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ABSTRACT

Anthropogenic and natural weathering processes have produced submicron microplastics (MPs), an emerging
contaminant. Due to small size, the treatment of submicron plastics particles by membrane processes requires
small cutoff membranes, which necessitates great pressure gradient and suffers from clogging. The present study
aims to develop an electrophoretic separation system for the separation of negatively charged submicron plastics
particles from water. An electric field was supplied to produce an electrostatic force to counter the drag force in
the permeation stream, thereby, preventing submicron plastics particles from entering the permeate. The critical
electric field (E.) for complete particles removal was estimated based on the dilute-to-influent flow rate ratio
(qq), zeta potential, and size of submicron plastics particles. The result showed that at steady-state, particle
removal could reach 99 % at E > E. at qg = 0.5. The distribution of plastics particles during electrophoretic
separation was analyzed considering electrophoresis and particle deposition. The particle removal efficiency can
be modelled by hydraulic condition and critical electric field. Finally, the engineering aspects such as long-term
operation, electrode degradation and influence of coexisted constituents were evaluated. The operation cost of
electrophoretic separation was calculated to be USD 0.48/m?, which is cost-effective at small scales compared to

conventional membrane processes.

1. Introduction

The widespread use of plastics in modern society has led to the
emergence of plastics pollution because of high durability and low
biodegradability. The annual production of plastics was 360 million
tonne in 2018 and projected to grow to 1600 million tonne by 2050 [1].
At the present, only 6-26 % of plastics wastes are recycled and 21-42 %
are landfilled, suggesting a large quantity of plastics flux into the aquatic
environment [2]. Environmental stresses, such as UV light, mechanical
abrasion, and biological interaction further fragmentate plastics debris
to fine size, e.g., microplastics (MP, d < 5 mm) [3]. Extensive studies
have revealed that MPs interferes with the ecosystem at a
multi-magnitude level, including carbon circulation, habitant change,
and bioaccumulation [4]. Recent advancement in analytical methods
has enabled the detection of ultrafine plastics, specifically, in
sub-micrometer size in the environment [5], which raises increasing
concerns because of increase in specific surface area and nanotoxicity

[6,7]. The mechanical stress incurred by pumping and impelling process
in wastewater treatment plants (WWTPs) is one of the important sources
of submicron plastics particles [8]. Enfrin et al. [3] have estimated that
the total number of microplastics in the effluent of WWTPs double that
in the influent. Furthermore, some MPs are manufactured intentionally
for specific applications in scrubs, fillers, biomedical diagnosis and
treatment [9]. These primary MPs are mostly made of polystyrene (PS)
through suspension polymerization with size as small as 100 nm. Poly-
styrene particles have been commonly found in wastewater and the
environment [10]. Therefore, it is of great importance to develop
effective methods to remove ultrafine plastics from surface water and
control the emission from WWTPs.

The removal efficiency of submicron plastics particles by conven-
tional water treatment processes is still unclear because most studies
were focused on larger MPs. Submicron plastics particles can be
removed by particle-particle interaction in coagulation and size exclu-
sion in membrane process. Zhang et al. have reported that more than
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90 % of PS submicron particles are removed in 30 min by coagulation in
the presence of polyaluminium chloride at 400 mg L~ dosage by charge
neutralization [11]. Ali et al. have reported that coagulative removal of
submicron plastics particles is sensitive to water property, especially pH,
salinity, and natural organic matters [12]. Like biosolids, plastics par-
ticle is hydrophobic, therefore, the sedimentation basin of conventional
WWTPs has become the major sink of MPs. Frehland et al. [13] have
tracked the flux of metal-doped submicron plastics particles (0.2 pm) in
a pilot-scale WWTPs and found that at least 50-60 % of MPs end up in
the biosolid. The retention of MPs in membrane bioreactor was superior
than activated sludge reactor [14]. Low-pressure membrane processes, i.
e., ultrafiltration (UF) and microfiltration (MF), are capable of rejecting
MPs as long as the membrane pore size is smaller than that of plastics
particles [15]. The MPs fouling of UF membrane is irreversible and
detrimental to water production. Enfrin et al. have demonstrated that
water flux declined by 38 % after 48 h operation and backwash (using
permeate) only restored 6 % of flux, suggesting the irreversibility of
fouling by MPs [16].

The intrinsic negative surface charge of plastics can be harnessed to
develop a separation strategy other than size exclusion and particle-
particle interaction. Since the submicron plastics particles of major
polymers are negatively charged [17], it is possible to separate submi-
cron plastics particles by electrophoresis. For crossflow MF and UF that
operate on size exclusion principle, electrophoresis can repel charged
particles away from the membrane surface and retard cake formation
thereby greatly minimizing flux decline. However, when dealing with
submicron particles, electrofiltration becomes energy-intensive because
additional energy is required for particle separation.

