical flux and beyond, no equilibrium position exists [Figure
3a (ii)], as the drag force dominates and deposition
occurs.””**7* The critical flux possesses a maximum for a
resonant frequency.”’ This can be translated into a phase

diagram, presented in Figure 3b, that describes the critical flux
dependence on the frequency and consists of two regions with
respect to particle deposition: unstable and metastable. The
unstable region is located above the critical flux, where the
electrodynamic force is insufficient to resist the permeate drag,
leading to an increased and irreversible particulate deposition
on the membrane. The metastable region is below the critical
flux, where the electrodynamic force is equal or exceeds the
permeate drag, enabling the particles to levitate further from
the membrane and mitigate the colloidal deposition. The
transition between these regions can be achieved through
frequency tuning, which affects the movement of the
electrolyte as a response to the AC field. At high frequencies,
the electrolyte cannot effectively follow the oscillating electric
field, resulting in minimal translational displacement and
consequently a reduced long-range electric field. At sufficiently
low frequencies, the slow oscillations allow the electrolyte to
reorganize in response to the local charge near each electrode.
This reduces the AC effect of the long-range electric field as
the system approaches quasi-DC behavior. In both high- and
low-frequency regimes, the dominant forces acting on the
colloids are the hydrodynamic drag, van der Waals attraction,
and electric double-layer repulsion. It is only within the
intermediate frequency range that field oscillations are fast
enough to prevent full jonic rearrangement but slow enough to
sustain a time-averaged long-range electric field. Under these
conditions, this field acts as an effective repulsive force,
increasing the critical flux and mitigating colloidal deposition
on the membrane surface.

Our results suggest that for a range of resonant frequencies
the working flux in the filtration process is below the critical
flux and the probability for colloidal deposition is decreased.
Frequencies outside this range will not mitigate deposition as
effectively as the working flux will be above the critical flux.
Variation of the AC field frequency enables the crossing
between both regions, so that deposition will be reduced while
maintaining a constant permeate flux during the filtration
process.

To conclude, this work experimentally demonstrated how
applying an AC field with a frequency within the range of the
resonant frequency can significantly reduce the initial colloidal
deposition on electrically conductive membranes. The electro-
lyte was chosen according to its diffusivity mismatch value &
and the foulant charge: for a negatively charged foulant,
electrolyte with 6 > 1 was used to develop a negatively charged,
repulsive AC field that leads to decreased deposition kinetics
and reversible deposition processes. The frequency of the AC
field plays an important role in mitigating colloidal deposition,
as an extremum in the frequency response was experimentally
identified at which colloidal deposition is minimized while the
permeate flux remains constant. This approach can enable the
treatment of a wide range of foulants by adjusting the
properties of the asymmetric electrolyte. The results provide
experimental proof of concept of the impact AC fields on
fouling mitigation and, importantly, demonstrate their
tunability. These findings lay the groundwork for further
studies under more realistic operational conditions.
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