In contrast, the electrophoretic separation system offers a cost-
effective and sustainable alternative for separating submicron plastics
particles from water. Unlike crossflow MF, electrophoretic separation
membrane can have pore size greater than that of particles in question,
which can enhance transmembrane water velocity. In other words, the
membrane functions as a water flow divider in electrophoretic separa-
tion while minimizes particles capture by membrane. The electric field is
applied to mobilize charged particles against the transmembrane water
velocity through electrophoresis. In theory, the particles can be
completely retained in the concentrate chamber when electrophoretic
velocity is greater than the transmembrane velocity. Other advantage of
electrophoretic separation is that the pumping energy can be minimal,
as the membrane pore size can be as large as 10 um [18], enabling the
allocation of more energy to particle separation by electrophoresis than
overcoming membrane resistance due to fouling. This benefit would be
especially realized when dealing with submicron particles. Lin et al. [18]
and Sung et al. [19] have demonstrated the feasibility of electrophoretic
separation of colloidal SiO; (d = 84 nm), Al;03 (d = 200 nm), and
natural occurring colloids (d = 300 nm) from water using polymeric
membranes with pore size greater than 3 pm. Sung et al. have observed
that the particle removal efficiency increases with electric field and that
the critical electric field for achieving complete removal is comparable
to the value calculated based on zeta potential and conductivity [19].
Lin et al. have calculated force balance exerted on a single particle for
predicting the terminal velocity [18].

This study aims to develop an electrophoretic separation system for
the removal of negatively charged submicron plastics particles from
fresh water. PS latex, a major primary MP, has been used as model
submicron plastics particles. The fundamentals of electrophoresis were
applied to predict the movement of particles in the separation system,
allowing the estimation of critical electric field required for complete
particle removal. The steady-state removal efficiency of the electro-
phoretic separation system was evaluated under various operation
conditions, including hydraulic property, electric field, particle size, and
initial particle concentration. A model was developed to describe the
distribution of submicron plastics particles in the concentrated and
dilute streams during electrophoretic separation. Results enabled the
prediction of removal efficiency as a function of electric field, hydraulic

Journal of Environmental Chemical Engineering 13 (2025) 115010

condition, and zeta potential. An economic analysis was conducted to
address the advantage of electrophoretic separation system and its
implication for the control of submicron plastics particles in water.

2. Methodology
2.1. Characterization of model submicron plastics particles

Polystyrene (PS) latex (purchased from Polysciences Inc. Warring-
ton, Pennsylvania, U.S.A.) of different submicron size, i.e., 300 nm,
500 nm, and 1000 nm, was selected as the model submicron plastics
particles. The hydrodynamic diameter and electrophoretic mobility of
submicron plastics particles was determined by a Zetasizer (Nano-ZS,
Malvern Panalytical, Worcestershire, U.K.). A 50-mL suspension of PS
particles was prepared in DI water to yield a particle concentration of
5 x 10'! #/L with 10~3 M NaClO, as electrolyte. Fast titration method
was used to measure the electrophoretic mobility of submicron plastics
particles at different pH according to previous work [17]. Briefly, a
predetermined amount of acid (HClO4) or base (NaOH) was added to
50 mL of plastics particle suspension with 30 min of equilibrium time.
Equilibrium pH was recorded and then an aliquot was withdrawn for
electrophoretic mobility measurements at an applied voltage of 150 V.
The process was repeated to cover a wide range of pH from 2 to 10.

2.2. Apparatus

The electrophoretic separation system was run in continuous mode
using a customized electrophoretic separation cell as presented in
Fig. la. Fig. S1 shows the sketch of the reactor. The reactor was built
from Plexiglass 15 cm in height, 10 cm in length, and 4.6 cm in width.
The separation cell has one inlet and two outlets. The two outlets, dilute
and concentrate streams, are on two sides of the reactor and separated
by a stainless-steel membrane with a cut-off size of 10 pm. The elec-
trodes were made of #316 stainless steel with a mesh size of 16 x 16 and
placed at the two sides of the separation chamber. The electrode on the
side of influent and concentrate stream was an anode while the electrode
on the side of dilute stream was a cathode. The distance between anode
and membrane was 0.5 cm; the distance between cathode and mem-
brane was around 0.1 cm. A spacer, being placed between anode and
membrane, creates an area of 17.5 cm? (3.3 ecmx5.3 ¢cm) for permeation.
Hence, the active separation zone of the electrophoretic separation
system was 3.3 cmx 5.3 cmx 0.5 cm (8.75 cm3).

The set-up of electrophoretic separation resembles that of cross-flow
electrofiltration. The electrophoretic separation cell was positioned
vertically. The influent containing certain concentration of submicron
plastics particles flowed upwardly from the bottom of the cell using a
peristaltic pump (Masterflex L/S Digital Drive Systems, Cole-Parmer
Instrument LLC., Illinois, U.S.A.). The feed water flowed upward into
the reactor and split into two streams — a concentrate stream that exited
from the outlet on the same side as influent, and a dilute stream that
permeated through the membrane and exited from another side of the
cell. The presence of membrane ensured uniform horizontal water ve-
locity passing through the membrane as dilute stream. A DC power
supply (Model E861, Consort, Belgium) was used to charge the elec-
trodes — anode at concentrate side and cathode at dilute side at pre-
determined voltage, preventing submicron plastics particles from
entering the dilute stream. The flow rate distribution between the
concentrate and the dilute stream was controlled by precision flow-
adjustment valves (McMaster-Carr, Illinois, U.S.A.). To reduce the
interference of gas bubbles generated from water electrolysis with
flowrate control, bubble traps made from HDPE leakproof bottles
(30 mL capacity, Thermo Fisher Scientific Inc., Maryland, U.S.A.) were
installed at both outlets. The vertical configuration of the reactor facil-
itates the easy flushing of gases evolved from the electrodes out of the
reactor into the bubble traps.
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Fig. 1. (a) Experimental set-up of electrophoretic separation system. (b) Schematic illustration of the electrophoretic separation cell and movement of negatively-

charged plastics particles in separation zone.

2.3. Experimental method

Prior to experiments, both electrodes and the membrane were
cleaned with Sparkleen detergent (Thermo Fisher Scientific Inc., Mary-
land, U.S.A.), followed by thoroughly rinsing with DI water and absolute
ethanol (200 proof, Lab Alley LLC., Texas, U.S.A.), and left to dry
overnight. New electrodes and membranes were used in each experi-
ment. The electrophoretic separation experiments were carried out
under various conditions, including the ratio of the flowrate of dilute
stream (Qp, mL min™?) to influent (Qg, mL min ™) (qda = Qp/Qo), applied
voltage, particle size, and initial particle concentration. Qg was fixed at
50 mL/min while g; was varied between 0.1 and 0.9, which corre-
sponded to the flow rate of the dilute stream ranging from 5 to 45 mL/
min, or hydraulic retention time (HRT, min) of 1.8-0.2 min, respec-
tively. The applied potential was adjusted within the range of 0-40 V,
creating electric field strength (E) from 0 to 80 V cm~ L. The threshold of
applied potential was 40 V considering the energy efficiency and work
safety. The particle size of PS was between 300 and 1000 nm and the
initial particle concentration ranged from 5 to 45 mg L. The electro-
phoretic separation system was operated continuously at 10 min, or 20
HRT, which was adequate for steady-state condition (Fig. S4). After-
wards, the dilute stream was collected to analyze the concentration of
submicron plastics particles using a turbidity meter (2100 P, Hach,
Colorado, U.S.A.); effluent pH and conductivity were monitored by a pH
meter (Accumet AE150, Thermo Fisher Scientific Inc., Maryland, U.S.A.)
and a conductivity meter (CTSTestr 50 P, Oakton, South Carolina, U.S.
A.), respectively. To verify the consistency of results, we have conducted
two separate runs under identical conditions. As shown in Fig. S5, the

difference in removal efficiency between two separate runs was mini-
mal, confirming the reproducibility of the results.

3. Results and discussion
3.1. Theoretical aspect of particle movement in electrophoretic separator

The electrophoretic separation system relies on the migration of
charged particles in an electric field. Fig. 2 shows the zeta potential of PS
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Fig. 2. Zeta potential (¢) of PS latex as a function of pH. Experimental condi-
tions: particle size d = 300-1000 nm, I = 10~3 M NaClO,4, number concentra-
tion = 5 x 10 #/L.
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latex, the model submicron plastics particles, as a function of pH. The PS
particles were negatively charged over a wide range of pH, which is
attributable to the deprotonation of surface sulfonate group, the surface
defects caused by the initiator of polymerization process (Lin et al.,
2023). As a strong Bronsted acid site, pH did not alter the degree of
deprotonation of the sulfonate group, thereby resulting in a relatively
flat zeta potential profile over the pH range of 2-10. Note that the zeta
potential of PS particles became more negative as the particle size
increased from 300 nm to 1000 nm. The average zeta potential was
—56, —65, and —71 mV for particle size of 300, 500, and 1000 nm,
respectively. With such negative zeta potential, the repulsive electro-
static force between particles would retard aggregation [20]. PS parti-
cles were stable in 10> M NaClOy, as the Z-average size was measured
as 311 + 24, 511 + 7, and 982 + 150 nm for 300, 500, and 1000 nm PS
latex, respectively, with polydispersity index below 0.1 [21]. The elec-
trophoretic mobility (u, m? v1! s’l) can be estimated based on the
classic electrophoresis theory (Eq. 1) including a correction factor, f(a,
), to account for the deformation of both electric field and electrical
double layer (EDL) [21]. As detailed in section S2 (Supporting Infor-
mation), f(a, ¢) is greatly influenced by the particle radius relative to
double layer thickness (a), which is the product of particle radius (R, m)
and the reciprocal thickness of EDL (x, m™1). At low zeta potential (|¢]| <
25.7 V), f(a, ¢) varies from 1 when double layer is relatively thick (a <
0.1) to 1.5 when double lay is relatively thin (x > 100). At great zeta
potential, the relaxation of electrical double layer is significant, causing f
(o, ©) to first decrease followed by increase. The electrophoretic velocity
(ve, m sec™ 1) is related to mobility (i) and electric field (E) (Eq. 2).

_ 2ee0C
u, = 3

flog) ¢

2¢eeolf (o, O)E
3n

The movement of particles in the separation chamber is controlled by
the electrophoretic force and drag force. The flow is assumed to be
completely mixed in the x and y direction but varied along the z direc-
tion. Water permeates through the membrane at a horizontal water
velocity (v, m s~ 1) that generates the dilute stream through an active
permeation area (A, mz) (Eq. 3). With mass balance on water flow
(Supporting Information, section S3), the relationship between vertical
water velocity (v;, m s D and position z is established as Eq. 4. As shown
in Fig. 1b, the velocity of plastics particles is the resultant of v, and v, in
the absence of an electric field. When an electric field is applied, v with
a direction opposite to vy, is produced (Eq. 2); the velocity of plastics
particles is the resultant of three velocities. At a given electric field
strength, v, is determined (Eq. 2); subtraction of v. from vy, gives the
horizontal terminal velocity (v, m s hH (Eq. 5). The critical electric field
(E, V cm™ 1) is defined when the horizontal terminal velocity is zero, i.e.,
Ve = Vy. Under such circumstance, electrophoresis prevents submicron
plastics particles from permeating through the membrane to achieve
complete particle removal. Eq. 6 allows the estimation of E., which is a
function of vy, {, and f(x, £). Note that Eq. 6 also implies that E. is an
operational function of dilution flow rate (Qq — Qoqq), cell geometric
dimension, such as H and L.

(2)

Ve = UE =

_Q Qoqa
YA T HL )
Vw2
Vz = V0 — W (4)
Vx =V — Ve :waueE (5)
E =" 3wy 31 Qoga ®)

U 2eeolf(0,0)  2eeolf(a,C) HL

The electrophoretic separation of submicron plastics particles was
run at ionic strength of 10~ M NaClO, and different qq values ranging
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from 0.5 to 0.9, which corresponded to Qp from 25 to 45 mL/min at a
constant Qg of 50 mL/min. Fig. 3 presents the variation in E. as a
function of particle size, zeta potential, and qq. Results revealed that
smaller qq and more negative zeta potential lead to lower E,. The results
clearly indicate that as qq decreases, v,, decreases and a lower E is
sufficient to overcome the drag force of the permeation flow. Likewise, a
more negative zeta potential results in a larger electric force due to the
Columb’s law. Hence, E. is directly proportional to qq and inversely
proportional to the absolute value of zeta potential. Fig. 3 also shows
that E. gradually decreases to a constant value as the particle size in-
creases, which is attributed to the effect of particle size on f(a, {) due to
the distortion of electric field and EDL relaxation [22].

3.2. Electrophoretic separation of submicron plastics particles

3.2.1. Effect of hydraulic condition

The removal of 500-nm PS particles by the electrophoretic separa-
tion system was evaluated under various hydraulic conditions. With Qg
of 50 mL min?, a wide range of electric field was tested at qq between
0.5 and 0.9. The symbols in Fig. 4 and Fig. S6 were the observed removal
while the lines were the simulations based on the model calculation (see
next section). In the absence of an external electric field, i.e., E/E. = 0,
the removal efficiency was below 8 % due to inefficient rejection of
500 nm PS particles by membrane having a pore size of 10 ym. The
presence of electric field enhanced the removal efficiency (Fig. S6). At
given electric field, MPs removal decreased with increase in qq. As qq
increased from 0.5 to 0.9, vy, increased from 0.29 to 2.57 cm/min,
resulting in an increase in E. from 60 to 108 V cm ™! according to Eq. 6.
When the applied electric filed is normalized to E/E. (Fig. 4), the
removal at various qq shows similar trends: particle removal increased
with E/E. and reached a plateau at E/E. > 1. In theory, the electro-
phoretic velocity of PS particles at E > E, can offset the drag velocity of
water flow, preventing PS particles from passing through the membrane
into the dilute stream thus leading to complete particle removal.
Nevertheless, there was notable deviations between observed and
theoretical removal at qq > 0.7 when E/E. > 0.7. The removal plateaued
at 70 % at qq reaching 0.7 and 0.8. As qq increased to 0.7, the flowrate of
concentrate stream decreased dramatically, thereby hindering the
removal of oxygen bubbles attached to membrane. Oxygen bubbles
attachment to membrane reduced the active permeation area (A in Eq.
3) and leading to an increase in vyy. In other words, the actual E. could be
greater than the apparent E. due to the inability to sustain active
permeation area at qq > 0.7 due to elevated applied potential
requirement.

The pH and conductivity of the dilute stream were plotted in Fig. S7.
Both pH and conductivity increased with increase in E/E.. The applied
voltage surpassed the hydrogen overpotential voltage [23]. Specifically,
the water reduction occurred at the cathode, generating hydrogen gas
and hydroxide ion the dilute stream, thereby increasing the solution pH
and conductivity (Eq. 8). Although the pH of the influent was nearly
neutral, significant increase in pH and conductivity was observed once
the electric field was applied (Fig. S7). The overall energy consumption
of the electrophoretic separation system could be readily justified by
collection and use of Hy and Oy as hydrogen fuel and oxidation of
organic or inorganic contaminants in water and wastewater treatment,
respectively [24,25].

2H,0 + 2¢”—H,(g) + 20H" ©)]

3.2.2. Effect of particle size and initial concentration

The electrophoretic separation of PS particles with size from 300 to
1000 nm was investigated. As the zeta potential of PS particles of larger
size was more negative (Fig. 2), E. decreases accordingly (Eq. 6). The E,.
of 100, 300, and 1000 nm PS particles are 115.7, 95.7, and 80.9 V em™?,
respectively at qq of 0.8. Fig. S8 shows that larger PS particles could be
removed at lower electric field. After normalizing the electric field to E,,
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Fig. 3. Simulation of the critical electric field of particles with zeta potential of (a) —50 mV, (b) —60 mV, (c¢) —70 mV, and (d) —80 mV as a function of particle size
in electrophoretic separation system.
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Fig. 5a suggests the

NaClO4)

removal of PS particles with distinct size shared

similar trends, suggesting that the electrophoretic separation was
dominated by zeta potential and independent of particle size particle.
The removal plateaued at 80 % near E/E. = 1.

The effect of particle concentration on the removal of PS particles

was investigated using 500- nm PS particles from 5 to 45 mgL™!. As
shown in Fig. 5b, the initial concentration did not affect the removal of
PS particles significantly. At qq = 0.8, the removal was around 70 % at
E=80Vcm ! or E/E. = 0.84. Generally, the removal appeared to be
independent of particle concentration. Results implied that the finding
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of this study can be readily applied to most surface waters containing
lower concentrations of submicron plastics particles which is common in
natural environment [26]. It is important to note that there is insignif-
icant aggregation of PS particles during electrophoretic separation.

3.3. Modelling of electrophoretic separation

The removal efficiency of plastics particles in the electrophoretic
separation system was analyzed based on mass balance and force acting
on a single particle. To describe the transport and trajectories of sub-
micron plastics particles in hydrodynamic and electrostatic field, the
following assumptions were made: (1) the system is operated at steady
state, i.e., all variables are independent of time (2) the concentration of
plastics particles only varies along z direction, (3) the active separation
area (A) equals HeL and is independent of electric field, (4) v, that
passing through the membrane is uniform.

In the separation zone of electrophoretic cell, the terminal velocity of
a single particle equals v, and vy in vertical and horizontal direction as
shown Eq. 4 and Eq. 5, respectively. As shown in Fig. 1b, the direction
and magnitude of vy are related to the relative field strength, i.e., E/E..
The fact that vy is positive at E < E. suggests that plastics particles leave
the concentration chamber at a flux (N, mg m~2 min™!) of C,vy, where
C, is the concentration of plastics particles at height of z. At E > E, no
plastics particles leave the concentration chamber because vy is nega-
tive, i.e., Ny = 0. Under ideal situation where plastics particles do not
attach on electrodes and membrane, the mass flowrate of plastics par-
ticles in influent (mg, mg min 1) equals the sum of mass flowrates in
concentrate and dilute streams, i.e., my = m¢ + mp. Unfortunately, such
simplification cannot be applied as the deposition of plastics particles on
anode and membrane occur frequently during electrophoretic separa-
tion. Electrostatic force is the major interactive force between plastics
particles and electrode and membrane. When an electric field is applied,
the anode is positively polarized that easily collects the negatively
charged plastics particles. On the other hand, the stainless-steel mem-
brane in electric field behaves as a bipolar electrode, i.e., an isolated
conductor without direct electric connection while being polarized
simultaneously [27]. Charge segregation resulted in the formation of
cathodic pole at the concentration stream side and anodic pole at the
dilute stream side. When the stream containing MPs passes through the
polarized membrane, the deposition of negatively charged plastics
particles on anodic pole occurred. The classical deposition model was
applied to account for the particle deposition on both electrode and
membrane. The rate of deposition of plastics particles on the anode and
membrane (r4, mg L™! min™') is given by a pseudo-first-order rate re-
action [28]:

dc

& =€ €)

rq = —

kq = aqsp 10)
where k; is the pseudo-first-order rate constant (min™1), which is a
product of the dimensionless attachment probability (a4) and the mass
transport coefficient (f, min’l). aq is a function of the surface potential
of the anode and the membrane, which increases with the applied po-
tential, i.e., electric field. p is related to the hydraulic condition related
to q4. Consequently, mass balance on plastics particles in the electro-
phoretic separation system can be written as:

My =meg +mp ~+My+my 11
where g, m¢, and myp, are the mass flowrates (mg/min) of PS particles
flowing into the reactor, out of the reactor in concentration stream and
dilute stream, respectively. m, and my are the mass deposition rate
(mg/min) of plastics particles on the anode and the membrane, indi-
vidually. Fig. SO illustrates the distribution of plastics particles under
three different scenarios in terms of applied field relative to the critical
value. At E = 0, the entering particles are distributed to m¢ and  rp.
When potential is applied, the electrode and membrane are polarized. At
E > E,, no plastics particles would permeate the membrane and thus all
entering particles are either being deposited on anode (ri4) or appeared
in concentrate stream (ric). In the case that 0 < E < E, certain amounts
of particles would permeate the membrane, so some particles would be
deposited membrane (1) and appeared in the dilute stream (  ri1p). As
detailed in section S5 in Supporting Information, the mass flowrates are
derived through a series mass balance in finite volume followed by
integration. Tables 1 and 2 summarizes the concentration of plastics
particles in dilute relative to initial concentration, as well as the mass
flowrates and deposition rates.

Fig. 6 presents the mass flowrates of dilute stream (mp) and mem-
brane deposition (my), which sum gives the total removal of PS particles
in the electrophoretic separation system. At E = 0 where no separation
occurred, mp equals the ratio of dilute to influent, q4. The membrane
deposition was negligible without applied potential, affirming that PS
particles were not removed by size exclusion. As the applied potential
increased, electrophoretic force would retard the flux of PS particle from
passing through the membrane; the theoretical flux rate was modelled as
blue lines in Fig. 6. Notably, the observed mass flowrate of dilute stream
was smaller than that of the theoretical value due to the contribution of
membrane deposition (my). As E increased, the membrane would be
polarized and become a collector of negatively-charged PS particle. The
parabolic relationship between membrane deposition mass flowrate and
E was the resultant of membrane deposition and electrophoretic sepa-
ration. On one hand, the linear relation between deposition rate con-
stant and E (kyy = beE, Eq. S34) suggests that the deposition rate
increased dramatically with E. On the other hand, the electrophoresis
model predicts that the permeation flux of PS particles declines with at
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Table 1
List of symbols assignments and units.
Alphabet
C Concentration of particles mg L7!
Co Concentration of particles in influent mg L}
Cp Concentration of particles in dilutes stream mg Lt
C, Concentration of particles at position z mg L~}
E Electric field Vem™?
Ee Critical electric field Vem ™!
I Current A
kq Deposition rate constant s
ka Pseudo anode deposition rate constant st
km Membrane deposition rate constant s
L Length of electrophoretic cell m
Nx Flux of MPs at x-direction mg m~2 min~!
N, Flux of MPs at z-direction mgm 2 min~!
ity Influent mass flow rate of MPs mg min~?
mp Mass deposition rate of MPs on anode mg min~?
mg Effluent mass flow rate of MPs with concentrate stream mg min~!
mp Effluent mass flow rate of MPs with dilute stream mg min !
my  Mass deposition rate of MPs on membrane mg min~?
Q Volumetric flowrate m®s!
Qd Dilute-to-influent flow rate ratio -
4 Deposition rate mg L™! min~?
T Thickness of membrane m
Ue Electrophoretic mobility m2v st
\% Applied voltage \%
Ve Electrophoretic velocity ms!
Vi Horizontal velocity of water passing through the membrane ~ ms~!
Vx Horizontal terminal velocity of particles ms!
vy, Vertical velocity of water and particles Vst
w Width of electrophoretic cell m
z Z-axis position m
Greek
[ Particle size relative to double layer thickness -
o Dimensionless attachment probability min~ !
B Dimensionless mass transport coefficient -
8 Thickness affected by anodic deposition m
€ Vacuum permittivity cvim?
& Relative permittivity -
n Dynamic viscosity kgm's!
K Reciprocal of double layer thickness m!
4 Zeta potential \Y%
Table 2

Summary of modeled equations of concentration profile and mass flow rate of
microplastics in the electrophoretic separation system.

E <E. E > Ec
Cp/ e kuT/vw —Ve + Vi {1 _ 0
Co qq KaW —v, +v,,
(1 _ qd)(k’AW’Ve+Vw)/vw:|
g CoQo CoQo
mc¢ CoQo(1 — qd>(k’AW—ve—vWJ/vW CoQo(1 — qd)k&qw/vw
mp T/ —Ve +Vw _ 0
CoQoe KaW —v, + vy {
1- qd)(klAW’Ve‘*’Vw)/’Vw:I
Ty kaW CoQo |1 —
C I 1 0Qo
OQO(k’AwfveJrvw) [ [ w)
(1- qd)(k’AW*Ve‘*’Vw),/Vw:I (1-qa)™ vw}
my T/ —Ve + Vi 0
C 1 —ekmT/m) [ ¢ W —
0Q(1 —e )<k/AW—vE+vW [

(1- qd)(k’AW Ve Ww)/‘/w]

increase in E (Ny; = C;Vx = C;(Vw — Ve), Eq. S15). As a result, the my
first increased with E due to enhanced deposition rate, then declined to
zero as E approached E., where no PS particle should pass through the
membrane. Therefore, the particle removal at E > E. was facilitated via
electrophoresis without other contributions such as cake formation [19].
From the viewpoint of energy efficiency and MP deposition minimiza-
tion, it is desirable to maintain the electric field strength at E, to ensure
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the effective removal of submicron plastics particles while minimizing
energy consumption at the same time.

3.4. Engineering aspect and cost analysis

3.4.1. Engineering aspect

A 6-h test on electrophoretic separation of PS particles was con-
ducted to evaluate the stability in removal efficiency and identify
possible deterioration mechanism. Fig. SO presents the variation of Cp/
Co and current over time at E = 1.2E.. While the removal remained
constantly high at 97 % throughout the experiment, the current gradu-
ally declined from 250 mA to 230 mA (~8 % loss). Since the operation
was conducted at constant voltage, this decrement in current suggests an
increase in total resistance increased, probably due to the deposition of
PS MPs on anode. In other words, the increase in resistance at electrode/
solution interface can cause a potential drop, reducing the effective
electric field. Based on Ohm’s law, the effective electric field is pro-
portional to current density. At 6 h, the effective electric field was
estimated to be 66.1 V ecm ™! (~1.1E.), which explains why the removal
was unaffected. However, additional measures, such as periodic elec-
trode reversal and mechanical cleaning, would be necessary to mitigate
particles deposition on electrodes.

The lifespan of electrodes is influenced by three deterioration
mechanisms: (1) particles deposition, (2) passivation, and (3) anodic
dissolution. While the deposition of PS particles occurs, it can be miti-
gated through electrode reversal and mechanical cleaning. The passiv-
ation effect would be minimal in our system with NaClO4 as the
electrolyte, as evidenced in the constant current level during the pro-
longed test. The result suggests that the oxidized layer remains
conductive enough to sustain the oxygen evolution reaction (OER).
Although anodic dissolution of stainless-steel anode could release iron
ions, which might lead to precipitates such as yellowish Fe(OH)3 under
specific conditions. However, there is no observed iron hydroxide or
oxyhydroxide precipitates throughout the experiment in our system.
Therefore, we expect that the lifespan of the electrodes used in this
experiment (NaClOy4 as electrolyte) could be more than 1 year. However,
if the influent contains elevated concentration of chloride or alkaline
earth ions, the lifespan could be shorter. The chloride ion is known to
promote anodic dissolution by forming iron-chloride complex, known as
pitting corrosion [29]. The presence of alkaline earth ions and high
alkalinity may cause carbonate precipitation at cathode due to localized
high pH [30]. Taking these factors into account, the life span of elec-
trodes may be reduced to 6 months.

For effective application in real-world freshwater, the electropho-
retic separation system must consider the type of contaminant present in
freshwater. Natural organic matters (NOMs) and metal ions could affect
the performance of electrophoretic separation if being adsorbed on MPs.
Since NOMs are generally negatively charged, their adsorption onto MPs
is unlikely to alter the intrinsic negative zeta potential of MPs signifi-
cantly. Hence, the effect of NOMs on electrophoretic separation of MPs is
expected to be minimal. However, multivalent metal ions, such as
alkaline earth metals (Ca>" and Mg?") and trace heavy metals (Cu®",
Pb%") could impair the electrophoretic removal. The specific adsorption
of these multivalent metal ions could partially neutralize the negative
surface charge of MPs, shifting the zeta potential to a less negative value.
In that case, the electrophoretic mobility of MPs would decrease (Eq. 2)
and the interparticle interaction could be relevant to induce aggrega-
tion. To maintain efficient electrophoretic removal of MPs in the pres-
ence of NOMs and metal ions, periodic zeta potential and size
measurement of MPs would be recommended. This would allow accu-
rate estimation of E. (Eq. 6), which is necessary for adjusting the applied
electric field accordingly.

3.4.2. Cost analysis
To evaluate the energy efficiency of the electrophoretic separation
system, the specific energy consumption required per unit volume of
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Fig. 6. Observed and simulated mass balance on PS particles in the electrophoretic separation system operated at qq4 of (a) 0.5, (b) 0.6, (c) 0.7, (d) 0.8, (e) 0.9. (Qo =

50 mL/min, d = 500 nm, Cop = 5mg/L, I = 1073 M NaClO,).

dilute water production was calculated according to Eq. 12.

VI
SEC = —— x 36000 12)
Q

whereSEC is the specific energy consumption (kW m~>-dilute water), V
is the applied potential (V), I is the current (A), and Qp is the flow rate of
dilute stream (m® min~1). Since maximal particle removal was accom-
plished near E, the E, potential and corresponding current were used to
calculate specific energy consumption. Fig. 7a shows that the specific
energy consumption was 5.0, 5.6, and 8.6 kWh m~3 at qq = 0.5, = 0.6,
and = 0.9, respectively. Since E, is proportional to qq (Eq. 6), the specific
energy consumption increases linearly with qq. The specific energy
consumption of electrophoretic separation system is compared with
those conventional cross-flow filtration and eletrofiltration systems. The
energy consumption of cross-flow filtration system was 1.4 — 3.5 kWh
m~3[31], 2.51 kWh m~3 [32], 8.59 kWh m 3 [33], and 3 ~ 8 kWhm
[34]. Wakeman and Sabri have reported an energy consumption of ~
2.5 kWh m~2 for the cross-flow microfiltration of titania suspensions
using pulsed electric field [35]. Hsieh et al. have studied
electro-ultrafiltration for the removal of arsenic from groundwater and
reported an energy consumption of ~ 4 kWh m~3 [36]. The energy
demand of the electrophoretic separation system in this study was 5.0 ~
8.6 kWh m 3, which was comparable to values reported in the literature.
In conclusion, the electrophoretic separation system was economically
viable for the removal of submicron plastics particles from water.

Fig. 7b and c present the effect of particle size (zeta potential) and
initial concentration on specific energy consumption for the electro-
phoretic separation of submicron plastics PS particles, respectively. The
specific energy consumption at qg = 0.8 was evaluated at the plateaued
removal of 70 %. As shown in Fig. 7b, the specific energy consumption
decreased with increasing particle size. Obviously, the electrophoretic
mobility, i.e., zeta potential ({), was the dominant factor of energy
consumption. Since the zeta potential became more negative as the size
of PS particles increased, smaller electric field and energy consumption
are required to remove larger PS particles. Consequently, the specific

energy consumption is inversely linear with the larger PS particles. On
the other hand, the { potential of PS particle was invariant with the
particle concentration, resulting in negligible difference with respect to
the specific energy consumption during the electrophoretic removal
(Fig. 7¢). The specific energy consumption was 5.06 + 0.08 kWh m 3,

The operation and maintenance cost (O&M cost) of electrophoretic
separation system was evaluated. As detailed in S6 in supporting in-
formation, the annual O&M cost of electrophoretic was estimated
considering electricity, material, and labor cost. For the sake of
simplicity, a preliminary O&M const could be assessed for an electro-
phoretic separation system with an active separation area of 1 m?, dilute
stream production rate of 1368 L. m 2 h ™! under optimal condition (qq =
0.8) and generating 11,440 m? dilute stream per year. Based on a spe-
cific energy consumption of 5 kWh m~3 and electricity price of 0.086
USD/kWh, the annual electricity cost totals USD 4902/yr. The
replacement of stainless-steel electrodes and membrane twice per year
costs USD 50/yr. The regular manual maintenance cost (8 labor hours
per month at an hourly rate of USD 5.76 in Taiwan) is estimated at USD
553/yr. Therefore, the annual O&M cost would be USD 5505/yr,
equivalent to a specific cost of USD 0.48/m°. Note that the electricity
accounts for 89 % of the O&M cost, followed by labor (10 %) and ma-
terials (1 %).

The cost-effectiveness of electrophoretic separation system was
evaluated to compare with conventional MF process. As shown in
Table S4, the cost of MF varies with system size. The annual O&M cost is
relatively high at small scale, being 1.55 and 0.40 US$/m® at design flow
of 38 and 380 cmd, respectively. However, as MF system scales exceed
3800 cmd, its O&M cost drops below that of the electrophoretic sepa-
ration. In addition, the electrophoretic separation may also be more
favorable when considering capital costs. As shown in Table S4, MF
systems require high-pressure pumps and pressurized filtration modules,
leading to substantial capital costs, particularly below 3800 cmd. In
contrast, the electrophoretic system operates via an electric field rather
than size exclusion, enabling the use of membranes with larger pores,
thereby minimizing transmembrane pressure drop and reducing capital
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Fig. 7. Specific energy consumption (SEC) of electrophoretic removal of submicron plastics particles as affected by (a) hydraulic condition, (b) particle size, and (c)

initial concentration.

expenses. In summary, the electrophoretic separation is more cost-
effective than MF at small scales. It will be suitable for decentralized
wastewater treatment facilities, especially those powered by renewable
energies to utilize the generated DC current for water purification.

4. Conclusion

An electrophoresis separation system was designed and operated to
remove submicron plastics particles from aqueous solution, exemplified
by PS plastics nanoparticles. The intrinsic negative surface charge of
plastics surface enables the generation of an electrostatic force coun-
terbalance the drag force of water flow to produce a plastics-free dilute
stream. The critical electric field (E.), i.e., minimum electric field, for
high degree particle separation, was dependent on hydraulic condition
(i.e., water velocity, and cell volume), size and zeta potential of PS
particles. The experimental results confirmed that electrophoresis was
the primary mechanism of PS particles removal with efficiency being
controlled by the relative applied electric field, i.e., E/E.. An electric
field greater than E. was essential to produce plastics-free dilute stream.
A mathematical model based on electrophoresis and particle mass bal-
ance described well the efficiency of MPs as a function hydraulic con-
dition, electric field, zeta potential, and size of PS particles. The specific
operation and maintenance cost of electrophoretic separation was esti-
mated to be USD 0.48/m°, which is more competitive than conventional
MF at small scale. Therefore, the electrophoretic separation system
shows great potential in decentralized wastewater treatment plants,

particularly those powered by renewable energy. Further refinements of
the reactor are underway in treating river water spiked with MPs as to
validate the stability and scalability of the electrophoretic separation
system.
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